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Abstract

This paper describes a method to generate true ortho-images from high-
resolution satellite images. Multi-view images are used to compensate for hidden
areas. This work includes three steps: (1) the generation of traditional ortho-images
using a terrain model, (2) the relief correction for buildings, and (3) the detection of,
and compensation for, hidden areas. A rational function model (RFM) is used to
determine the geometric correspondence between the image space and the object
space. In the generation of traditional ortho-images, RFM parameters and a digital
terrain model (DTM) are employed to rectify tilt displacements and relief
displacements for the terrain. Then, using a digital building model (DBM), relief
displacements for buildings are computed. The purpose of the detection of hidden
areas is to avoid double mapping. Considering the satellite’s small field of view, an
efficient method for the detection of hidden areas and building rectification is
proposed. The test area covers the city of Hsinchu in northern Taiwan. The test
images are obtained from the QuickBird satellite.

Keywords: digital building model, digital terrain model, hidden areas,
high-resolution satellite images, true ortho-images

Introduction

The generation of ortho-images from remotely sensed images is important in many
applications, such as cartography and geographical information systems. For conventional
ortho-images, only digital terrain models are used to correct for relief displacement. The
relief displacement of an object above the surface, such as a building, is not considered when
conventional ortho-images are generated. This means that the objects are distorted from their
true position and that some of the ground coverage may be hidden by objects. Thus, true
ortho-images that consider above-ground objects are more accurate than conventional ortho-
images.
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Several investigators have reported on the generation of true ortho-images from aerial
photos (Amhar et al., 1998; Mayr, 2002; Rau et al., 2002; Braun, 2003; Sheng et al., 2003; Qin
et al., 2003; Oda et al., 2004; Zhou et al., 2005); however, the generation of true ortho-images
from satellite images has seldom been discussed. This is because the relief displacement of the
objects above the ground is much less obvious in medium-resolution satellite images than in
airborne images. Nowadays, in high-resolution satellite images with sub-metre ground
sampling distance, such as from QuickBird or IKONOS, these subtle details are preserved.
Thus, image displacement caused by above-ground objects should be taken into account in the
orthorectification process. Since buildings are among the most common above-ground objects,
they were chosen as the subject of this investigation.

The rational function model (RFM) uses a pair of ratios of two polynomials to
approximate the collinearity condition equations (Tao et al., 2000). For high-resolution
satellite images that have a small field of view (FOV) and high-precision orientation
parameters, the RFM provides a good approximation in terms of geometrical processing. The
RFM has been successfully applied to several types of high-resolution satellite image,
including IKONOS (Grodecki and Dial, 2003; Fraser and Hanley, 2003) and QuickBird
(Robertson, 2003). Because of its ease of implementation and standardisation, this approach
has been widely used in the processing of high-resolution satellite images. In the case of the
IKONOS satellite, for instance, only rational polynomial coefficients (RPCs) are provided in
addition to the image data itself (Space Imaging, 2006). The orientation parameters,
including the orbit parameters and attitude data, are not available for general users. The
situation for the QuickBird Standard Image is similar to that for IKONOS. The
standardisation specification of the National Geospatial-Intelligence Agency (NGA) (NIMA,
2000) is set by the inclusion of RPCs for high-resolution satellite images in a National
Imagery Transmission Format (NITF).

In principle, the orientation parameters are needed to generate true ortho-images.
There is no report that describes the implementation of true orthorectification using the
RFM/RPCs. There is thus a need to establish a true orthorectification procedure for such
imagery.

Occlusion removal is the key step in true orthorectification. The objective is to remove
areas hidden by objects that stand above the ground. The Z-buffer algorithm is the most
general computer graphics technique for occlusion removal (Watt, 2000). It is assumed that
an object in the front occludes an object at the back. Amhar et al. (1998) and Rau et al.
(2002) proposed using the Z-buffer algorithm for the detection of hidden areas in aerial
photos. Their algorithms are used to generate an index map using the distance between the
object and the perspective centre to differentiate objects above the ground from the general
terrain level. In order to compute the distance, the position of the perspective centre should
be determined before beginning the occlusion removal process. For a high-resolution
satellite image that uses RFM, the location of the camera must be transformed into the
RPCs. This means that the location of the camera will no longer be available. Therefore,
the Z-buffer algorithm cannot be directly applied to high-resolution RFM/RPC satellite
images.

