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摘要

航照影像與光達點雲所含的幾何資訊具有互補性質，空載影像具有良好的地物邊界線但
高程資訊較內隱，反之，光達點雲含有準確的高程資訊但地物邊界較不明確。本篇研究
提出利用空載光達資料及單張航照影像重建三維房屋模型。由於多數房屋具規則幾何外
型，本研究以重建由平面所組成的房屋為主。
本研究工作包含五個部分: (1)屋頂面組成，(2)屋頂面分類，(3)結構線定位，(4)二維線段
組成以及(5)三維房屋模型重建。將屋頂上的光達點雲萃取出並利用共面分析組成屋頂面，
再使屋頂面分類成，平頂屋頂、多斜面屋頂以及單斜面屋頂。然而，光達點雲具有誤差，
對於由緩斜面組成的多斜面屋頂，緩斜面難以偵測。因此，本篇利用漸進式的搜取法分
析光達點雲求得最佳的斜面。之後，利用屋頂面的資訊獲得初始邊界線以及屋頂結構線
的區間。將物空間所求得的初始邊界線反投影至像空間建立工作區，於工作區中進行直
線偵測並組成屋頂結構線段以及候選邊界線段。精確的邊界線段萃取後再將組成的線段
投影回物空間以重建三維房屋模型。
以實際量測之房屋模型與研究結果所產生的模型比較以驗證成果的精確度。測試資料包
括: (1)航照 DMC 影像，空間解析度為 16 公分以及(2) 空載光達掃描系統：Leica ALS 50
之光達點雲資料，點雲密度為 10 points/m²。所得成果品質之誤差於 X 方向為±0.242 公
尺、Y 方向為±0.246 公尺以及 Z 方向為±0.260 公尺。
關鍵字 : 房屋重建、光達資料、航照影像、屋頂面分類
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ABSTRACT

Aerial imagery and lidar point clouds are complementary in terms of geometric information
contents. Aerial imagery has good definition of object edges but the information of object
elevation is implicit. Lidar point clouds, on the other hand, explicitly record the 3D
information of scanned object points but object edges are less clear than that in an aerial
imagery. This study proposes a method that integrates single imagery and lidar point clouds to
reconstruct 3D building models. Most buildings have multi-facet shapes, so that this paper
mainly focuses on the reconstruction of polyhedral buildings.
The proposed scheme is composed of five major parts, (1) Segmentation of Roof Patches, (2)
Roof Patch Classification, (3) Determination of Structure Lines, (4) 2D Line Segmentation,
and (5) 3D Building Model Reconstruction. The roof patches were segmented via the
coplanirity analysis with the lidar points on the roofs. Then, the roof patches were classified
into flat, multi-pitched and mono-pitched roof patches. Considering the errors of Lidar data,
the localization of low-pitched roofs from multiple slope ones could be difficult. Thus, we
analyzed the point clouds to find the optimal roof patches progressively. Once the patches
were found, we determined the initial building boundaries and the zones of roof structure lines
in the third step. The initial boundaries and the zones of roof structure lines were then
projected to the image space for the determination of a work area. Next, we detected the edges
in the working areas to find the edges and vectorized the edges to form the roof structure line
ii

segments and candidate boundaries segments. The refined boundaries were extracted and then,
the line segments were projected to object space to reconstruct 3D building models.
The accuracy of the results was validated by examining the discrepancy between the manually
measured building models and generated ones. The test data included (1) DMC aerial imagery
with a spatial resolution of 16 cm, and (2) Lidar point clouds from Leica ALS 50. Experiment
results indicate that the accuracies are ±0.242m in X-dir, ±0.246m in Y-dir, and ±0.260m in
Z-dir.
KEY WORDS: Building Reconstruction, Lidar Data, Aerial Imagery, Roof Patch
Classification
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CHAPTER 1. INTRODUCTION

1.1. MOTIVATION AND OBJECTIVE
With the development of geospatial information technology, geo-information has evolved
from two-dimensional (2D) maps to three-dimensional (3D) models. In the late 1990s, the
Organisation Europeenne d'Etudes Photgrammetriques Experimentales (OEEPE) conducted a
survey on 3D city models to investigate the feasibility of using 3D data. The survey, in the
form of a questionnaire, was sent to about 200 European institutions [Teo, 2008; OEEPE,
1996]; 55 institutions from 17 countries responded. The results showed that the most
important objects of interest according to the users were buildings (95%), traffic networks
(76%), and vegetation (71%). Thus, building model reconstruction in the cyber city is critical
to describing the 3D world for urban planning [Ranzinger and Gleixner, 1997], management
[Durieuxa, et al., 2008], virtual reality, disaster prevention, tourist guidance [Portalés, et al.,
2010], and various other applications.
Building model reconstruction includes creating building models and producing realistic
building texture; 3D building models describe the geometric shape, and the realistic texture
depicts the real scenes of building. In the early stages of development, the coordinates of
building models generated manually with stereoscopic plotting instruments were accurate but
required enormous man power and time. Today, with computer assistance, many researches
aim at producing the building models semi-automatically or automatically; however, in the
1

real world, building models contain a variety of shapes, and details are highly complex.
Buildings may have roof walls, or tree shadows covering the buildings; therefore,
automatically recognizing the object from the computer is difficult, and interpretation
becomes a critical task needed to improve the automation. The development of multi-sources
allows researchers to recognize real-world conditions.
In building modeling, the available multi-sources contain remote sensing data and digital
maps, which are general available and show clear building boundaries. The combination of
the digital maps and other sources for building modeling facilitate the location of building
areas and provide precise boundaries [Suveg and Vosselman, 2004]. However, digital maps
have shortcomings such as insufficient temporal resolution which cannot solve the changes of
building, lack of roof structure lines, and low elevation accuracy; therefore, we used the
remote sensing sources for this study.
In remote sensing resources, aerial imagery and LIDAR (Light Detecting And Ranging) data
are used frequently in building modeling. Aerial imagery provides plentiful spectral
information,

high

horizontal

resolution,

and

instantaneity.

In

traditional

aerial

photogrammetry, aerial imagery was mostly applied to survey plotting; today, the technique
can be used to quickly reconstruct the vast three dimension world. With the development of
digital cameras, the cost of digital images is lower and the overlap between the images is
higher. Several studies have focused on stereo images matching [Hirschmüller, 2008] and
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multiple image matching to locate the three dimension coordinates for the more complex
building models reconstruction[Kim and Nevatia, 2004]; nevertheless, the periodical texture
in the building can easily occur incorrect matching [Ok et al., 2010].
The airborne laser scanning system (Lidar) can directly provide point clouds that provide
more accurate elevation than that generated from the stereo-aerial images as well as rapidly
acquire the three dimension surface to facilitate automation of the building reconstruction
[Kim et al., 2008]. Due to the discrete characteristics of lidar point clouds, however, the
horizontal accuracy is related to the density of lidar point clouds; therefore, some studies use
the regulation of building as the restriction to generate the boundaries [Teo et al., 2005].
Building model generation consists of (1) detection and (2) reconstruction. The building
models are needed to be located [Sohn and Dowman, 2007]. In aerial imagery, buildings can
be extracted by interpreting the shadows and image color spectrum. The boundary can then be
extracted with edge information [Sırmaçek and Ünsalan, 2008]. In the lidar point clouds, the
point clouds are segmented to the roof points and terrain points by distinguishing whether the
local points can be considered as a flat plane. The building can then be reconstructed with the
roof points [Verma et al., 2006].
After detecting the building models, the shapes are interpreted and reconstructed [Akel et al.,
2009]. Two strategies, model-driven and data-driven, are used to reconstruct the building
models. The model-driven strategy is suitable for simple and repeated buildings, which can be

3

founded in the model database. On the other hands, the data-driven strategy does not access
the initial model; rather, the building models are reconstructed with the features extracted
from the data and is more suitable for complex building models.
Many studies have proposed combining the advantages of various sources for building
reconstruction to promote automation [Schwalbe et al., 2005; Hu et al., 2006]. The
combination of the complementary characteristics data, lidar point clouds and aerial imagery,
is a preferred method [Brenner, 2005]. Therefore, this study integrated those two data sources
to propose a practical yet innovative method for building modeling.
1.2. LITERATURE REVIEW
In the man-made building world, buildings are diverse and complex, and various problems
remain regarding the automatic interpretation and reconstruction of the building models and
deciding the initial parameter in the complex building [Haala, 2010]. The simple-shaped
buildings, such as flat, square roofs and simple gable roofs, can be automatically
reconstructed. In the complex buildings containing trees, shadows, roof walls, and complex
shapes, the reconstruction is semi-automatic, and some detailed components must be edited
manually [Tseng and Wang, 2003]. Today, many studies integrate different sources to perform
more details automatically. In the following discussion, three methods are described that use
different data to reconstruct the building models: lidar point clouds, aerial imagery, and a
combination of the two.

