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Abstract. The generation of the textures of building facades from terrestrial 
photos is time-consuming work. A more cost-effective way to create a photo-
realistic city model containing thousands of buildings and facade textures is 
necessary. This paper proposes an approach which integrates GPS, GIS and 
photogrammetry for multi-face texture mapping of a three-dimensional building 
model. A GPS integrated, high-resolution, non-metric and wide field-of-view 
digital camera is used. By means of integrating the GIS graphic interface and 
GPS information about camera location, a large quantity of pictures can be 
managed efficiently. A graphics user interface for the interactive solving of the 
exterior orientation parameters is designed. In the meantime, during texturing 
mapping lens-distortion can be corrected and self-occluded facades can be 
automatically compensated for. The experimental results indicate that the 
proposed approach is efficient due to a complex building could be treated in one 
process and multi-face texturing is designed thus the number of pictures can be 
reduced. Additionally, a large quantity of pictures can be managed efficiently by 
GPS-Photo-GIS integration. 
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1   Introduction 

The presentation of a photo-realistic 3D city model is of major interest in the field of 
geoinformatics. On the city scale, a large number of building models and terrestrial 
photos need to be treated. In the meantime, the occlusion problems may be introduced 
by the buildings itself (i.e. self-occlusion) or due to objects in front of the buildings, 
such as cars, trees, street signs, etc. Thus, high performance production throughput, 
accurate geometric quality and occlusion-free texture generation are three of the 
major problems to solve.  
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1.1   Related Work 

A number of algorithms for the purpose of the extraction of 3D geometric building 
models have already been reported. These algorithms can be categorized as either an 
automatic strategy [1] or a semi-automatic approach [2]. The representation of 3D 
building models is a generalization procedure. This means that from a city scale point 
of view, it is impractical to describe complex buildings using detailed geometrical 
descriptions. Since a detailed sketch of the buildings includes the windows, 
ornaments, doors and so on, will introduce a huge volume of data, which cause 
problem in real applications. Such detailed structures can be omitted when far field 
visualization is considered, however in near field applications these detailed structures 
are important for realization and recognition.  

Facade texture provides complementary information for a generalized building 
model but detailed geometric structures are lost. The texture provides a photo-realistic 
effect and conveys the visually-detailed geometrical structure of a building. Such 
details are getting more important for many simulation applications, such as urban 
planning, virtual tourism, the digital documenting of historic landmarks, and so on. 
The creation of rooftop texture can be acquired from aerial photos by a true-
orthophoto generation process [3]. However, this is not suitable for the generation of 
facade texture due to the large amount of perspective distortion.  

Brenner & Haala [4] have proposed an interactive scheme which utilizes projective 
transformation for the fast production of building facade textures. Haala [5] has 
proposed using a high-resolution panoramic CCD line scanner to improve the 
efficiency of texture collection. Since one picture can cover a large quantity of 
buildings, the overall effort needed can be reduced. However, this method requires an 
elevated camera station to minimize occlusions, and an expensive rotating CCD 
scanner. 

Klinec and Fritsch [6] determined the camera’s exterior orientation parameters by 
searching for correspondences between building models and image features 
automatically. The results are used in a photogrammetric space resection process. The 
occlusion-free facade texture can be fused from multi-views of images. Varshosaz [7] 
proposed an automatic approach utilizing a specially designed photo system with a 
servo-driven theodolite. The system can take images automatically in a step-wise 
manner at preset locations covering the complete field of view. The theodolite angles 
are used to index image, thus only one space resection has to be done for each station. 
The texturing of the final facade is a combination of images from different views.  

1.2   Concept of the Paper 

In the paper, we describe an efficient and good quality method using a high-
resolution, wide field-of-view (FOV), GPS integrated digital camera for texture 
collection. The wide FOV camera used will introduce significant lens distortion. So, 
the camera calibration is necessary before texture mapping when the photogrammetric 
back-projection is carried out. In contrary to most commercial 3D VR-GIS packages 
that use only one texture to simulate all facades of a building, results in a “virtual 
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realistic” (VR) city model. In this paper, we adopt photogrammetric techniques that 
can generate different textures for different faces of a building. By this means multi-
face texturing can be apply for each building results in a “photo-realistic” city model. 

For the purpose of multi-face texture generation using single photo, the orientation 
parameters of the camera are required. In this work, it is assumed that polyhedral 
building models are ready for texture mapping. Thus, the building’s roof and foot 
corners can be utilized as ground control points in space resection for solving the 
orientation parameters. However, a traditional standard procedure for orientation 
modeling is tedious. A graphic user interface (GUI) was designed to reflect the 
orientation modeling result in real-time by the back-projection of the building’s wire-
frame model on the terrestrial image via the marking and moving of image control 
points. The operator can visually inspect the consistency between the wire-frame 
model and the buildings in the terrestrial image. Even a non-expert inexperienced 
operator can produce facade textures without a long training time. 