Once the occluded areas are detected, multi-view images are selected to compensate for
these areas. The strategies for occlusion compensation can be classified into three types. In the
first one an ortho-image with occluded areas is generated for each image. Then, all the visible
areas are merged to obtain a true ortho-image (Amhar et al., 1998). The problem is that this
approach requires too much computation time for generating two ortho-images. The second
type uses the viewing angles between the object point and the projection centres to determine
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the non-occluded areas (Sheng et al., 2003). These areas may then be used to compensate for
the occluded regions in another image. The third strategy uses the Z-buffer technique to
generate a non-occluded index map, and the non-occluded pixels are used to fill in the hidden
areas, to obtain true ortho-images (Rau et al., 2002). However, the second and third approaches
need a projection centre to determine the viewing angle or distance. Hence, the traditional
approaches are not applicable to the RFM/RPC satellite images where the orientation
parameters are not available.

Conventional true orthorectification is time consuming due to the complexity of the
detection process. In addition, the calculation process requires a lot of memory to record the
index matrix. As the coverage of a high-resolution satellite image is large, an efficient hidden
detection method is needed.

Occlusion by buildings is the major reason for hidden areas as an obstacle to true
orthorectification, especially in urban areas. Hence, in the proposed scheme, the focus is on
occlusions due to buildings. Since the FOVof a high-resolution satellite is very small, the relief
displacement in a small area can be assumed to be linear. It is proposed that a polygon shift
method will be utilised to perform the hidden area removal process. The idea is to black out
hidden areas from the building footprint to the roof. A similar idea has been applied in the 3D
building visualisation discussed by Murai et al. (1999).

In order to obtain completeness in true ortho-image generation, multi-view images are
used to compensate for hidden areas. The visible areas in the images can be determined by
generating a non-occluded index map. The non-occluded index maps applied digital building
models (DBMs) to obtain visible areas. The hidden areas are then projected back into image
space by using RFM/RPCs. The visible and non-visible areas in the multi-view images may
then be separated. The major contribution of this paper is the process for the detection of, and
compensation for, these hidden areas.

The remainder of the paper is structured as follows. In the next section, the techniques
behind the proposed scheme are discussed. In the third section, the proposed scheme is tested
by using QuickBird stereo panchromatic images. Finally, in the last section some conclusions
are offered.

The Proposed Scheme

In order to accelerate the computation, a two-step procedure is proposed to minimise the
computation time required for hidden area detection. First, a conventional ortho-image is
generated. Then, only the hidden building areas are removed instead of processing the whole
image. The method comprises three major steps. In the first step, a traditional ortho-image is
generated using a digital terrain model (DTM). In the second step, hidden areas are detected by
the incorporation of a digital building model. In the third step, occlusion compensation is
performed via multi-view images.

Traditional Ortho-image Generation

The rational function model is first used to generate the traditional ortho-image. The
model is a mathematical transformation between the 2D image space and 3D object space. It
uses the ratio of two polynomials to perform the transformation, as follows:
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where x, y are the image coordinates, X, Y, Z are the object coordinates, aijk, bijk, cijk, dijk are the
RPCs andm1,m2,m3, n1, n2, n3 are the powers of object coordinates, normally limited to 3.

The RPCs provided by the satellite company may reach a relatively high accuracy
because they are generated from highly accurate on-board data (Grodecki and Dial, 2003).
Usually, the rational function model is of the third order; 80 RPCs are given by the satellite
company. The systematic bias of the RPCs can be compensated for by an affine
transformation (Fraser and Hanley, 2003). A small number of ground control points (GCPs)
are needed for the systematic compensation. Once the parameters are determined, a
traditional ortho-image can be generated by using the DTM with this image.

Fig. 1 illustrates the traditional ortho-image generation procedure. Starting from the ortho-
image space (E, N), the corresponding elevation is interpolated from the DTM. Then, the 3D
object coordinates (E, N, H) are mapped onto the image space coordinates (sample, line) using
the RFM/RPC together with an affine transformation. Finally, the corresponding grey values of
the ortho-image are obtained by image resampling.