4

Aerial imagery has high horizontal resolution and is commonly available at a low cost. If the
variety of information required can be extracted from imagery, multi-sources can be reduced
to single sources for reconstruction. In image-based reconstruction, the general method
consists of (1) feature extraction, (2) image matching, and (3) reconstruction.
The features extracted from the images for image matching include the feature points and
feature lines. The feature points may have specific changes in the gray value, such as Lü [Lue,
1988] and TDGO operator [Chen and Lee, 1992]. Some features have a significant gradient
change or specific spatial relationship. The Harris operator [Harries, 1988] is used to detect
the corners by considering the differential of the corner score with respect to direction directly.
The Canny operator [Canny, 1986] is used to detect the line features with the gradient of pixel
and the gradient change of adjacent pixels.
Image matching includes two types: area-based and feature-based [Ghilani and Wolf, 2006;
Habib et al., 2003]. In area-based matching, the features are extracted by analyzing the gray
values in small areas from each image [Zhang and Grü, 2006]. Normalized cross-correlation
is a traditional area-based image matching [Zhao et al., 2006]. In feature-based matching, the
features are composed of feature characteristic such as size and

shape. The feature lines

matching may apply geometric constraints, epipolar constraints, or similarity neighborhood
correlation to points of each line segment [Baillard et al., 1999].
In building reconstruction, the heights of the features are derived from the images. In Huang
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[2008], the three dimension coordinates were derived from the conjugate points with space
intersection. The 3D spaces can be reconfirmed with the height information indicating
whether the 2D line segments are straight or not. The buildings were reconstructed using the
Split-Merge-Shape (SMS) method with the 3D line segments. In Kim and Nevatia [2004], the
digital elevation models (DEM) were derived from the images. The 3D features, lines, and
junctions, were estimated from the pair-wise height estimation and verified with the DEM.
The coarse-level rooftop boundary hypotheses were generated by grouping the 3D features
generated from multi-images. The expandable Bayesian networks were then used to combine
those features to verify the hypotheses and reconstruct the building models.
However, in the image matching to reconstruct the 3D features, incorrect matching may occur,
which is difficult to detect automatically. Lidar can effectively directly obtain the complete
digital surface models (DSM) and promote the automation in the building reconstruction.
The general method for object-based reconstruction consists of (1) plane analysis and (2)
reconstruction.

Plane

analysis

contains

three

major

types:

grid

based,

Triang

ulated Irregular Network (TIN) based, and point group based. In grid based analysis, roof
planes can be extracted with segmentation based on the noncontinuity of gray values
[Rottensteiner and Briese, 2002]. The region growing is applied to segment the roof patches.
In DSM, the pixels are joined to a region if the height difference of the seed pixel's connected
neighbor is less than an established threshold [Forlani et al., 2006]. In TIN based analysis, the
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roof points in the data are determined with the Voronoi neighborhood. The surface normal
vectors are then clustered with the fuzzy k-means method, and the co-planes are segmented
based on their distances and connectivity [Sampath and Shan, 2010]; the roof planes are
generated from analyzing the included angle between two normal vectors of contiguous
triangles based on the region growing technique [Chen, 2008]. In the TIN structure, each
triangle plane has three parameters, including slope, orientation, and the minimal distance.
The roof planes are then derived from the cluster analysis in the parameter space [Hofmann,
2004]. In the point group based analysis, the data are classified and segmented via cluster
analysis to generate the local surface derived from the group of points [Filin and Pfeifer, 2006;
Akel et al.,2009].
In the building reconstruction, because the edges in the data are indistinct, some geometric
constrains are added to generate the building boundaries. In Jwa [2008], the building
boundaries were rearranged dynamically by quantizing line slopes in a local shape
configuration and globally selecting optimal outlines based on the Minimum Description
Length principles. In Sampath and Shan [2010], the boundaries were regularized based on
multiple parallel and perpendicular line pairs to achieve topologically consistent and
geometrically correct building models.
Lidar point clouds lack clear edge information. In the integration of imagery and point clouds
for reconstruction, the obvious edges in the imagery and the reliable roof plane information
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are complementary. In the combination of lidar point clouds and aerial imagery reconstruction,
the general method consists of (1) plane analysis, (2) boundary determination, and (3)
reconstruction.
In Habib et al. [2010], the lidar LIDAR point clouds were segmented to the planar patches
with local point groups. The planar patches were segmented to the roof patches with voting
scheme [Kim, 2008]; the roof boundaries were then extracted with the minimum convex hull.
The straight lines in the stereo-aerial imagery were detected in the buffer of initial
back-projected boundaries. The line segments were matched with the geometric constrains in
the object space, and the precise boundaries were determined with the spectrum of imagery.
Finally, the buildings were reconstructed with the precise line segments.
In Cheng et al. [2011], the planes were generated with lidar LIDAR data via region-growing.
The building lidar points were then projected to the image to decide the building images. The
line segments were extracted in the images with the improved Hough transform. The precise
boundaries were selected with lidar density analysis and K-means clustering. The 3D building
boundaries were back-projected to the object space, and the final boundaries were generated
with RANSAC (RANdom SAmple Consensus). The building models were reconstructed with
the improved SMS.
In the combination of lidar point clouds and aerial imagery, most studies focused on
reconstructing the boundaries. In this study, we not only reconstructed different types of roofs
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patches but also considered the different types of roof structure lines. Different roof patches
may yield different results, so we also classified the roof pitches for reconstructing the
building models.
1.3. RESEARCH SCOPE
Building structures are composed of roof structure lines and boundaries. In the real world,
most buildings are constructed with the planes and straight lines. Therefore, in this study, we
only considered roof structures that consist of planes and structure lines generated with
straight lines. The lidar point clouds have complete plane information and accurate elevations,
and the aerial imagery has clear edges. Hence, we used the lidar point clouds to generate the
roof planes, and all the structure lines were constructed with aerial imagery. Finally, the
heights of the planes were modified by the lidar point clouds to obtain accurate heights. The
shape of the roof planes includes flat roof planes, different slope pitched roof planes, and
various building sizes. The proposed scheme consists of (1) Segmentation of Roof Patches, (2)
Roof Patch Classification, (3) Determination of Structure Lines, (4) 2D Line Segmentation,
and (5) 3D Building Model Reconstruction (Figure 1.1).
Segmentation of Roof Patches: Roof patches are segmented from lidar point clouds through
(1) roof point clouds extraction, (2) coplanarity analysis, (3) slope analysis, and (4) roof patch
extraction. The approximate location of buildings in lidar point clouds are selected manually.
The roof point clouds are extracted in the TIN structure and the hypothetical roof patches are
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then generated from local point groups with region growing. The hypothetical roof patches
are separated into two types, potential flat roof patches and pitched roof patches. The non-roof
patches are then eliminated with four characteristics: containment, area, rate of overlap, and
isolation.
Roof Patch Classification: Roof patches are classified as flat roof patches or pitched roof
patches with (1) flat roof validation and (2) connectivity analysis. Some of low-pitched roof
patches may be considered as flat roofs. For this, we proposed a novel method to validate the
flat roofs and detect the low-pitched roofs. The low-pitched roofs are determined
automatically from the optimal threshold in region growing. The connected pitched roof
patches are determined from the common lidar point clouds. When the roof pitches are
mutually connected, they are joined to a region for boundary extraction.
Determination of Structure Lines: The initial boundaries and the zone of roof structure lines
are determined in the object space through (1) roof structure line detection and (2) initial
boundary determination. Some adjacent pitched roof patches with a height difference from
others have only the connected points. Therefore, to find the roof structure lines, the regions
of connected roof patches are projected to the 2D grid plane to detect the zones of roof
structure lines. The regions of roof patches are projected to the 2D grid plane, and the initial
boundaries are extracted in the projected 2D grid plane with boundary tracing. The heights of
the points in boundaries are decided from the lidar point clouds.
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2D Line Segmentation: The precise line segments of the roof structure lines and boundaries
are generated from the edges in the imagery using (1) buffering zone of structure lines, (2)
edge detection, and (3) Hough transformation. The zones of roof structure lines and the initial
boundaries are back-projected to the aerial imagery to buffer the work areas. In the work areas,
the line features in the imagery are detected with the Canny operator [Canny, 1986], and the
Hough Transformation [Hough, 1962] is used to segment the line segments.
3D Building Model Reconstruction: 3D building model reconstruction consists of (1)
boundary refinement and (2) model reconstruction. The refined line segments in boundaries
buffer zones are determined with labeling the initial boundaries. The multi-responded and
short line segments corresponding to the same initial boundaries points are eliminated. The
roof structure lines and refined boundaries were projected to the object space via ray tracing.
The buildings models were then reconstructed with SMS. The heights of the models were
refined with the lidar point clouds to make the elevation of models more accurate.
This dissertation is structured as follows: Chapter 1 introduces the motivation and objectives,
literature review and the research scope. Chapter 2 elaborates on using two complementary
data sources to generate roof patches, construct structure lines, and reconstructing the building
models. Chapter 3 demonstrates the feasibility of the proposed method and analyzes the
experimental results. Chapter 4 presents some conclusions and projections according to our
results.
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Figure 1.1 Flowchart of the proposed method
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CHAPTER 2. METHODOLOGY

The proposed scheme is composed of five major parts, (1) Segmentation of Roof Patches, (2)
Roof Patch Classification, (3) Determination of Structure Lines, (4) 2D Line Segmentation,
and (5) 3D Building Model Reconstruction.