For the purpose of high production throughput, the buildings are captured in one 
photo as many as possible provided it can fulfill the required image spatial resolution, 
e.g. 20cm or 40cm per-pixel. The spatial resolution can be estimated from the image 
scale and the camera’s pixel size. During the texturing mapping stage, the visible 
faces are first draped with the corresponding texture as determined by 
photogrammetric back-projection. For occlusion area, it can be composite from 
different views of image [6], [7]. However some other issues may be raised, such as 
differences in illumination can cause grey value discontinuity, miss-registration can 
introduce a ghost effect, and production efficiency can be degraded, and so on. 

In this paper, the texture in the non-occluded area is directly created from the 
visible face. For a partially occluded area, the texture can be generated by filling its 
neighboring texture using the mirror operation. It is assumed that the building texture 
is repetitive or homogeneous. Since there is no need for multi-view image 
composition, the number of pictures can be reduced while still maintaining a good 
textural quality. 

Since the quantity of pictures captured for a city model is large, the process of 
searching for and managing the corresponding pictures for texture production is time 
consuming. Since the GPS equipment is integrated with the camera, the geographic 
location can be saved in the header of the picture. When integrated into a GIS 
environment, the pictures can be managed by their geographic location. We design an 
emulated GIS interface to mange pictures in a similar way. It is also integrated with 
the texturing mapping GUI, to assist the operator in their searching for and 
management of the massive number of terrestrial photos. 

2   Methodology 

In the following sections, a detailed description regarding camera calibration, multi-
face texture mapping, and picture management by GPS-Photo-GIS integration is 
provided. 
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2.1   Camera Calibration 

A high-resolution DSLR camera is utilized for the experimental investigation, i.e. 
Nikon D2X with AF-S DX 17-55mm lens. The camera has a lens with a focal length 
from 17mm to 55mm and a 23.7mm x 15.7mm CMOS sensor. The camera enables a 
FOV ranging from 79° to 28°, and the resolution is 4,288 x 2,848 pixels, which 
enables the preservation of rich textural information when distance acquisition is 
required. The high-resolution wide FOV digital camera is suitable for both taking 
pictures of a large building from a short distance away or many buildings a long 
distance away. In such cases, the focal length of the camera is short so that lens 
distortion will be significant, which has to be considered in the geometrical correction 
process. In the meantime, due to one picture can contain many buildings the number 
of pictures for texture generation will be minimized. 

For camera calibration, the PhotoModeler [8] is utilized to estimate the lens 
distortion parameters. Lens distortion includes both radial and decentering parts. The 
PhotoModeler utilizes a well-designed calibration sheet for camera calibration as 
shown in Fig.1. It utilizes a series of repetitive pattern for ground control points.  At 
first, four ground control points with known distances are manually measured. The 
other control points are then 
automatically matched to 
increase measurement red-
undancy. A self-calibration 
bundle adjustment with addi-
tional lens distortion para-
meters is adopted. Due to an 
accurate and CPU intensive 
lens distortion correction model 
is not necessary for texturing 
generation, we correct for 
dominant radial distortion only. 
A detailed description of the 
method can be found in [9]. 

 

2.2   Texture Mapping 

In the following sections, the design of the GUI for texture mapping, camera 
orientation modeling procedure, the multi-face texture generation procedure, and the 
occlusion compensation procedure are described. 

2.2.1   Design of GUI  
A graphics user interface for interactive texture mapping based on the Visual  
Studio .NET platform is developed. The standard OPENGL graphic library is a 
favorable choice for 3D graphics programming because most commercial graphic 
cards have hardware implementation that can accelerate the texture rendering. An 
example of the designed GUI is illustrated in Fig. 2. The GUI has a 3D viewer to 

Fig. 1. Camera calibration sheet 



 Integration of GPS, GIS and Photogrammetry for Texture Mapping 1287 

display the 3D building 
models, to select the facades 
of interest, and to show the 
texture mapping results. It 
also provides a 2D viewer 
for displaying terrestrial 
photos, for marking image 
control points, and for 
visual inspecting the 
buildings wire-frame model 
on the image. The 2D 
viewer also allow for 
another GPS-Photo-GIS 
integration function, which 
emulates a GIS environment 
and can be used to manage 
the massive number of 
terrestrial photos.  

In additional, a tablet frame is designed to illustrate the corresponding ground 
control points, list of the image control points and the camera’s orientation 
parameters. 