Occlusion Detection

After the generation of the traditional ortho-image, the DBM is used to detect the hidden
areas. Since the FOVof a high-resolution satellite is in general small, the relief displacements
in a small area are assumed to be linear. The hidden areas can be removed using the building
boundaries. It is assumed that the roofs of the buildings are positioned vertically above their
footprints. A polygon shift method is suggested to perform the occlusion detection. The
concept on which the proposed method is based is to mark the building area according to the
relief displacement, on the basis of the building boundaries.

Raw image
(sample, line) Image

resampling

DTM
(E, N )

RFM/RPCs + affine
transformation

DTM
interpolation

Ortho-image
(E, N )

Fig. 1. Traditional ortho-image generation procedure.
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There are four major steps in the proposed schemes: (1) roof registration, (2) footprint
registration, (3) building area detection, and (4) roof refilling. In the roof registration step, the
location of each roof polygon is calculated by using the RFM/RPC according to the 3D
coordinates of the corners. A similar process is applied for footprint registration. Thus, the
building footprint area is obtained in a traditional ortho-image. In the building area detection
step, it is assumed that the relief displacement of the building primitive is constant, so the
building’s area is blacked out according to the relief displacement computed from the footprint
to the roof. In other words, this process marks the area occupied by the building by shifting
the footprint to the roof polygon. Finally, the grey value of the roof is refilled to the footprint
area.

Fig. 2 illustrates the occlusion detection procedure in ortho-image space. The ‘‘prismatic’’
building slants due to the relief displacement. Figs. 2(a) and (b) show the roof and footprint of
the building respectively. Next, the building area is blacked out from footprint to roof. Fig. 2(c)
shows the result. In the last step, relief displacement is corrected for, then the building roof is
refilled to the footprint. Fig. 2(d) shows the result of occlusion detection. The black region
represents the hidden area.

Occlusion Compensation

The objective of this process is to compensate for hidden areas using multi-view images.
For a densely built-up area, the hidden regions can be classified into two ‘‘hidden types’’. The
first one is ‘‘building hidden by another building’’. The second one is ‘‘ground hidden by a
building’’. Building index maps are used to perform occlusion compensation. Fig. 3 illustrates
the process. The DBM and the RFM/RPC parameters are used to detect the hidden areas in the
master image. Then, hidden areas are compensated for by their counterpart in the slave image.
The building identification numbers are stored in the index maps. Two index maps are used to
identify the type: types of hidden areas or non-occluded area. In the first index map, the object
space is the same size as the ortho-image. The identification number for each building is stored
in this index map. This map is denoted as the ‘‘object index map’’. The object index map is
used to separate the types of hidden areas. In the second index map, the image space is the
same size as the slave image. The DBM and the RFM/RPC parameters are used to calculate the
corresponding image locations. Then, the respective building identification numbers are stored
in the index map, denoted as the ‘‘image index map’’. The image index map is used to separate
the occluded from the non-occluded areas.

In order to classify the hidden type, the object index map and the ortho-image from which
the hidden areas are removed are overlapped. If the object index map corresponds to areas

(a) (b) (c) (d)

Fig. 2. Illustration of hidden area removal: (a) locate the building roof; (b) locate the building footprint; (c) mask
out building areas due to relief displacement; (d) fill in the building from roof to foot.
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hidden by a building, it is assumed that this building area is hidden by another building.
Otherwise, it is assumed that ground area is being hidden by a building.

In this stage, only the hidden area is processed rather than the whole image. Hence, the
occlusion compensation for each hidden area is performed pixel by pixel. The compensation
conditions are dependent on the hidden types. For the ‘‘building area hidden by another
building’’ type, the pixel value is resampled from the slave image and this is used to fill in the
hidden areas, when the building identification of the object and image index map coincide. For
the ‘‘ground area hidden by a building’’ type, the pixel values are resampled from the slave
image, then these are used to fill in the hidden area, provided that the corresponding image
index maps do not show a building. In other words, the slave image can be used to compensate
for areas hidden in the master image, while the hidden areas in the master image and slave
image correspond to the same ground area. The pseudo code for the occlusion compensation is
provided in Fig. 4.