We segmented the roof patches from the lidar

point clouds and then classified them to different types, including flat, mono-pitched, and
multi-pitched roof patches. The pitched roof with different slopes, such as low pitched roof,
could be determined in the roof patch classification. The initial boundaries and roof structure
zones were determined with the roof patches in the object space and back-projected to the
imagery to determine the 2D line segments. Finally, the 3D building models were
reconstructed with the SMS and then, the models' heights were modified with the lidar point
clouds.
2.1. SEGMENTATION OF ROOF PATCHES
We generated the roof patches from the lidar point clouds. The man-made buildings were
constructed with the two types of planes, wall planes and roof planes. The building shape can
be described with the roof planes. Therefore, the roof planes are an important element to
portray the building. The roof patches were generated through (1) roof point clouds extraction,
(2) coplanarity analysis, (3) slope analysis, and (4) roof patch extraction.
2.1.1. Roof Point Clouds Extraction
We obtained the roof point clouds by eliminating lidar point clouds on the walls and ground.
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The point clouds on walls may affect the roof coplanarity analysis in the following step, and
the point clouds on the ground were not needed, so we removed the lidar point clouds on the
walls and grounds.
We constructed the TIN structure and added the digital elevation model (DEM) to eliminate
the point clouds on the walls and grounds. The heights of lidar point clouds were subtracted
from the terrain elevations in the DEM to derive the normalized height; those lidar point
clouds were then used to construct a TIN structure (Figure 2.1). Because the lidar point clouds
were sparse on the walls, the normal vectors of the triangles on the walls were in the
horizontal direction. The triangles with the wall characteristics (the directions of normal
vectors) and ground characteristics (the heights of the lidar point clouds) were removed in the
TIN structure. The criteria used to judge the triangles are (1) the included angle between the
normal vector of the TIN structure and horizontal plane (TH1, threshold1) and (2) the
minimum elevation in the TIN structure (TH2). Following the previous steps, we obtained the
lidar point clouds on the roofs (Figure 2.2).
The TIN structure was built with Delaunay triangulation [Golias and Dutton, 1997] (Figure
2.3). The Delaunay triangulation structure needs to satisfy two criteria: (1) Max-min Criterion
and (2) Circle Criterion.
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Figure 2.1 Illustration of TIN structure

Figure 2.2 Illustration of roof point clouds

Figure 2.3 Illustration of Delaunay triangulation [Golias and Dutton, 1997]
2.1.2. Coplanarity Analysis
We generated the local point groups to represent the local plane surfaces. A triangle plane
generated from three points in the TIN structure is less stable than a plane derived from the
point groups. Therefore, we generated the local point groups and then segmented those point
groups to the co-planes by (1) cylinder neighborhood grouping and (2) region growing.
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(I) Cylinder Neighborhood Grouping
The local point groups were constructed with the cylinder model [Filin and Pfeifer, 2005]. In
the cylinder neighborhood grouping, the seed points were selected from the roof point clouds;
the cylinder neighborhood point groups were constructed with a radius (TH3) and height
(TH4) (Figure 2.4a). The points in the cylinder were used to calculate a plane with a least
squares adjustment. When the vertical distances from the points to the plane were larger than
a chosen distance (TH5) , the points were removed from the group and the plane was
calculated with the remaining points (Figure 2.4b and c). The ratio (TH6) of the point number
in the remaining points and the point number in the cylinder were then checked. A ratio that is
too small means the point group cannot represent a plane, so we then selected other seed point
to construct a new point groups. The seed points were selected to construct the local surface
until there was no point without a group. Therefore, the two adjacent point groups may share
the common points (Figure 2.5).

(a)

(b)
Figure 2.4 Illustration of local plane generation
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(c)

Figure 2.5 Top view of the illustration of the adjacent cylinder neighborhood point groups
(II) Region Growing
We generated the co-planes to be the hypothetical roof patches by region growing. In region
growing, the local surface planes were merged with the connected planes by judging the
included angle between the normal vectors of the local surface planes. The seed local surface
plane was selected randomly, and the included angles among the connected point groups were
checked. If the angles were less than a determined threshold (TH7), the local surface planes
were grouped together to generate a new plane with the grouped point clouds. The new
surface plane grew until it had no included angles in common with the connected local surface
planes less than the threshold. Then, the new seed local surface plane was repeatedly selected
randomly until the entire local surface planes were grouped into the regions.
2.1.3. Slope Analysis
We separated the roof patches with different slopes into potential flat roof patches and pitched
roof patches. The roof patches were separated by judging the included angles between the
vertical direction and hypothetical roof patches. Because some low pitched roof patches in the
last step were grouped into a region with a fix region growing threshold, they were considered
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as the flat roof patches in this step.
2.1.4. Roof Patch Extraction
We obtained the roof patches from the hypothetical roof patches by removing the non-roof
patches. With an appropriate region growing threshold, the non-roof patches could be
separated. If the threshold was too large, the non-roof patches could be grouped to cause the
unstable hypothetical roof patches. The non-roof patches were recognized by four
characteristics: (1) containment, (2) area, (3) rate of overlap, and (4) isolation.
(I) Containment
The non-roof patches contained in the potential flat roof patches were eliminated. The
containment characteristic was only applied to the potential flat roof patches. For the flat roofs,
there may be some miscellanies on the roof tops that after the region growing could become
patches. Therefore, we identify those non-roof patches (miscellanies) using the containment
characteristic.
First, the bounds of the potential flat roof patches were constructed with the convexhull
[Barber et al., 1996] from the maximum flat roof patch to the minimum one. Second, the point
in the polygon technique [Mortenson, 1999] was implemented to the patches, which are
smaller than the flat roof patches. If the patches were inside the flat roof patches and the
heights of the patches were in a buffer zone (TH9) from the height of flat roof patches, the
patches were recognized as non-roof patches. If the heights of the patches were out of the
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buffer zone, the patches were recognized as roof patches. We labeled the hypothetical roof
patches A to D and separated the non-roof patches with the containment characteristic (Figure
2.6). After the above steps, we considered B and C to be inside A, and D to be inside B. The
heights of C and D were inside the buffer zones, so C and D were regarded as non-roof
patches.

Figure 2.6 Illustration of the containment characteristic of the non-roof patches
(II) Area
We eliminated the patches with few points or points distributed in the vertical direction. The
hypothetical roof patches containing many point clouds distributed in a small region or
vertical direction cannot be represented as roof patches. Each patch was then projected to the
2D grid plane, in which the numbers of grids were used to represent the patch area. We
regarded the patches with small area (TH10) as non-roof patches.
(III) Rate of overlap
The redundant and unstable patches were eliminated. The unstable patches can be produced
by the lidar point clouds with the error or in the unstable surface such as roof structures and
boundaries that cannot be merged after the region growing. Unstable patches inside the
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pitched roof with many point clouds (Figure 2.7) and large areas could not be removed in the
previous steps. From the structure of cylinder neighborhood point groups we knew the
common points between the adjacent point groups. If the rates of overlap (TH11) among the
patches and the larger connected hypothetical roof patches were very high, we considered the
patches as redundant patches and removed them. The rate of the number of common points in
the larger patches to the number of points in each patch was used to determine the rate of
overlap. Most points in patch A intersect with the points in the larger patches B and C (Figure
2.7); therefore, patch A was removed (Figure 2.8).

Figure 2.7 Illustration of unstable patch

Figure 2.8 Illustration of removing high overlap patches
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(IV) Isolation
The isolated patches were considered as non-roof patches to be removed. The isolated patches
were generated from the lidar point clouds on the other buildings or the trees. Therefore, all
patches were projected to the 2D grid plane to check the isolated patches. The discrete
projected lidar point could cause the empty grids on the 2D grid plane, so we applied the
morphology, closing, to fill the empty grids. First, the largest projected patch was selected and
the other projected patches were checked to see whether they intersected with the largest
patch. The projected patches were grouped as a region if they intersected with the largest
patch. Then, the region was rechecked until no connected patches remained. The remaining
patches were considered as the isolated patches (Figure 2.9).

(a)

(b)

Figure 2.9 Illustration of removing the isolated patches
(a) Roof patches with isolated patches
(b) Removing the isolate patches
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2.2. ROOF PATCH CLASSIFICATION
We separated the roof planes into two main types, flat roof patches and pitched roof patches.
From the slope analysis, the roof patches were categorized as pitched roof patches and
potential flat roof patches. The high pitched roof patches were separated in the slope analysis.
However, potential flat roof patches may consist of flat roof patches or low pitched roof
patches. For example, after the region growing with a threshold, the low pitched gable roof
patches were grouped to a region, and after the plane fitting, the region was fitted to form a
flat plane. Therefore, in this part, the potential flat roofs were validated. The low pitched roof
patches could be determined automatically from the flat roofs patches composed of the low
pitched roof patches.
We classified the pitched roof patches into two types, multi-pitched and mono-pitched roof
patches. The multi-pitched roof patches are the pitched roof patches connected with other
pitched roof patches, and the roof structure line exists between two connected pitched roof
patches. In this part, the roof patches were classified with (1) flat roof validation and (2)
connectivity analysis.
2.2.1. Flat Roof Validation
We determined the low pitched roof patches from the potential flat roof patches composed of
multi-pitched roof patches. Low pitched roof patches could be separated via region growing
in different thresholds. However, the roof patches may become fragmented when the growing
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thresholds are very low. Because random errors exist in lidar point clouds, some deviations
remain in the surface derived from the local point groups. With those deviations, local surface
planes could not be merged in a region with low region growing thresholds.
The low pitched roof patches, such as those with an inclined angle <10°, could only be
generated in the low region growing thresholds; therefore, the different growing thresholds
were used to find the pitched roof patches. The optimal pitched roof patches and flat roof
patches were determined by different thresholds when the potential roof patches consisted of
pitched roof patches or both flat and pitched roof patches. The flat roof patches were verified
when the potential roof patches only consisted of flat roof patches without any pitched roof
patches. This task required four main steps: (1) twice region growing, (2) pitched roof patches
extraction, (3) flat roof patches extraction, and (4) condition analysis.
(I) Twice region growing
The local point groups in the potential flat roof patches were used to generate the patches in
different thresholds by region growing. The different thresholds represented the thresholds
from the degree of the first region growing threshold (the highest one), to the degree defined
to separate the flat roof patches and pitched roof patches (the lowest one). The generated
patches from the first region growing may be unstable in the low thresholds. Hence, the first
generated patches were used to produce the patches with second region growing. In the
following steps, all patches used were generated from second region growing in different
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thresholds (Figure 2.10).

