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ABSTRACT:

Through the improvements of satellite sensor and matching technology, the derivation of 3D models from space borne stereo data
obtained a lot of interest for various applications such as mobile navigation, urban planning, telecommunication, and tourism. The
automatic reconstruction of 3D building models from space borne point cloud data is still an active research topic. The challenging
problem in this field is the relatively low quality of the Digital Surface Model (DSM) generated by stereo matching of satellite data
comparing to airborne LiDAR data. In order to establish an efficient method to achieve high quality models and complete
automation from the mentioned DSM, in this paper a new method based on a model-driven strategy is proposed. For improving the
results, refined orthorectified panchromatic images are introduced into the process as additional data. The idea of this method is
based on ridge line extraction and analysing height values in direction of and perpendicular to the ridgeline direction. After applying
pre-processing to the orthorectified data, some feature descriptors are extracted from the DSM, to improve the automatic ridge line
detection. Applying RANSAC a line is fitted to each group of ridge points. Finally these ridge lines are refined by matching them or
closing gaps. In order to select the type of roof model the heights of point in extension of the ridge line and height differences
perpendicular to the ridge line are analysed. After roof model selection, building edge information is extracted from canny edge
detection and parameters derived from the roof parts. Then the best model is fitted to extracted facade roofs based on detected type
of model. Each roof is modelled independently and final 3D buildings are reconstructed by merging the roof models with the

corresponding walls.

1. INTRODUCTION

Detection and three-dimensional modelling of buildings from
digital surface models (DSM) is an essential prerequisite in
many 3D city applications such as placement of
telecommunication towers, planning of disaster management
and urban development, marketing, tourism, real estate, web
based mapping and many more.

Automatic three-dimensional modelling of buildings has been a
popular research topic in the last decade. Nevertheless
representing a suitable method to achieve the required rapid,
complete automation, accurate extraction of realistic models for
large urban area for GIS applications and photogrammetry is a
still challenging problem, especially if only satellite data are
available. Thus, a new technique and strategy that increase the
efficiency for the 3D city modelling is required.

With the fast advancement of spatial and spectral data
acquisition systems in recent years, numerous approaches for
detection and reconstruction of buildings from various types of
data such as high resolution aerial images, airborne LiDAR
data, oblique imagery, terrestrial laser scanning, digital surface
model derived from stereo and multi-stereo matching and
combination of heterogeneous data sources have been
presented. As rather new research topic in this context, the two
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latter cases can be mentioned. A generated DSM from
spaceborne data using stereo image matching has several
problems in quality and resolution especially for ridge line and
eave detection. Therefore for automatically improved model
generation, a fusion with additional data sources together with
the generated DSM could be helpful (Sirmacek et al. 2012,
Avbelj et al. 2013).

The many proposed approaches for reconstruction of 3D
building models can be categorized into two strategies (Maas
and Vosselman, 1999): data-driven, non-parametric or bottom-
up strategy and model-driven, parametric or top-down strategy.
Model-driven approaches consider a point could of primitive
building and search among basic building shapes in a model
library, and then the most appropriate model fitting to the point
cloud is selected. Optimum parameters for each model are
calculated and assigned to selected model (Tarsha-Kurdi et al.,
2007). For model estimation and selection, several approaches
have been proposed. Maas and Vosselman (1999) suggested
closed solutions for the determination of the parameters and
used standard gable roof type building models based on
invariant moments of 2 1/2-D points cloud. They worked on
original laser scanner data points without using an interpolation
to a regular grid. Brenner and Haala (1998) segmented
buildings into basic primitives based on the given ground plan



and then fitted these primitives to the DSM data. To this end the
DSM is segmented according to the directions of normal
vectors. These compatible regions as well as obtained
rectangles of ground plan decomposition are used for parameter
estimation. Then the quality of the reconstructed final model is
evaluated by a reliable test.

Suveg and Vosselman (2004) developed a method for 3D
reconstruction of buildings by integrating 3D information from
stereo images and a large scale GIS map. First a building on
ground plan is subdivided into primitives. Optimum schemes of
partitioning are determined by minimum description length
criteria and a search tree. Then the building primitives are
verified by a least square fitting algorithm. The approximated
values of the fitting method are obtained from map and 3D
information from the stereo images. Kada and McKinley (2009)
proposed a method for decomposition of the footprint by cell
decomposition. In this method, the buildings are partitioned into
non-intersecting cells along its fagade polygons using vertical
planes. The roof shapes are determined by directions generated
from LiDAR points. Then models of buildings blocks are
reconstructed using a library of parameterized standard shapes
of model. Arefi and Reinartz (2013) proposed a model-driven
approach based on the analysis of the 3D points of DSM from
satellite images in a 2D projection plane. In this method
parametric models are generated through single ridgeline
reconstruction and subsequent merging of all ridgelines for a
building. The edge information is extracted from the
orthorectified image.