Master image Slave image 
Image index map

DBM 

Object index map 

Traditional orthophoto 

Hidden types 

Hidden compensated 

Building hiding ground 
Building hiding building 

Fig. 3. Illustration of occlusion compensation.

For each hidden area
IF object index map = building

IF image index map value = object index map value
Resampling the corresponding value in slave image

ENDIF
ELSE 

IF image index map π building
Resampling the corresponding value in slave image

ENDIF
ENDIF

Next

Fig. 4. Algorithm for occlusion compensation.
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Experimental Results

QuickBird panchromatic multi-view images were used for testing in the experiment. This
is a systematic correction image, which is called an ‘‘orthoready standard image’’ (Digital
Globe, 2006). The test area includes the Hsinchu Science-based Industrial Park in northern
Taiwan. The acquisition dates were 24th August and 9th November 2002. The image viewing
angles are 11Æ6� and 11Æ1�. The image resolution is 70 cm on the ground. The test area covers
approximately 1Æ5 km · 2Æ0 km. Fig. 5 shows the test images. The object coordinates of the
GCPs and independent check points (ICPs) are acquired from 1:1000 scale base maps. There
are a total of 20 points; nine of them are used as control points, while the remainder are used
for validation. The DTM is generated from 1:5000 scale stereoscopic aerial photos; the
resolution of the DTM is 5 m. The elevation range is from 65 to 125 m. Fig. 6 shows the DTM.
The DBM in vector format is also generated from the 1:5000 scale stereoscopic aerial photos.
There are 687 buildings in this experimental image. Fig. 7 shows the different views of the
DBM. The related information is shown in Table I.

© QuickBird image, Copyright 2002 DigitalGlobe © QuickBird image, Copyright 2002 DigitalGlobe

(a) (b)

Fig. 5. Test images: (a) image 1, (b) image 2.
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Fig. 6. Digital terrain model.
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The experiments include the three different aspects of the validation procedure. In the first
one, the modelling error for polygon shift for true orthorectification is analysed. The second
evaluates the accuracy of the traditional ortho-images. The third gives the results for the true
ortho-images.

Accuracy Analysis of Model Error

The modelling error for the polygon shift method is analysed first. RFM/RPCs are used to
calculate the building corners in the image plane by using the polygon shift method and point-
by-point method in turn. The modelling error is the discrepancy between the building
coordinates using the two methods. In the DBM, the average building area is 323 m2 and the
maximum building area is 34 928 m2. It was found that the relief displacement for the same
building varies from )0Æ0001 to 0Æ00015 pixels in the image space. The modelling error is so
small that it can be ignored. Fig. 8 shows the modelling error in the sample and line directions.

Accuracy Analysis of Traditional Ortho-images

The accuracy of the traditional ortho-images may be revealed by evaluating the ICPs.
Table II summarises the validity of the traditional ortho-images. Two parameters are assessed
in the generation of the traditional ortho-images. The first analyses the accuracy of the RPC
data, where no ground control information is included. The root mean square errors (rmse) of
image 1 in the sample and line directions are 38 and 28 pixels, respectively. The rmse for
image 2 are 21 and 49 pixels, respectively. The second parameter concerns the accuracy of the

Table I. Parameters related to the test images.

Image 1 Image 2

Product level Standard image Standard image
Date 24th August 2002 9th November 2002
Resolution (m) 0Æ70 0Æ70
Tilt angle (degrees) 11Æ6 )11Æ1
Number of GCPs/ICPs 9/11 9/11
GCP and ICP data sources 1:1000 scale topographic maps
DTM 1:5000 stereo aerial photos (5 m resolution)
DBM 1:5000 stereo aerial photos

(a) (b)

Fig. 7. Digital building model: (a) top view; (b) perspective view.
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refined RPCs. For image 1, nine GCPs are used to perform the affine transformation. The rmse
of 11 ICPs is reduced to 1Æ00 and 0Æ98 pixels, respectively, for the two components. For image
2, nine GCPs are used to perform the affine transformation. The rmse of 11 ICPs is reduced to
0Æ85 and 0Æ97 pixels, respectively, for the two components. Fig. 9 shows the error vectors of the
traditional ortho-images. The triangles represent the GCPs and the circles represent the ICPs.