(a)

(b)

(c)

Figure 2.10 Illustrations of twice region growing in the lower threshold
(a) Local point groups (b) First region growing (c) Second region growing

(II) Pitched Roof Patches Extraction
We searched for the pitched roof patches in different thresholds. The pitched roof patches had
to be determined before searching flat roof patches because the pitched roof patches were
separated from the flat roof patches. Three steps were followed to extract pitched roof patches
First, the pitched roof patches were selected from different thresholds. Second, each pitched
roof patch was tracked in a different level to determine the change in the amount of point
clouds. Third, the optimal pitched roof patches were selected according to the change in the
amount of point clouds.
(i) In different thresholds, the pitched roof patches whose point cloud numbers were larger
than a selected number (TH13) were extracted. The potential flat roof patches can fragment
into many small patches, so we only selected the pitched roof patches with larger point clouds
to represent the roof patches.
(ii) The patches were tracked in the adjacent thresholds to find the corresponding patches and
determine the change percentages of the corresponding patches from the highest to the lowest
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threshold. The pitched roof patches may experience three stages: growing, optimal, and
fragmenting (Figure 2.11). Hence, we calculated the change percentage of the corresponding
patches to determine the stage of the roof patches.

(a)

(b)

(c)
Figure 2.11 Illustrations of the three stage (a) growing (b) optimal (c) fragmenting
(iii) The change percentages were tracked from the highest to the lowest threshold to find the
optimal pitched roof patches. When the change percentages showed a reduction, the patches
were extracted as the optimal patches.
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In an illustration of pitched roof patches searching algorithm (Figure 2.12), the grids represent
the extracted pitched roof patches whose point cloud numbers were large than a selected
number in different thresholds. The green grids represent the corresponding patches in
different threshold; G represents growing patches whose change percentages are increasing; O
represents the optimal patches whose change percentages are reduced significantly; and F
represents disintegrating patches whose change percentages are reducing continuously.

Figure 2.12 Illustration of pitched roof patches searching algorithm
(III) Flat Roof Patches Extraction
Flat roof patches were extracted when the pitched roof patches were identified in the previous
step. If no pitched roofs were identified, the potential flat roof patches were considered as the
real flat roof patches so the flat roof patches extraction was unnecessary. The flat roof patches
extraction required three steps. First, the flat roof patches were selected in different thresholds.
Second, corresponding flat roof patches in the adjacent thresholds were determined. Third, the
optimal flat roof patches were selected according to the pitched roof patches generated.
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(i) In different thresholds, the flat roof patches whose point cloud numbers were larger than a
selected number (TH13) were extracted.
(ii) The patches were tracked in the adjacent thresholds to find the corresponding patches
from the minimum degree of the thresholds generating the optimal pitched roof patches to the
highest threshold. The pitched roof patches were generated from the flat roof patches (Figure
2.13). When the optimal pitched roof patches were formed, the flat roof patches were formed
concurrently. Therefore, we only need to find the minimum threshold in all determined
optimal pitched roof patches.

(a)

(b)

(c)

Figure 2.13 Illustration of pitched roof patch generated from the flat roof patch
(a) Profile of the roof patches consisted of flat roof patch and pitched roof patch
(b) Roof patch generated in the high threshold
(c) Optimal threshold of the pitched roof patch and flat roof patch

(iii) Because the pitched and flat roof patches were generated concurrently, the optimal flat
roof patches could be extracted when the pitched roof patches were generated. The flat roof
patches were tracked from the minimum degree. Each flat roof patch was checked for an
intersection with the pitched roof patches. The flat roof patches were selected when they are
going to contain the pitched roof patches.
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(IV) Condition Analysis
The roof patches were decided according to different conditions: without pitched roof patches,
all pitched roof patches, and with pitched and flat roof patches. Three conditions are shown in
Table 2.1.

Table 2.1 Three conditions for the extracted roof patches
Condition

Ratio

Without Pitched Roof Patches
All Pitched Roof Patches
Both Pitched and
Flat Roof Patches

Output
Potential Flat Roof Patches

Larger than TH14

All Pitched Roof Patches

Smaller than TH14

Potential Flat Roof Patches

Larger than TH14

Both of Pitched Roof Patches
and Flat Roof Patches

Smaller than TH14

Potential Flat Roof Patches

Different conditions yield different roof patches. When no pitched roof patches were
generated, the potential roof patches disintegrated into many fragmented patches, and no
complete pitched patch was generated. In this case, the potential flat roof patches were
considered as flat roof patches. The conditions, all pitched roof patches and both pitched and
flat roof patches, have two types from judging the ratio (the number of points in the extracted
roof patches to the number of points in the potential flat roof patch). Ratios larger than a
selected ratio (TH14) indicate that the generated roof patches are reliable and outputted.
Ratios smaller than the selected ratio indicate that the extracted roof patches come from the
fragmented patches and the potential flat roof patches are outputted.

28

2.2.2. Connectivity Analysis
In the connectivity analysis, the connective relation between the pitched roof patches was
determined. The pitched roof patches were separated into multi-pitched roof patches and
mono-pitched roof patches. The multi-pitched roof patches consist of two or more patches.
The two connected pitched roof patches can be determined from the common point clouds.
The mutual connected roof patches were grouped into a region for boundaries determination
(Figure 2.14). After grouping the mutual connected roof patches, patches A to D were grouped
to a region.

Figure 2.14 Illustration of connectivity analysis
2.3. DETERMINATION OF STRUCTURE LINES
In the structure lines determination, the initial boundaries and the roof structure zones were
decided. The structure lines contain the roof structure lines and building boundaries. Some
adjacent pitched roof patches with the difference in the height may not connect along the
structure lines but connected in the points. Therefore, to find the roof structures, the roof
patches in the same region were projected to the 2D grid plane to detect the zones of roof
structure lines.
In the boundaries part, it is difficult to extract boundaries containing the shape of convex and
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concave in the three dimension space. Therefore, the lidar point clouds in a region were
projected to the 2D grid plane to trace the boundary. The structure lines were determined with
(1) roof structure line detection and (2) initial boundary determination.
2.3.1. Roof Structure Line Detection
We determined the zones of roof structure lines from the connected pitched roof patches. Two
adjacent pitched roof patches may connect along an edge or may have height differences and
only connect at a point in the three dimension space (Figure 2.15).

Figure 2.15 Illustration of the adjacent pitched roof patches
The pitched roof patches were projected to the 2D grid plane to check whether they connect
and have the roof structure lines. However, under some conditions, some roof patches connect
at a point both in the three dimension space and projected space (Figure 2.16). Patches A and
B are connected at a point but they do not have roof structure line.

Figure 2.16 Illustrations of roof patches connected in a point
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First, each patch in a region was projected in the 2D grid plane to check the roof structure line
(Figure 2.17). Because the lidar point clouds are discrete, we applied the morphology, closing,
to fill the empty grid (Figure 2.18). When two patches connect, they are considered with the
roof structure line. However, the roof patches connected by a point is also recognized as the
roof structure line. To avoid this condition, the connected patches were reduced to the other
patches in the same region. When the connected patches were separated into two regions, the
patches were considered to be joined at a point (Figure 2.19). Morphology, dilution, was
applied to the connected patches to enlarge the intersected part to facilitate generating the roof
structure zones (Figure 2.20). The roof structure zones in the next step were projected to the
imagery to determine the roof structure zones. The horizontal locations of the roof structure
zones were determined from the locations of grids. The height of each intersected grid in the
zones of roof structure lines was determined with the height of nearest lidar point clouds in
the region.