In contrast to model-driven methods, data-driven approaches
model primitives or complex building by using a point cloud
regardless of a model library. In this strategy, the methods
based on segmentation (Rottensteiner and Briese, 2003), region
growing (Rottensteiner, 2006), 3D Hough transforms
(Vosselman and Dijkman, 2001) or Random Sample Consensus
(RANSAC) (Kurdi et al., 2008) are used to estimate and
segment roof planes. Sirmacek et al (2010) proposed a method
based on rectangular shape detection (box fitting) algorithm to
detect and reconstruct simple and complex buildings. In this
method canny edges and DSM from Ikonos image pairs are
used. Sohn et al (2009) presented a data-driven algorithm based
on Binary Space Partitioning Tree (BSP-Tree). The proposed
method integrates airborne LiDAR data with high-resolution
satellite data for creating prismatic building models. Verma et
al. (2006) presented a method based on integration of data-
driven and model-driven strategies to reconstruct complex
buildings from airborne LiDAR data. The main steps consist of
using algorithms for segmentation of roof and terrain points and
roof topology inference. Tarsha-Kurdi et al. (2007) made a
comparison between data-driven and model-driven methods.
The advantage of a model-driven approach is that it provides
parametric and geometrical models without visual deformation.
It generally exhibits high computing speed because only the
parameter values are calculated. The disadvantage of these
methods is to be dependent on the building types in the building
library. In contrast to model-driven, data-driven methods can be
used for a complex building but they may provide the models
with visual deformations, which leads to higher processing
times (Tarsha-Kurdi et al., 2007). Also the accuracy of the
model is more related to the techniques used in building
modelling approaches than to the approach type (Tarsha-Kurdi
etal., 2007).

In this paper, a model-driven combined with a data-driven
approach is proposed to reconstruct 3D building in the urban
area from Wordview-2 DSM and orthorectified image.

Orthorectified images are employed for a better extraction and
modification of building edges (eaves) and ridgelines. After
extracting and enhancing each ridgeline, points perpendicular to
the ridgeline are generated in several profile lines. According to
these points the slope parameter for each roof can be computed.
The type of roof is detected by the analysis of height of roof
points in direction of ridgeline. In order to achieve a proper
building outline, a method is proposed based on canny edge
detection. The third dimension for each building facade is
determined by analysing the point heights in direction
perpendicular to and along ridgelines. A 3D model is finally
defined by merging all the individual models. Then some post
processing refinements is employed to optimize the shape of
approximate model.

2. PROPOSED ALGORITHM FOR 3D BUILDING
RECONSTRUCTION

In this section, an overview of the proposed algorithm is
presented. Most important is the integration of Digital Surface
Model (DSM) from WorldView-2 multi stereo satellite images
and the corresponding orthorectified panchromatic and
multispectral images. The DSM is produced from four
panchromatic WordView-2 images with 50cm ground sampling
distance using a fully automated method based on minimization
of total variation by convex optimization (Kuschk, 2013).

The work flow of the proposed method, to reconstruct
automatically full 3D buildings is depicted in Figure 1. The
details of the algorithm are explained in the following
subsections.
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Figure 1. Work flow of the proposed method

2.1 Pre-processing

In the pre-processing step, in order to improve the final model,
some enhancements are performed on the orthorectified images.
The method mainly consists of two steps: First, using a noise
filter so that redundant details are removed from the



panchromatic images. Next, masks of shadow and vegetation
are generated from the pansharpened orthorectified image, and
eliminated from the orthorectified panchromatic image. The
details of each step are explained as following:

2.1.1  Noise Reduction: In order to remove noise and
redundant details from the image, a bilateral filter is used
(Tomasi and Manduci, 1998). Bilateral filter is a non-linear
smoothing where the intensity value of each pixel is replaced by
weighted mean of intensity value of neighborhood pixels.
According to this property, it can remove noise and still
preserve edges (Sirmacek, et al 2012). Figure 2 illustrates the
noise reduction by showing images before and after filtering.