Results for True Ortho-images

Image 1 is treated as the master image and image 2 as the slave image. The procedural
results and the final true ortho-image product are shown in Fig. 10. A traditional ortho-image
with terrain relief correction is shown in Fig. 10(a). The building footprint is first masked out
according to the DBM, as shown in Fig. 10(b). Then, the areas of buildings resulting from the
relief displacement are masked out, as shown in Fig. 10(c). In Fig. 10(d), the building roof is

Table II. Root mean square errors of the traditional ortho-images
(unit: pixel).

Data Types Number
of ICPs

Rmse
(sample)

Rmse
(line)

Image 1 Before correction 20 38Æ32 28Æ45
After correction 11 1Æ00 0Æ98

Image 2 Before correction 20 21Æ51 49Æ00
After correction 11 0Æ85 0Æ97

(a) (b)
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Fig. 9. Error vectors of traditional ortho-images: (a) image 1; (b) image 2.
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Fig. 8. Modelling error of the proposed method: (a) sample direction; (b) line direction.
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(a) (b)

(e)

(c) (d)

© QuickBird images, Copyright 2002 DigitalGlobe.

Fig. 10. Intermediate results and final product of true ortho-image generation: (a) traditional ortho-image;
(b) after removing the building footprint; (c) after removing the building areas; (d) after filling in building roofs;

(e) generated true ortho-image.

© QuickBird image, Copyright 2002
DigitalGlobe.

© QuickBird image, Copyright 2002
DigitalGlobe.

(a) (b) (c) 

Fig. 11. Enlargement of test area: (a) image 1; (b) image 2; (c) DBM.
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refilled from the ortho-images while considering the relief displacement. Finally, from image 2,
the occluded area is compensated for. The resulting true ortho-image is shown in Fig. 10(e). A
comparison of the traditional and true ortho-images shows that the relief displacement of the
buildings has been corrected and the hidden areas have been replaced by using extracts from
the slave image.

(a) (b) 

(c) (d) 

(e) 
© QuickBird images, Copyright 2002 DigitalGlobe.

Fig. 12. Enlargement of a representative sample: (a) traditional ortho-image; (b) after removing the building
footprint; (c) after removing the building areas; (d) after filling in building roofs; (e) resulting true ortho-image.
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In order to demonstrate the effectiveness of the compensation for hidden areas, an area
with high buildings was enlarged and the result scrutinised. Fig. 11 shows an enlargement of a
sub-area from Fig. 5. The images and the DBM are shown in Figs. 11(a) to (c), respectively.
Fig. 12 shows the procedural results and the final product of true ortho-imaging. The
experimental results show that building occlusions have been completely removed and refilled
from other images. Thus, only the roofs can be seen in the resulting true ortho-image. In the
accuracy evaluation for the true ortho-images, 42 well-defined building corners were measured.
The error vectors are shown in Fig. 13. The error vectors are superimposed onto the building
boundaries. The rmse of the true ortho-image is 0Æ82 and 1Æ01 m in the E and N directions,
respectively. Notice that the errors are a little larger than the 1Æ00 and 0Æ68 pixels respectively,
recorded in the RFM/RPC modelling. These slight differences arise mainly from the errors of
building models.

Conclusions

In this investigation, a procedure is proposed for the true orthorectification of high-
resolution satellite images using RFM/RPCs. In order to perform the procedure with greater
efficiency, traditional orthorectification is first executed, then corrected for relief displacement
of buildings. Hidden areas can be compensated for when the corresponding conjugate images
are available. The experimental results indicate that the modelling error for true orthorecti-
fication using the polygon shift method is smaller than 0Æ0001 pixels when the building size is
smaller than 35 000 m2. The positioning accuracy for RFM/RPCs in traditional ortho-image
generation is around 1 pixel. Thus, the proposed method can detect and compensate for hidden
areas to obtain the most complete true ortho-image.