2.2.2   Control Point Marking and Orientation Modeling 
In the 3D viewer, the operator can manually or automatically select more than one 
facade of interest for texture generation even though occlusions exist. The rooftops 
and footing corners of the selected facades are labeled and used as candidate ground 
control points. They are automatically indexed and inserted into the tablet frame. 
Some of the ground control points are visible in the terrestrial image. The operator 
can now mark its corresponding image control points from the 2D viewer. After four 
control points have been marked, the space resection process can be initiated. The 
orientation results are used for the back-projection of the selected facades and plotting 
the wire-frame models on the terrestrial image. The operator can then visually inspect 
them for consistency to confirm the correctness of the orientation modeling. If the 
orientation result is not correct, the operator needs to move the image control points 
and the space resection will response in real-time. The orientation modeling is 
finished when the wire-frame models coincide with the corresponding features in the 
terrestrial image.  

Fig. 3 illustrates two examples of the correct and incorrect orientation modeling 
results. The left hand column illustrates the texture mapping result, while the right 
hand column demonstrates the visual inspection procedure. In this demonstration, 
three facades are selected and four control points are marked. The wire-frames of the 
selected facades are back-projected onto the terrestrial image based on the orientation 
modeling result. 

3D Viewer 
2D Viewer 

Orientation ParametersContol points list

Back-projection results 

Fig. 2. The designed GUI for texture mapping 
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2.2.3   Texture Generation and Occlusion Compensation 
Once the orientation parameters have been determined, the textures of selected 
facades can be generated simultaneously. The technique is the same as for orthophoto 
generation using the photogrammetric back-projection method, i.e. utilize the 
orientation parameters and the co-linearity equations. However, there may be partial 
self-occlusion problems with facades. Occlusion detection can be performed by the 
ZI-Buffer technique similar to the true-orthophoto generation [3]. 

In this work, it is 
assumed that building 
facades contain repetitive 
patterns or are homo-
geneous in texture. It is es-
timated that about 90% of 
the building models 
processed hold true to this 
assumption. Hence, the 
hidden part can be filled 
with texture from neig-
hboring parts using the 
mirror operation, which can 
be done in autonomous 
after detection of the major 
hidden side.  

An example of self-
occlusion is demonstrated 
in Fig. 4. Façade AB is 
partially occluded by façade CD. The two facades can be projected to the image 
plane and their distance to the camera’s perspective center can be calculated. The 
distance is recorded in the Z-buffer and an index map is adopted to indicate the 
hidden pixels. An index map is also used to store the generated texture. 
 

 

Fig. 4. Illustration of self-occlusion and mirror operation for compensation 

Fig. 3. Demonstration of (upper row) incorrect and (lower 
row)correct orientation modelling 
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As shown in the middle of Fig. 4, the hidden parts are denoted as black color. The 
major hidden side is detected by searching for black pixels along the four sides. The 
side containing the largest percentage of black pixels is defined as the major hidden 
side. In addition, the width of black pixels next to the major hidden side (e.g. w1 and 
w2 in Fig. 4) is estimated. The location of the mirror can be determined according to 
the largest one (i.e. w1 due to w1 is greater than w2). The right hand photo in Fig. 4 
depicts the texture mirroring result. If one compares the image before and after 
occlusion compensation, it is demonstrated that the effect of mirror texturing is 
acceptable if the facade texture has a repetitive or homogeneous pattern. In Fig. 5 the 
results of multi-face texture 
mapping by means of the proposed 
procedure is demonstrated. Except 
for trees in front of the buildings 
that are difficult or impossible to 
remove, the experimental results 
confirm the fidelity of the 
proposed scheme. The above 
results are acceptable and useful 
for most geo-visualization 
applications. Moreover, since the 
number of pictures needed to 
create the whole building is 
reduced, the efficiency is 
significantly improved.  

2.2.4   Picture Management by 
GPS-Photo-GIS Linking 

In the experiments, we integrate the 
Nikon D2X camera with a Garmin 
GPS Geko 301. The image was 
stored in JPEG format with an EXIF 
header that can store GPS geographic 
information. In the design of GUI, as 
shown in Fig. 2, we create a GIS-like 
environment in the 2D viewer to 
superimpose an aerial orthophoto and 
the picture location by geographic 
coordinates. However, since the 
orthophoto is in the TWD67 
coordinate system (i.e. Taiwan 
Datum 1967), while the GPS location 
information is recorded in the WGS84 geographic coordinates (i.e. Lat. / Long.). Before 
superimposition, the GPS coordinates have to be transferred to the TWD67 coordinate 
system. Fig. 6 illustrates an example of the overlay results. In the figure, the locations of 
the pictures are denoted by the yellow triangles. They are linked to the original image in 

Fig. 5. Example of the multi-faces texture 
mapping 

Fig. 6. Example of GPS-Photo-GIS integration 
for picture management 
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the hard disk. The operator can thus double-click on the symbol to retrieve and display 
the corresponding terrestrial photo on the 2D viewer for control point marking. By means 
of GPS-Photo-GIS integration a large quantity of terrestrial pictures can be managed 
easily, which is useful and efficient, especially when a city model need to be treated. 