Figure 2. (a) PAN image (b) Bilaterally filtered result

Masking Vegetation and Shadow Regions: For using spectra
and spatial information with high resolution, a pansharpened
image is used. Vegetation regions are detected by calculating
the Normalized Difference Vegetation Index (NDVI). In order
to eliminate the shadow areas, the ratio of the chromaticity to
the intensity in the HSV color space is used (Tsai 2006). The
shadow areas exhibit a higher ratio of H to V. The suitable
thresholds for both masks are determined according to Otsu’s
method (Otsu, 1979). Figure 3 illustrates the filtered
panchromatic and pansharpened images, the generated shadow
and vegetation masks, the integrated shadow and vegetation
mask, and the filtered panchromatic image with eliminated
shadow and vegetation.

Figure 3. (a) Orthorectified PAN image (b) Pansharpened image
(c) Shadow mask (d) Vegetation mask (e) Integration of masks
(f) Refined image

2.2 Main Process of the Proposed Method

The process of the proposed method consists of three main steps
ridge extraction and refinement, roof model selection and

extraction of roof fagade. Detailed explanations are given in the
following subsections.

2.2.1 Ridge Line Extraction and Refinement: In this
method, extracted ridge lines are the basis for the 3D model.
Therefore the location of the ridge line in buildings with tilted
roofs should be extracted carefully. The quality of the final
model depends strongly on the extracted ridge lines. In order to
extract the ridge line, three feature descriptors such as surface
normal, local maxima and canny edges are extracted from DSM
and orthoimages which were refined in several ways in previous
steps. The surface normal is a perpendicular vector to the
surface which represents the orientation of a pixel and its
neighborhood in the surface. The surface normal is estimated
based on a bicubic fit of data, and then a cross product is
performed to get the normal (Jain and Dubes, 20xx). This
feature is used to eliminate edges such as eaves which exhibit
sharp height jumps at the edges of buildings. The other feature
is local maxima which are extracted from the DSM by using
image reconstruction based on geodesic dilation (Arefi and
Hahn, 2005). In this method, two images are considered as
mask and marker. The mask image is predefined, here it is
considered as the DSM. The marker image is built by a height
offset to the mask image. In iterative steps, the marker image is
dilated and compared with the mask image. Then the distances
of the pixels considered between mask and marker image are
calculated and pixel with lower heights are replaced. This
means that the marker image is limited to the mask image. In
the final step, stability is reached and local maxima are
obtained. The third feature for ridge line extraction is canny
edges from modified ortho-panchromatic image. These three
features are used to extract the ridge points. Next, Random
Sample Consensus (RANSAC) algorithm (Fischler and Bolles,
1981) is employed to extract the final ridge lines from the ridge
points. Figure 4 illustrates the steps of ridge line extraction.

Figure 4. (a) Surface normal (b) Local maxima (c) Canny edge
information (d) Ridge points (f) Ridge lines

After ridge line extraction based on the RANSAC algorithm,
some modifications are performed to merge or improve lines.
For instance, as can be seen from figure 5 on the left side, two
ridge lines are extracted which are close and parallel to each
other. Therefore, these extra lines can be discarded from our
results by considering predefined distance threshold in
company of neighbouring lines.
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Figure 5. Elimination of extra line
On the other hand, the RANSAC algorithm is highly depends
on the density of the points and sometimes like in figure 6 on
the left side; one line is divided to two lines which are separated

from each other. Therefore, by considering some criteria, these
separated lines can be merged together to form one unique line.

Figure 6. Merge two lines to one line as ridge line

In some cases, length of extracted ridge lines may be longer or
shorter than the real one. In order to overcome this problem, we
can utilize the canny edge detector and extend or shorten these
imperfect lines within the predefined radius of the
neighborhood to intersect extracted lines using the canny edge
detection algorithm (Figure 7).

Figure 7. Refinement of ridge line according to canny lines

After performing the aforementioned modifications, sometimes
the extracted ridge lines pass or do not reach the intersection
point and the end point of the lines may be located within a
short distance from the intersection point. Therefore, the
distance of the end points are calculated from the intersection
point and if the computed distance is below the predefined
threshold, the intersection point is considered as an endpoint
and the modification can be performed (Figure 8) .
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Figure 8. (left) Closer view of ridge lines of roof, (right) refined
ridge lines

2.2.2  Roof Model Selection: In this paper, a novel approach
has been implemented to define an appropriate model for each
roof. Since building roofs as seen from space exhibit only a low
spatial resolution (e.g. 1 m pixel size), only three types of roofs
can possibly be distinguished (flat, gable and hipped). Top and
side views of these roofs are indicated in figure 9. As can be
seen from the side view of the hipped roof in figure 9, the
changes of the height from two end points of the ridge line are
smooth and the roof height decreases gradually. For the gable
roof, the two end points of the ridge line are followed by a
vertical wall. On the other hand, in flat roofs, the situation is
different and a ridge plane is existent instead of a ridge line.
Therefore, for two roof cases, height changes are very large and
perpendicular to the ridge line/plane.
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Figure 9. Roof Models