Figure 2.17 Projected lidar point clouds of a patch
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Figure 2.18 Patch after the closing

(a)

(b)

(c)
Figure 2.19 Illustrations of separating the patches joined at a point
(a) Connected patches after closing
(b) Other patches in the same region after closing
(c) Connected patches reducing other patches

Figure 2.20 Illustration of generated zone of roof structure line
2.3.2. Initial Boundary Determination
To determine the initial boundaries, the initial boundaries of flat roof patches, multi-pitched
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roof patches and mono-pitched roof patches were determined and their boundaries were
extracted in the projected 2D grid plane. The elevations of the pitched roof boundaries came
from the lidar point clouds nearest the boundaries. However, the elevations of the pitched roof
boundaries are different from the flat roof boundaries. A flat roof may have roof walls that
cause the relief displacements of the back-projected initial boundaries in the imagery.
Therefore, we detected the height of roof walls in each flat roof patch to more accurately
locate each initial boundary in the imagery. This required (1) 2D location determination and
(2) elevation determination
(I) 2D location determination
The 2D locations of the initial boundaries were extracted in the projected 2D grid plane. The
lidar point clouds in a region were projected to the 2D grid plane. Morphology, closing, was
applied to fill the empty grids; morphology, erosion, was applied to the closed region. The
closed regions were reduced by the eroded regions to extract the boundaries (Figure 2.21).
The grid points in the boundaries were then constructed with topology.
The order in the grid points was constructed via boundary tracing [Sampath and Shan, 2007;
Sonka et al., 1999]. In the boundary tracing, according to scanning rules, the first founded
grid point in each boundary was regarded as the starting point. Based on the sequence,
clockwise or counterclockwise, the other grid points in the boundaries can be found.
The boundaries in the 2D grid plane may have multiple boundaries if other structures on the
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roof patches create other boundaries. Hence, after boundaries tracing, the largest boundaries
were chosen (Figure 2.22).

Figure 2.21 Illustration of boundary extraction in the projected 2D grid plane

(a)

(b)

Figure 2.22 Illustration of tracing the biggest boundary
(a) The patch after the closing
(b) Tracing the biggest boundary
(II) Elevation Determination
The heights of flat roof boundaries and pitched roof boundaries were determined by different
methods. In the pitched roof boundaries, the height of every point was determined from the
nearest lidar point clouds in the pitched roof region. The boundary elevations were changed
according to the elevation of pitched roof patches. Hence, we used the lidar point clouds
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nearest the boundaries to represent the elevation change of pitched roof boundaries.
In comparison, the height of each flat roof boundary is a fixed value. There are two different
heights in the flat roof patches; one is the heights of the roof walls, which may exist in the flat
roofs, and the other is the heights of flat roof planes. The heights of the flat roof planes were
used to represent the models' heights, and the heights of the roof walls were used to represent
the heights of initial boundaries in flat roof patches. If the heights of the initial boundaries are
the heights of the roof planes, relief displacement in the imagery will occur when initial roof
boundaries are back-projected to the imagery.
The heights of the planes of flat roof patches were determined with the heights of lidar point
clouds in the flat roof patches. To analyze the heights of lidar point clouds in the flat roof
patches, the highest frequency of the heights of lidar point clouds in each flat roof patch was
set as the model height. The heights of the roof walls were determined from the lidar point
clouds in the buffers of the initial boundaries. According to the initial boundaries, each
average height of the lidar point higher than the model height in the buffer was used as the
height of initial boundary (Figure 2.23). To avoid the heights of other roof patches that may
connect with the flat roof boundaries, the lidar points here mean all the lidar point clouds
except the other roof patches.
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Figure 2.23 Illustration of extracting the lidar point clouds on the roof walls
2.4. 2D LINE SEGMENTATION
In the 2D line segments generation, we determined the precise line segments from the edges
in the imagery. From the previous steps, the location of every structure lines was found.
However, the precise locations of the structure lines were still uncertain. Hence, we used the
precise line segments in the imagery as the structure lines. The longest line segment in each
roof structure buffer zone was regarded as the roof structure line. The line segments in the
boundaries (analysis in the following section) consist of (1) buffering zone of structure line, (2)
edge detection, and (3) Hough transformation.
2.4.1. Buffering Zone of Structure Lines
The zones of structure lines were located in the imagery to reduce the non-useful information.
The zones of roof structures and the initial boundaries were projected to the imagery with the
collinearity condition equations to determine the work areas (Figure 2.24a and 2.25a). Each
projected point from the zones of roof structure lines and the initial boundaries opens a buffer
to lock the locations of precise structure lines (Figure 2.24b and 2.25b).
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(a)
(b)
Figure 2.24 Buffering zone of roof structure lines
(a) Projected zone of roof structure line
(b) Buffer zone of roof structure line

(a)

(b)

Figure 2.25 Buffering zone of initial boundary
(a) Projected initial boundary
(b) Buffer zone of initial boundary
2.4.2. Edge Detection
The feature lines in the buffer zones were extracted. Structure lines are most important for the
building reconstruction; therefore, we extracted the feature lines in buffer zones. The optimal
feature lines should satisfy three requirements, (1) good detection, (2) good localization, and
(3) minimal response. Canny detector [Canny, 1968] can achieve these requirements to detect
the edges with obvious grayscales changes.
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2.4.3. Hough Transformation
Hough transformation was used to segment the straight lines of the boundaries and the roof
structure lines. There are three procedures in Hough transformation. First, the image space
was transformed to the parameter space. In the parameter space, the principal orientation of
each work area was determined. The lines were extracted in different directions. Second, the
points in the lines were merged according to the similarity of the lines' parameters. Third, we
separated the collinear points with the contiguous relationship to obtain the 2D line segments.
(i) The lines in the imagery space were transformed to the Hough space with the parameter in
polar coordinate, θand r using equation 1:
xi cosθ + yi sinθ = r.

(1)

In the parameters space, each (θ, r) represents a line in the image space, and the maximum
peak is considered as the principal orientation (Figure 2.26). In the real word, most of the
lines in the building are constructed in the orthogonal directions, so the lines in the orthogonal
directions of principal orientation are selected before selecting the lines in the other directions.
In the Hough space, we used a tolerant range (TH16) in the orthogonal directions (Figure
2.27). Then, the maximum peak was chosen from the tolerant ranges and the edge points in
the image space that correspond to the maximum peak were eliminated. We repeated
transforming the imagery to the Hough space, finding the maximum peak from the tolerant
ranges and eliminating the corresponding points in the image space until the maximum peak
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in the outside tolerant ranges was larger than the maximum peak in inside tolerant ranges too
much. Then, the tolerant ranges were canceled, and the maximum peak in the Hough space
was selected until the points in the image space were all eliminated.
(ii) When the lines were similar, they were merged. The edge points in the lines were merged
according to the similarity of the lines' (θ, r).

Figure 2.26 Illustration of Hough transformation

Figure 2.27 Illustration of tolerant ranges of the orthogonal direction in the Hough space
(ii) The collinear points were separated with the contiguous relationship. The contiguous
relationship among the points was checked, and the isolated points without the neighboring
point were eliminated from the collinear points. Then, when the distances among the collinear
points were too large, the collinear points were separated. The endpoints in each collinear
point group were determined to form the line segment (Figure 2.28).
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(a) Collinear Points

(b) Separation and Elimination
Icon
Red : Collinear Points
Green : Endpoints
Blue : Eliminated Isolated Points

(c) 2D line segments
Figure 2.28 Illustration of 2D line segment separation [Huang, 2010]
2.5. 3D BUILDING MODEL RECONSTRUCTION
In the 3D building models reconstruction, 3D line segments were shaped to generate roof
polygons, and heights of polygons were modified with lidar point clouds.

Line segments

from the previous step still retained some noise, so the refined boundary line segments were
extracted. After projecting the line segments to the object space, the line segments were
reconstructed to the model with SMS algorithm. The heights of projected line segments were
approximations. Therefore, we modified the reconstructed models with the lidar point clouds
using (1) boundary refinement and (2) model reconstruction.
2.5.1. Boundary Refinement
Refined boundary line segments were extracted from boundary buffer zones for the building
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model reconstruction. Although we opened buffer zones to reduce unnecessary lines, some
lines from the roof walls, shadows, noises, and other sources remained.
Line segments were selected by labeling the projected points in the initial boundary (Figure
2.30). To judge the rate of overlap in two line segments, two label types, main and subordinate,
were assigned to each projected point. The labels recorded the corresponding line segments'
serial number from the longest to the shortest line segment. If the projected points were
designated in the first time, the serial numbers were recorded in the main label type; if the
projected points were designated in a subsequent time, the serial numbers were recorded in
the subordinate label type. Line segments not labeled as a main type were removed. The
remaining line segments were checked to compare the number of times a subordinate label
type was recorded versus a main label type. Line segments with high overlap rates were
removed.
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Figure 2.30. Illustration of refined line segments extraction
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2.5.2 Models Reconstruction
The 2D line segments were projected to the object space to reconstruct the building models.
In the object space the line segments were closed to form the models, and lidar point clouds
were added to modify the heights of models with (1) 3D line segments generation, (2) models
shaping, and (3) model height modification.
(I) 3D line segments generation
The refined boundary line segments and roof structure line segments were projected to the
object space. A height was determined for each endpoint in every line segment. In the
boundary step, the heights of the endpoints belonging to the pitched roof patches were
determined with the closest initial projected points. The heights of the endpoints belonging to
the flat roof patches were determined with the model heights derived in section 2.3.2. In the
roof structure step, the heights of the endpoints were decided with the closest projected points
in the buffer zones. The heights, image coordinates, and exterior orientation parameters were
used to project the line segments to the object space.
(II) Models shaping
Line segments in the same region were reconstructed with SMS algorithm to form the models.
The concept of SMS is to use the line segments to reconstruct building models with minimal
manual manipulation. The topology among the structure lines is built up and the line segments
form the closed building models. The steps in the SMS algorithm are to split, merge, and
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shape (Figure 2.31). First, the line segments split a region to become many building units in a
2D horizontal plane. Second, the adjacent building units were merged if no structure line
existed between them. Last, the building models were shaped to a flat or oblique plane with
the height of the line segments.