3   Case Study 

3.1   Camera Calibration  

In the experiments, eight different 
views of photos are acquired using the 
shortest focal length, i.e. 17 mm. One 
photo is shown in Fig. 1. The total 
lens distortion vectors, including 
radial and decentering distortion, are 
illustrated in Fig. 7. The maximum 
lens distortions for radial, decentering 
and total distortion for a focal length 
of 17 mm are summarized in Table 1. 
In Table 1 and Fig. 7, we notice that 
the total lens distortion is about 91.55 pixels at the edges of the camera frame. The 
radial lens distortion dominates the total lens distortion. We also adopt the camera 
calibration result to compare the effect of lens distortion correction. Fig. 8 shows a 
testing picture with an equal grid. Due to lens distortion the grid appear to bend 
outward, as shown in Fig. 8 (A). After applying the lens distortion correction 
procedure, the distorted lines are restored and presented as parallel lines, as shown in 
Fig. 8 (B). The results demonstrate that the lens distortion is significant and 
indispensable for texture mapping. The adopted lens distortion correction method is 
feasible for the creation of a photo-realistic city model. 

Table 1. Summary of maximum lens distortion on x-y axis. (Units: Pixels) 

 x-axis y-axis 
Radial Lens Distortion 88.45 59.83 

Decentering Lens Distortion 3.10 1.62 
Total Lens Distortion 91.55 61.46 

 
 
 

 
               

Fig. 7. The total lens distortion vectors 

(A) Before correction         (B) After correction 

Fig. 8. Comparison of lens distortion correction
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3.2   Multi-face Texture Mapping 

In this section, we discuss the testing of the 3D building models on NCU. Fig. 9 
shows an example of a complex building composed of circular and rectangular 
shapes. In Fig. 10, 12 visible faces are selected for texture mapping. In Fig. 9, 5 
control points, depicted with square symbols, are marked for orientation modeling. 
The texture mapping result is shown in Fig. 11 for comparison.  

In this case, if affine transformation is used for texture mapping. The operator 
needs to mark four image control points for one face. This means that the operator 
needs to mark 48 image control points. The man-power needed is significantly more 
than for the proposed scheme. In additional, the marking of the image control points 
may introduces a certain degree of measurement errors, so that a gray value 
discontinuity effect may occur between two consecutive faces when affine 
transformation is utilized. The described effect does not happen in the proposed 
approach. The image control points for texture mapping are calculated by the co-
linearity equations with the estimated camera orientation parameters. This means that 
the visual quality is improved. 

With this procedure we create a photo-realistic city model of NCU that containing 
about 300 polyhedrons, as shown in Fig. 12. In total, more than 1,400 terrestrial 
photos are utilized and about 40 man-hours are spent in texturing mapping. Since the 
buildings in NCU are separated by some distance taking pictures is not a problem. 
However, trees or cars in front of the buildings give rise to significant non-self-
occlusion problem making it difficult to solve. There is a trade-off between efficiency 
and realism. On the city scale, the proposed approach fulfills the requirements for 
producing a photo-realistic city model. 

 

 

Fig. 9. Terrestrial photo 
Fig. 10. The selected facades of interest before 
texture mapping 

  

Fig. 11. Multi-faces texture mapping results Fig. 12. Photo-realistic city model of NCU 



1292 J.-Y. Rau et al. 

4   Conclusions 

In the paper, we propose the use of a high-resolution non-metric wide FOV digital 
camera for texture generation in photo-realistic city modeling. The adopted camera 
calibration model is both effective and feasible for texture mapping. The designed 
GUI interface for control point marking and camera orientation modeling is easy to 
operate that an expert or experienced operator is not required. The proposed scheme 
has proven to be efficient due to the following two reasons. The first one is the 
number of pictures to be process can be reduced. That is because all visible facade 
texture can be generated from one photo and partially occluded facades can be 
compensated for using the mirror operation. The fidelity of the generated texture is 
high provided the facades meet the assumption that they contain repetitive or 
homogenous patterns. The second reason is that a large quantity of pictures can be 
treated efficiently by GPS-Photo-GIS integration. Due to the adoption of 
photogrammetric techniques multi-face texture mapping can be performed, resulting 
in a photo-realistic city model. The generated city model is appropriate for most geo-
visualization applications. 
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