The first step is to distinguish tilted roofs (hipped and gable
roofs) from flat roofs. Thereafter, for tilted roofs, two main
parameters which are height variation in the direction of the
ridge lines at the two end points (ridge points) are investigated
to reach a reliable roof model selection. For this purpose, the
extension of the ridge line across the ridge points are analysed
based on predefined thresholds. This procedure is continued
until the last point on the roof is found. Depending on the slope
at these extended points a decision can be taken, as indicated in
figure 10, and the appropriate roof model is selected. All
buildings in figure 10 are hipped roofs and the height variation
close to the two ridge points show a rather smooth slope.
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Figure 10. (left) Extracted ridge line with points along ridge,
(right) height profile of points and ridge line

Furthermore, as mentioned before, height variations in the
perpendicular direction to the ridge lines are investigated. In
figure 11, extracted ridge lines and perpendicular bisectors are
shown on the left side and height of the bisector points are
indicated on the right side.
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Figure 11. (left) Points of perpendicular bisector to the ridge
line (right) Heights of these points.

After roof model selection, in order to define the slope value of
the roof on each side of the ridge line, an appropriate buffer
parallel to the ridge line is defined and height differences within
inner points of the buffer are computed. Then, the mean of these
height differences is considered as slope of that roof part and
this procedure is continued for all available roof parts.

., >
Figure 12. Extracted points in direction perpendicular to the
ridge line.

2.2.3 Extraction of Roof Fagade: After roof model
selection and determining its parameters, building roof
boundaries can be delineated. Prerequisites of this delineation
are corner points of building roofs in addition to two end points
of the ridge lines. In order to detect these corner points, a novel
approach has been implemented on the basis of utilizing ridge
lines and canny points from modified ortho-panchromatic
imagery. This procedure is performed in an iterative manner.
Firstly, a line in parallel and close to the ridge line considered.
Then the distances between all canny points and this line are
computed and the numbers of points that have shorter distance
are sorted in the matrix. This is continued enlarging the distance
to the ridge line until a distance threshold between the last line
and ridge line is reached. Then the line which exhibits the
maximum number of canny point (the lowest minimum distance
of all points) is selected as roof boundaries (Figure 13 (left)).
This method needs some modification and after implementing
aforementioned algorithm, these extracted lines are extended or
shortened to intersect each other at corner points. Then, these
corner points are connected to each other by polygons to derive
finally the delineated building roofs boundaries (Figure 13

(right)).

(right) Final roof boundaries.

2.2.4 3D Roof Model: In this section, 3D building models
are provided by including different height levels and prismatic
(LOD1) and parametric (LOD2) roof models are generated.

For this purpose, after generating roof fagade and their
parameters in the previous sections, based on roof type, a best
model is fitted to the roof points.

Figure 14. (left) Roof fagade on the orthophoto-image (right)
roof fagade on the DSM (down) 3D building on the DSM

Each ridge line introduces a roof and each roof is modelled
independently. To generate the final model, the individual
models of the roofs are merged together. In the figures 15 and
16, LOD1 and LOD2 building models are showed.
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Figure 15. Prismatic Model (LOD1)
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Figure 16. Parametric Model (LOD2)

3. CONCLUSIONS

In this paper, an algorithm for 3D building reconstruction is
proposed. This algorithm is based on ridge line extraction and
differences of height in direction of and perpendicular to the
ridge lines. This algorithm employed orthorectified PAN image
and DSM generated by dense matching from Worldview-2.



This method is a fast and simple way to extract a roof model
type from a model library. In this method the accuracy of the
ridge line extraction is crucial for the final model. At first some
pre-processing has to be done for eliminating shadow and
vegetation. Ridge points are extracted by integration of DSM
and PAN data and ridge lines constructed by the RANSAC
method. Next the heights in direction of and perpendicular to
ridge lines are verified. Accordingly the types of roof model
can be detected. Also the slope of each roof plane is computed
by differences of heights perpendicular to ridge line. The
boundaries of each roof are finally delineated by a new method
based on canny point and extracted ridge lines. Further work
will introduce validation and accuracy analysis, refine the steps
and introduce more sophisticated minimization methods for
building model improvements.
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