(a)

(b)

(c)

Figure 2.31. Steps in the SMS algorithm [Chen and Rau, 2003]
(a) Split (b) Merge (c) Shape
(III) Model height modification
The height of each polygon was modified with the lidar point clouds. Because the heights of
line segments are proximate values, the heights of models were inaccurate; therefore, we
found the lidar point clouds in each polygon with the point-in-polygon. Each plane was then
fitted via RANSAC. The lidar point clouds in a plane may contain some non-roof point clouds,
so we used the RANSAC to replace the least squares. After fitting the plane, the heights of
models were modified.
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CHAPTER3. EXPERIMENTAL RESULTS AND ANALYSIS

Results and analyses include (1) test data, (2) parameter selection, and (3) experimental
results. We first discuss the test data and test areas, followed by our reasoning for parameter
selection. Finally, we analyze the experimental results and errors.
3.1. TEST DATA
The test data included aerial lidar point clouds and aerial imagery. The test area was in Taipei
city, a metropolis of northern Taiwan. The lidar data were obtained by a Leica ALS50 system
in August 2007. The average density of the lidar point clouds was 10 pts/m2. The imagery was
a true color digital imagery with the spatial resolution of 16 cm, obtained by DMC camera
June 2008 (Table 3.1).
Feasibility of the proposed methodology was demonstrated using eight test cases. The test
buildings contained flat roofs with roof structures, gable roofs, pitched roofs with different
slopes, complex textures, and different shapes such as squares and I-shapes(Table 3.2). The
aerial imagery and lidar point clouds of the test areas were compared for each of the eight
cases (Table 3.3).
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Table 3.1 Relative test data
Lidar Data

Aerial Imagery

Sensor

Leica ALS50

DMC

Acquisition Date

July., 2007

Jun., 2008

Data Type

Points

Raster Grid

Flying Altitude

1830

Spatial Resolution

1630
2

8 to 10 pts/m

16 cm

Spectral Resolution

Red, Green, Blue

Table 3.2 Characteristics of all cases
Case Characteristics
1

1 simple flat roof building
2 roof structures

2

1 simple gable roof building
1 rectangle shape pitched roof annex

3

1 I-shaped flat roof building with complex texture and roof walls
1 roof structure

4

1 simple low-pitched roof building
1 irregular shape annex with the narrow widths

5

1 simple gable roof building
1 irregular shape flat roof annex

6

2 mono-pitched roofs
2 gable roofs with obscure ridges in the imagery
1 flat roof
With roof walls in all the structures

7

1 multi-pitched roof building with various low-slope (about 11° to 4°) pitched roofs

8

5 mono-pitched roofs
2 gable roofs
1 flat roofs with roof walls and flower beds
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Table 3.3 Aerial imagery and lidar point clouds of the test areas
Case

Aerial Imagery

Lidar Point Clouds

1

2

3

4

46

5

6

7

8

3.2. PARAMETER SELECTION
We selected 16 parameters to apply in our method:
Roof point clouds extraction --- 2 thresholds
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(1) TH1, triangle with wall characteristics: In the TIN structure, the included angle between
the normal vector of the triangles composed of the wall points and the horizontal plane should
be small. Therefore, we set 7° as a maximum threshold to judge triangles belonging to walls.
If the included angles were smaller than 7°, the triangles were considered with wall
characteristics and were removed.
(2) TH2, triangle with ground characteristics: In the real world, the height of a story in a
building is about 3 m. Therefore, we set 2.5 m as a maximum threshold to judge triangles with
ground characteristics. If the minimum elevation in a triangle was less than 2.5 m, the triangle
was considered with ground characteristics and was removed.
Coplanarity analysis --- 5 thresholds
(3) TH3, the radius of the cylinder model: This parameter is related to the density of the lidar
point clouds. To generate stable local surface planes, the planes must include enough points to
create the stable planes. The density of lidar point clouds was 10 pts/m2, and the radius of the
cylinder model was 1 m, so each local surface could contain 25 to 30 points and the area of
each local surface was about 3m2. Due to the errors of the lidar point clouds about 0.1m, the
deviation of each surface was less than about 3.3°.
(4) TH4, the height of the cylinder model: The model should not be so tall that the points are
contained in different layers, but not too short to contain enough points from the oblique
planes. We set the height of the cylinder model at 1 m.
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(5) TH5, the distance in the cylinder model: The distance in the model is used to describe
whether points belong in the generated local surface plane. When the vertical distances from
the points to a plane were too large, the points were removed. Because vertical accuracy of
the lidar point clouds was about 10 to 15 cm, we used 15 cm on each side of the planes as the
distance threshold.
(6) TH6, the ratio of points belonging to the plane to all points in the cylinder model: When
most of the points in the cylinder did not belong to a plane, the points in the cylinder were not
suitable for forming a plane. We set the threshold ratio of points belonging to the plane to all
points at 0.85. If the ratios were smaller, a new point was selected to form another plane.
(7) TH7, the threshold of region growing: The two connected planes were merged by judging
the included angle between the normal vectors of the planes. If the included angles were
smaller than a 15° threshold, the two planes were considered to be the same roof patches and
were merged. Although, some low-pitched roof planes could not be separated using this
threshold, they did not affect the results because subsequent steps reconfirmed the patches.
Slop analysis --- 1 threshold
(8) TH8, definition of the flat roof patches and pitched roof patches: The flat roof patches and
pitched roof patches were divided by judging the included angles between the normal vectors
of the roof patches and the vertical direction. When the included angles were smaller than 3°,
the roof patches were considered flat roof patches.
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Roof patches extraction --- 3 thresholds
(9) TH9, containment characteristic: When the hypothetical roof patches were inside the flat
roof patches and their heights were near to the heights of plane roof patches, the hypothetical
roof patches were derived from the miscellany. As described earlier, the height of a story is
about 3 m; therefore, we set a 2.5 m buffer zone on each side of the flat roof patches. If the
height of hypothetical roof patches were in that buffer zone, then they were considered
non-roof patches with containment characteristics.
(10) TH10, threshold of area: When the hypothetical roof patches were too small to represent
roof patches, the hypothetical roof patches were considered as non-roof patches. We set the
minimum threshold area at 5 m2.
(11) TH11, rate of overlap: Some hypothetical roof patches may be redundant patches or
unstable patches that cannot be merged with other roof patches. Those non-roof patches were
recognized by checking the rate of overlap with the connected, larger hypothetical roof
patches. When the rate of overlap was greater than 60%, the hypothetical roof patches were
considered non-roof patches and were removed.
Flat roof validation --- 3 thresholds
(12) TH12, threshold of the selected roof patches: Many roof patches exist at different
thresholds. To separate the significant roof patches from the fragmental roof patches, we
selected the roof patches with more than 50 points (from TH10). We selected 5 m2 as the
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minimum roof patch area, so 50 points was used to represent 5 m2 when the density of lidar
point clouds was 10 pts/m2.
(13) TH13, threshold of the optimal roof planes: During flat roof validation, the optimal roof
patches are selected when the change percentage was reduced. When the change percentages
were lower than 98.5%, we considered that the roof patches were going to fragment more and
selected those patches. When the value is low, such as 90%, it means the extracted patches
would be smaller because the patches fragmented more. Although the value can affect the
shapes of the extracted patches, the most important thing is that the low pitched can be
extracted and is not sensitive to the value.
(14) TH14, the ratio of extracted roof patches to potential flat roof patches: The pitched roof
patches and flat roof patches were checked against an 85% threshold ratio to determine
whether they were reliable roof patches or fragmented roof patches. If the ratio was lower
than 85%, those extracted roof patches were considered unreliable and the potential roof
patches were outputted. After the experiments, when the patches were reliable, the ratios all
higher than 90% and when the patches were unreliable, the ratios all lower than 80%.
Therefore, we used 85% to discriminate whether the extracted patches were reliable or not.
Hough Transformation --- 2 thresholds
(15) TH15, the tolerant range in the Hough space: In the Hough space, we selected the
orthogonal line segments priorly. Based on the maximum peak, we set a tolerance range in
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two orthogonal directions, and peaks in those ranges were considered in the orthogonal
direction. We set the threshold range at 15°.
(16) TH16, threshold of canceling the tolerant range: In the Hough space, when the maximum
peak outside tolerant ranges exceeded the maximum peak inside the tolerant range, the lines
in the other direction were more obvious than the lines in the orthogonal direction. Therefore,
we canceled the tolerant range and selected the maximum peak to generate the lines in a
different direction. We set the threshold at 10 times.
3.3. EXPERIMENTAL RESULTS
The experimental results consist of (1) results of the roof patches, (2) results of line segments
and building models, (3) error analysis, and (4) summary. We illustrated the roof patches at
each stage. In the line segments and building models, the results of refined boundaries, roof
structure lines and building models were shown. In the error analysis, the corners of the
building models are compared with the manually generated building models and the errors are
discussed. We then summarize all results in the final part.
3.3.1. Results of the Roof Patches
Roof patches were generated in three stages (Table 3.4). In the first stage, hypothetical roof
patches included both roof patches and non-roof patches. In the second stage, roof patches
extraction, the roof patches were separated into potential flat roof patches and pitched roof
patches; non-roof patches were eliminated. In the third stage, the potential flat roof patches
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were validated, and the low pitched roof patches were separated from the potential roof
patches composed of low-pitched roof patches. In this stage we were able to identify
integrated roof patches in all cases except case 4.
Cases 4 and 7 had low-pitched roof patches that could not be separated in the first region
growing, the highest threshold. After the flat roof validation, the low-pitched roof patches
were searched at different thresholds to derive roof patches in different degrees. In case 4, the
slopes of the gable roof patches were about 3.5°; in case 7, the slopes were about 11° and 4°.
Case 3 showed a purple roof patch that was not seen in the imagery in the third stage. The
height of the roof patch (about 3.5 m) was higher than a story, and the roof patches were
connected to the main building, so it was consider part of main building. Because the main
building was too high (about 35 m), the low roof patch was occluded and could not be seen in
the aerial imagery.
In case 4, the top view of the complete building model (Figure 3.1), areas "1" and "2" were
narrow, and the density of lidar point clouds was sparse; therefore, the lidar point clouds in
those two areas could not form complete roof patches. Area "3" (Figure 3.1) was occluded by
the trees, so after removing the non-roof patches there were no roof patches. The
corresponding parts in the generated roof patches of those three areas are labeled in the third
stage of case 4 (Table 3.4).
In case 8, the building had flower beds along the flat roof. Most of the patches on the flower
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bed were regarded as non-roof patches to be eliminated. However, the cyan roof patch in the
third stage on the flower bed satisfied the roof patch condition.
Table 3.4 Top views of roof patches in three stages
Case 1