Fig. 13. Error vectors of true ortho-image.
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Résumé

On présente dans cet article une méthode de transformation des images-satellites
à haute-résolution en ortho-images rigoureuses. Pour compléter les parties cachées,
on multiplie les images. Le processus comporte trois étapes: (1) réalisation des ortho-
images classiques en utilisant un modèle numérique de terrain; (2) correction des
hauteurs des bâtiments et (3) détection et complètement des parties cachées. On
établit la correspondance géométrique entre les espace-objet et image en se basant
sur un modèle à fonction rationnelle (MFR). Pour réaliser les ortho-images
classiques, on utilise les paramètres MFR et un modèle numérique du terrain (MNT)
qui permet de corriger les déformations dues au basculement de l’image et au relief
du terrain. Ensuite, à l’aide d’un modèle numérique des bâtiments (MNB), on calcule
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les déplacements provoqués par la hauteur des bâtiments. L’intérêt de la détection
des parties cachées est d’éviter tout dédoublement sur l’ortho-image. La méthode que
l’on propose pour la détection des parties cachées et le redressement des bâtiments
tient compte efficacement du fait que l’angle de champ des satellites est
particulièrement étroit. Le polygone d’essai se situe sur la ville de Hsinchu dans le
Nord de Taı̈wan. Les images utilisées dans cet essai proviennent du satellite
QuickBird.

Zusammenfassung

In diesem Beitrag wird eine Methode zur Erstellung wahrer Orthophotos aus
hoch auflösenden Satellitenbilddaten vorgestellt. Verdeckungen in einem Satelliten-
bild können durch Mehrfachaufnahmen kompensiert werden. Zunächst wird eine
klassisches Orthophoto mit Hilfe eines digitalen Geländemodells erstellt. In einem
zweiten Schritt erfolgt die Korrektur der Reliefversetzung der Gebäude und
abschließend die Erkennung und Kompensation verdeckter Gebiete. Die geome-
trische Transformation zwischen Bild- und Objektraum wird mittels Rationaler
Funktionen Modelle (RFM) ermittelt. Die geometrische Transformation und ein
digitales Geländemodell (DTM) werden zunächst zur standardmäßigen Orthophoto
Entzerrung eingesetzt. Um die Reliefversetzung der Gebäude zu ermitteln, wird ein
digitales Gebäudemodell (DBM) benötigt. Danach werden verdeckte Gebiete in
einem Bild bestimmt, um Doppelabbildungen zu vermeiden, und das Gebäude
abschließend entzerrt. Hierzu wird eine spezielle Methode vorgestellt, die dem
schmalen Öffnungswinkel der Satellitensensoren Rechnung trägt. Das Testgebiet zur
Untersuchung der vorgestellten Methode umfasst die Stadt Hsinchu im Norden von
Taiwan, wobei die Bilddaten vom QuickBird Satelliten stammen.

Resumen

Este artı́culo describe un método para generar ortoimágenes verdaderas a partir
de imágenes de satélite de alta resolución. Para resolver el problema de las áreas
ocultas se utilizan múltiples imágenes adquiridas desde diferentes puntos de toma.
Este trabajo incluye tres pasos: (1) la generación de ortoimágenes tradicionales
apoyándose en un modelo digital del terreno, (2) la corrección del relieve para
edificaciones, y (3) la detección y compensación de áreas ocultas. Utilizamos un
modelo de funciones racionales (MFR) para determinar la correspondencia
geométrica entre el espacio imagen y el espacio objeto. En la generación de
ortoimágenes tradicionales empleamos los parámetros del MFR y un modelo digital
del terreno (MDT) para rectificar los desplazamientos debidos a la inclinación y los
debidos al relieve del terreno. A continuación, utilizando un modelo digital de
edificaciones, se calculan los desplazamientos de las edificaciones. El propósito de la
detección de áreas ocultas es evitar que aparezca el efecto de imágenes dobles.
Considerando el reducido campo de visión de un satélite, se propone un método
eficiente de detección de áreas ocultas y de rectificación de edificaciones. El área de
ensayo abarca la ciudad de Hsinchu en el norte de Taiwán. Las imágenes utilizadas
han sido obtenidas por el satélite QuickBird.
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