Case 2

Aerial imagery

Stage 1 : hypothetical roof patches

Stage 2 : roof patches

Stage 3 : roof patches after classification
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Case 3

Case 4

Aerial imagery

Stage 1 : hypothetical roof patches

Stage 2 : roof patches

1

2

Stage 3 : roof patches after classification
55

3

Case 5

Case 6

Aerial imagery

Stage 1 : hypothetical roof patches

Stage 2 : roof patches

Stage 3 : roof patches after classification
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Case 7

Case 8

Aerial imagery

Stage 1 : hypothetical roof patches

Stage 2 : roof patches

Stage 3 : roof patches after classification
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Figure 3.1 Complete building model of case 4 in top view

3.3.2. Results of line segments and building models
In this section we describe and discuss (1) the 2D line segments and the refined boundaries
and (2) the 3D line segments and building models.
(I) 2D line segments and the refined boundaries
The 2D line segments consist of roof structure line segments and boundary line segments. In
the buffer of each roof structure, we determined the longest one as the roof structure line
segment. In the buffer of each boundary, we found the refined boundary line segments with
the projected points in the initial boundaries.
There were four different types of roof structures lines: the obvious roof structure line in the
imagery; the obscure roof structure line in the imagery; a roof structure line that did not
connect in the 3D space but connected in the horizontal plane; and a roof structure line with a
broad width. The roof structure line segments were derived from three steps: feature lines
detection with Canny operator; line segments generation with Hough transformation; and the
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line segments were determined according to the longest line segments (Table 3.5).
The first type was the obvious roof structure line from case 2. After edge detection, there were
two close straight lines coming from the width of the ridge. Because the width was narrow,
those two edges were regressed to line segments in the middle to produce accurate line
segments after line segmentation. The second type was the obscure roof structure line from
case 9. The edge was less clear and straight than the first type, so it was difficult to generate
the line segment along the ridge. The line segment was therefore somewhat biased. The third
type was the roof structure lines not connected in the object space. We could obtain the roof
structure lines in the imagery successfully. The fourth type was the roof structure with a broad
width with two obvious straight edges coming from the roof structure lines. Because those
two lines were not close, after the vectorization two line segments were generated, with the
roof structure line coming from the longest one.
The two boundary types were simple texture and complex texture. The boundary line
segments were derived from three steps: feature lines detection with Canny operator; line
segments generation with Hough transformation; and refined boundaries extraction (Table
3.6).
The first type was simple texture from case 1. Because simple texture may not produce many
line segments, the line segments from the Hough transform were almost same as the refined
boundary line segments, and some short, overlapping line segments were eliminated. The
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second type was complex texture from case 3. Edge detection produced many lines; hence, in
the lines segmentation, the lines created many line segments, and the complex lines affected
the direction of some line segments, which in turn created some bias.

Table 3.5 Types of the roof structure line segments
Type

Location
in Imagery

Edges
Detection

1

2

3

4
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Lines Segmentation

Roof Structure
Line Segment

Table 3.6 Types of the boundary line segments
Type

1

Location
in Imagery

Edges Detection

Lines Segmentation

Refined Boundary
Line Segments

61

2

(II) 3D line segments and building models
The refined boundaries and roof structures were projected to the object space to reconstruct
the building model with SMS algorithm. Most of the buildings produced the correct results of
the 3D line segments and the reconstructed building models (Figure 3.2 to 3.9).
In case 3, the lowest patch was occluded by the higher structure, so the corresponding line
segments in the imagery were occluded. The structure lines in areas "1" and "2" (Figure 3.4)
were about 2.5m and 1.5 m and were not recognized as line segments in the line segments
generation. In case 4, the structure around the main building was too narrow to generate
complete patches. On one side, the two patches did not detect the correct line segments and
thus generated the two parallel line segments that produced incorrect, narrow models. On the
other side, the structure was occluded by the main structure, so the patch could not generate
the correct line segments. In case 6, the line segments in area "1" (Figure 3.7) was about 2 m.
Compared with the longest line segments, the line was too short to form a line segment.
Without that line, the polygon could not be closed; therefore it was closed with the line
segment in area "2" (Figure 3.7).

62

(a) Top view of 3D line segments

(b) Lateral view of 3D line segment

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.2 Case1_3D line segments and building models
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(a) Top view of 3D line segments

(b) Lateral view of 3D line segment

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.3 Case2_3D line segments and building models
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(a) Top view of 3D line segments

(b) Lateral view of 3D line segments

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.4 Case3_3D line segments and building models
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(a) Top view of 3D line segments

(b) Lateral view of 3D line segment

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.5 Case4_3D line segments and building models
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(a) Top view of 3D line segments

(b) Lateral view of 3D line segments

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.6 Case5_3D line segments and building models
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(a) Top view of 3D line segments

(b) Lateral view of 3D line segments

(c) Lateral view of building model

(d) Projected to Imagery

'

Figure 3.7 Case6_3D line segments and building models
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.

(a) Top view of 3D line segments

(b) Lateral view of 3D line segments

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.8 Case7_3D line segments and building models
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(a) Top view of 3D line segments

(b) Lateral view of 3D line segments

(c) Lateral view of building model

(d) Projected to Imagery

Figure 3.9 Case8_3D line segments and building models
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3.3.3. Error analysis
Here we discuss the RMSE of reconstructed building models. We used the stereo images to
measure the built corners as the reference data. The differences between the manual
measurement corners and the corners of reconstructed building models were used to verify the
accuracy of the proposed method's results. There are two steps, reference data generation and
accuracy analysis.
(I) Reference data generation
The reference data came from repeatedly measuring the building corners in different pairs of
stereo aerial images. We used the standard errors of the repetitive measurement data as the
index of reference accuracy (Table 3.7). Because the reference data were acquired from the
stereo images, the vertical errors were larger than the horizontal errors. In the vertical
direction, when buildings had a roof walls we used the height of roof planes instead of the
height of the roof walls.
Table 3.7 Standard errors of the reference data
Case

X(m)

Y(m)

Z(m)

1

0.049

0.050

0.068

2

0.051

0.053

0.084

3

0.040

0.041

0.044

4

0.037

0.029

0.081

5

0.061

0.048

0.082

6

0.056

0.056

0.071

7

0.046

0.059

0.118

8

0.038

0.036

0.090
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(II) Accuracy analysis
We used the RMSE to represent the difference between the reference data and the results of
propose method. The RMSEs of the building corners (Table 3.8) in three directions are almost
the same for complete corners. The incomplete corners were analyzed as follows. The
completeness of the reconstructed models was affected by the generated line segments, which
can be affected by the occlusion, length of the structure lines, and quality of the imagery.
Table 3.8 RMSEs of the building corners
Number of
Roof walls
corners

Case

RMSEX (m)

RMSEY (m)

RMSEZ (m)

1

0.162

0.248

0.189

12

2

0.224

0.223

0.217

12

3

0.205

0.384

0.205

12

4

0.193

0.165

0.294

6

5

0.234

0.113

0.327

11

6

0.289

0.277

0.396

21

7

0.238

0.231

0.277

20

V

8

0.399

0.329

0.177

39

V

Total

0.242

0.246

0.260

V

V

In case 1, the simple flat roof building with the roof structure, the corners of the building
models could all be reconstructed. Because the main structure had a roof wall, the elevation of
the building came from the roof plane. The error in the X-dir was smaller than the error in the
Y-dir because the width of the roof wall could cause bias in the line segment generation.
However, the lengths of the boundaries were not too long, so the biases of the corners were
not too far from the reference location.
In case 2, the simple gable roof building with the additional structure, the boundaries and
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ridge of the main structure in the imagery were obvious and clear, so the line could be
accurately located. The width of the line segment on the right part of the annex created bias in
the line segment generation, but the length was short so the bias may not significantly affect
the overall accuracy. The accuracies in all three directions were less than 0.25 m.
In case 3, the I-shaped building with complex texture, roof structure, roof walls and annex,
there were some minute line segments in the main structure boundaries and the annex that
were occluded from the main structure, which could not be validated in the stereo images. The
errors in the incomplete part (Figure 3.10) were about 0.1 to 1.5 m. Incomplete parts can be
addressed in two ways: one is to modify the proposed method because there are some
shadows in those parts and the lines are too short to be vectorized with the Hough
transformation; another is to modify the evaluated method. There are two explanations for a
lower planimetric accuracy in the Y-dir than in other cases. One is that the complex texture
could affect the line segment generation. The features of the main structure lines in the Hough
space are influenced by those tiny lines coming from the texture rendering them less clear and
introducing bias. The other is that the biased line segment, which is also the longest, is along
the X-dir, so when it has bias, the errors in the Y-dir were larger than in the X-dir.
In case 4, the low pitched roof patches with the annex, the low pitched roof patches were
derived from the flat roof validation. However, the widths of the annex were too narrow
(about 1.5m), and some parts were occluded by the trees, so the integrated additional roof
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patches could not be discerned. Therefore, validation was achieved using the six corners in
the main structure. The error in Z-dir was larger than other directions. The color along the
boundaries was dark in the imagery, and the elevation was bulgy in the lidar point clouds,
possibly due to the gutter or drains along the boundaries.
In case 5, the gable roof building and annex with flat roof, the error in Z-dir was large.
Because the connected parts of the flat roof and gable roof were difficult to locate in the
stereo images, the location may have some bias. In planimetric accuracy, there are two
reasons that the error in the X-dir is larger than the error in the Y-dir. One is that the longest
line segment is along the Y-dir and most of line segments along the X-dir are relative smaller.
When the line segments have some bias, the errors are reflected in the X-dir. The other
possibility is that the shadows in the left parts make an offset in the longest line segment.
In case 6, the building with mono-pitched roofs and two gable roofs, flat roof and roof walls,
there were some minute line segments in the boundaries that could not be obtained in the line
segments generation. Therefore, some of models in this part were incomplete. All boundaries
in this case had roof walls, so those could make the heights of boundaries were different from
the reference heights and the obscure ridges caused the bias in the roof structure line segments.
Therefore, the errors in this case were larger than those in most other cases.
In case 7, the multi-pitched roof building, the buildings were composed with various
low-slope pitched roofs, and the roof patches were derived after the flat roof validation. In this
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case, all the line segments were clear and easily located, so the errors in three directions were
about 0.25 m.
In case 8, the buildings were composed of mono-pitched roofs, gable roofs, flat roofs, roof
walls, and flower beds along the boundaries, and the planimetric errors were higher than most
other cases. One explanation is that each structure line with a width could cause an offset in
the line segments generation. In the reference data, the boundaries came from the outer line
and the ridges came from the middle of two lines. In the two boundaries, inner lines and outer
lines, the line segments may fit one of them. The errors are produced when the line segments
come from the inner lines. In the two ridges, the line segments were to one side instead of in
the middle, which indicates the errors were in the ridge parts. The other explanation for the
higher planimetric errors is the flower beds along the flat roof boundaries. The lidar point
clouds on the flower beds were regarded as the non-roof patches to be removed. Therefore,
the initial boundaries from the flat roof patches were with sort of shirking, and the boundaries
of the flat roofs were easily located in the inner boundaries in the imagery.
3.3.4. Summary
The various error factors were summarized to three types: limitation of the proposed method;
limitation of the data; and limitation of the data quality.
1.

The annex was separated into many roof patches in case 4 because (1) the distribution of
lidar point clouds in this case was non-uniform, (2) the width of the structure was too
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narrow, and (3) the structure was occluded by the trees. The non-uniform distribution
was a problem with the flying mode, so it qualifies as a limitation of the data quality.
When the lidar point clouds were sufficiently dense, the structure with a narrow width
could be constructed, so it qualifies as a limitation of the data. The roof could not be
recognized with the tree occlusion, so it also qualifies as a limitation of the data.
2.

The obscure roof structure lines could cause the biased line segments in case 7. The ridge
can come from the intersection of two roof patches or from the imagery; however, when
the slope is small or the roof patches are unstable, the ridge may have bias. Therefore, we
can combine those two methods to generate the accurate ridge line segments. This
qualifies as a limitation of the proposed method.

3.

The broad width of the roof structure caused the offset in case 8. This case is similar to
the previous one and also qualifies as a limitation of the proposed method.

4.

The minute lines could not be segmented in case 3 and case 6. Some lines were too short,
so their features in the Hough space were indistinct and could not be segmented. We
could generate those line segments with higher resolution of the aerial imagery; therefore,
this qualifies as a limitation of the data.

5.

The occluded patches could not display the corresponding line segments in the imagery
in case 3 and case 4. Because those structures were occluded by the building, they also
could not be validated, creating a limitation of the data.
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6.

The boundaries were unclear in the imagery of case 8 because the roof patches coming
from the flower bed could not display the boundaries. Some of boundaries were unclear
because the plants in the flower bed could cover the boundaries; therefore, this is a
limitation of the data.

7.

The boundaries of the flat roof were from the inner lines in case 8. Because most of the
lidar point clouds on the flower bed were eliminated, the initial boundaries corresponded
to the inner lines of the boundaries. This is a limitation of the proposed method.

8.

The roof walls or the width of the boundaries could cause bias in the line segmentation.
In case 8, all roof patch boundaries have a broad width. The boundaries may come from
the inner lines or outer lines. When the inner lines or outer lines were close, such as in
case 1, the line segments were the regressed lines from those two lines, and those lines
may introduce bias. If the two lines can be detected and topology is used to discriminate
the inner and outer lines, the errors may be minimized. This qualifies as a limitation of
the proposed method.

9.

Models reconstructed with SMS could have the errors in the building corners. When
SMS built the topology among the structure lines and constructed the closed polygon, the
SMS made the line segments co-linear so the angles and the locations of the line
segments would be adjusted. Those adjustments may introduce errors, so this qualifies as
a limitation of the proposed method.
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CHAPTER 4. CONCLUSION AND SUGGESTION

Drawing from our literature review and analysis, the proposed method integrated the lidar
point clouds and single aerial imagery to reconstruct the 3D building models. Based on the
complementary characteristics of the obvious edges in the aerial imagery and accurate
elevations in the lidar point clouds, we could satisfy 3D coordinates. In terms of the
experimental results, this method could provide high automation of building reconstruction.
We conclude the following:
1.

The various buildings composed of plane roofs could be reconstructed with the single
aerial imagery and lidar point clouds. The boundaries and roof structure lines could be
constructed with the proposed method. Compared with the manually measured models,
the experimental results indicate that the accuracy of the 3D coordinates could achieve
an accuracy of about 0.25m.

2.

The test cases contain flat roofs with roof walls, pitched roofs with different slopes, and
buildings with different shapes and textures. The minimum slope in the pitched roof
patches was about 3.5°.

3.

In the past, low pitched roofs were difficult to recognize from the lidar point clouds;
however, the progressive searching of roof planes could successfully automatically
determine the low pitched roof patches with different slopes at different thresholds.

4.

Most of the models could be reconstructed completely. However, when the building was
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occluded by the building itself or by trees, corresponding lines could not be produced in
the imagery. The lengths of the line segments could also prevent the generation of line
segments and cause the models to be incomplete.
5.

The roof structure lines between two adjacent roof patches that did not connect along a
line in the 3D world could be detected in the horizontal plane and obtained from the
imagery.

6.

Buildings with complex textures could produce many redundant line segments, which
were eliminated automatically with the proposed method.

Some processes need improvement, however. We make the following suggestions for future
work:
1.

The widths of the roof walls increase the errors in the boundaries line segments. When
the inner and outer lines of the roof walls can be detected, the topology can be built
among those line segments to discriminate between the two types.

2.

The roof structure line segments generated from the imagery may have errors from the
obscure edges and the width of the roof structure lines. In the obscure edges, if we can
add the texture information, such as analysis of the gray value's gradients to judge the
quality of roof structure lines in the imagery, then the biased roof structure lines could be
replace with the intersection lines from two roof patches in the object space. When the
roof structure lines have a broad width, the line segments may fit to one side. If we can
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discriminate the two lines from the length of all the line segments or others, the middle
location of the broad width could be determined.
3.

Roof patches that are occluded by other structures cannot display the corresponding line
segments, and the shapes of the generated models are very different from the roof
patches produced from the lidar point clouds. Therefore, it is possible to compare the
areas and shapes of the generated models and roof patches to detect the odd models, and
the boundaries of the occluded roof patches could be constructed with the lidar point
clouds.
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