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ABSTRACT: Ikonos images are provided with a set of coefficients of rational polynomial
funtions (RPC, rational polynomial coefficients) that are a numerical replacement of the
exact sensor model equations. These functions derived from the approximate sensor
exterior orientation, do an object to image projection with an accuracy of 10 meters.
Image orientation improvements are usually done in image space by a simple translation
or an affine transformation.

This paper presents a method of improving the image orientation using a Digital
Surface model (DSM) of an urban area, in the form of 1 meter spacing grid, obtained by
laser scanning. Top lines of buildings, extracted from the DSM, are projected onto the
image space, using the given RPCs, and adjusted to fit the building position on the image.
These lines act as standard ground control points.

The work was carried with an Ikonos image of the city of Porto and a laser scanning
DSM. The new image orientation was very similar to the orientation achieved with a set
of GCP’s surveyed with GPS. The DSM was then used to orthorectify the mage. Due to
the double projection in occlusion areas, these had to be predicted, using the projection
rays defined by the RPC equations and the DSM. These areas where then used to mask
the orthoimage.

Finally the orthoimage was overlaid with GIS data in order to demonstrate the
potential positional accuracy for large scale map updating.

1 INTRODUCTION

High resolution sensors on-board of satellites, such as Ikonos or Quickbird, provide data
for a fast update of topographic databases. They are frequently used in the generation of
orthoimage based maps, keeping the standards expected for map scales as large as
1:5000 (Jacobsen, 2003). They are of particular interest in urban areas, where large scale
mapping is needed and, due to rapid changes, frequent map updates must be done. In
order to provide positionally accurate data, images must be oriented with ground control
points (GCP) and orthorectified with a digital elevation model (DEM).

Unlike conventional wide angle photogrammetric cameras, satellite sensors have very
narrow fields of view, as is the case of Ikonos, with a field of 1 degree. Images acquired
on a nadir viewing, over terrain with moderate relief may not need the orthorectification
since relief displacement may be negligible. However, most of the times images are
acquired with some across-track angle, in order to decrease the time delay for image
acquisition. The relief displacement suffered by an object of height h, observed in a
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zenital angle b, is given by h: tan bð Þ. For example for b¼ 208, a frequent inclination of
Ikonos images, an elevation of 30 meters is displaced by 11 meters (or 11 pixels, due to
1 meter sampling in Ikonos panchromatic images), which is a very large displacement.
A detailed and accurate DEM is required to provide planimetric correction of terrain
effects at 1 meter accuracy.

A much more significant effect of the side looking geometry occurs in urban areas
with buildings and other man-made or natural objects. Standard DEMs, derived from
cartography, only represent the terrain and not other objects over it. In this case, signi-
ficant displacements will remain in orthorectified images. An important consequence is
that georeferenced vector data will not overlay correctly the image, originating
difficulties in data interpretation. Automatic extraction of features from images, for
example for automatic change detection, will neither provide appropriate results.

A Digital Surface Model (DSM), representing the elevation of the terrain and all other
features, is required for the generation of true orthoimages. DSMs are now frequently
available in urban areas. Laser scanning techniques, although still relatively expensive,
provide very accurate and dense digital surfaces, with many applications in urban planning.
These data sets are normally provided in the form of regular grids with 1 meter grid spacing
and decimeter vertical accuracy. For example, in Portugal all major urban areas, in a total
area of more than 1000 km2, were surveyed by this method (Edinfor, 2006).

This paper deals with the integration of a regular grid DSM and an Ikonos
panchromatic image, both with a spatial resolution of 1 meter. The reason to use the two
data sets is essentially the generation of a true orthoimage. This procedure has been
studied by several authors, mainly for aerial images (Amhar et al. (1998), Schickler and
Thorpe (1998), Braun (2003), Kuzmin et al. (2004)). It comprises a prediction of
occluded areas to mask the final product. The quality of the orthoimages generated in this
way, require a very precise orientation of the image with respect to the surface model. In
order to have a precise registration between both data sets it was decided to orientate the
image using features extracted from the DSM, instead of using field survey GCPs.

An Ikonos image of the city of Porto, in Portugal, acquired on December 2001 and
processed in the GEO mode, was used in this study. A DSM covering approximately
7 square km was provided by the Portuguese company Edinfor and was acquired by the
German company Toposys in May 2001. Figure 1 shows a representation of the DSM
and the portion of the Ikonos image corresponding to the same area.

The DSM is georeferenced in the local map projection (map coordinates Easting and
Northing referred later as E and N) and local geodetic datum. Heights are relative to the
geoid. In order to use the Ikonos sensor model, an appropriate conversion to WGS84
geodetic coordinates was done by a seven parameter transformation. Heights were
converted to heights above the ellipsoid by adding the local geoid undulation,
approximately 55 meters.

2 IMAGE ORIENTATION USING THE DSM

2.1 Ikonos sensor model

The precise orientation of any satellite image requires a sensor model that represents the
geometry of the image formation process, by means of a relation between the object
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space (3D) and the image space (2D). In the case of Ikonos the physical sensor model is
not explicitly given. It is numerically replaced by a rational polynomial function, with
polynomials of the 3rd degree. The image coordinates are generically expressed by
equations:

x ¼ P1 l;j;Hð Þ
P2 l;j;Hð Þ y ¼ P3 l;j;Hð Þ

P4 l;j;Hð Þ (1)

where (l, w, H) are the WGS84 geodetic coordinates (object space) of a point and
(x, y) the image coordinates in pixel units. Polynomials Pi are built with a total of 80
parameters (RPC, Rational Polynomial Coefficients) provided for each image. These
formulas replace the physical sensor model, which includes the sensor position and
attitude measured by on-board navigation equipment with very good accuracy. The
object to image projection is done with errors of the order of 10 meters (Dial and
Grodecki, 2002).

Orientation improvement is usually done in image space by a shift in image
coordinates. Many authors describe in detail this simplified orientation model. See for
example, Fraser and Hanley (2003) or Grodecki and Dial (2003). This is justified by the
very good approximation of the initial image orientation and the very small field of view.

2.2 Ground control derived from the DSM

The image orientation is normally done with GCPs surveyed by GPS. In the present case
a different approach was followed, making use of the DSM. First the DSM is represented
in the form of a shaded relief image, allowing for a precise identification of roof edges.
Some edges are digitized and then projected, taking into account the DSM heights, onto
the image space. The projected lines are displaced from their actual position by a few
meters, as expected, and the required shift in image space is determined by fitting the
line to the roof edges on the image. Figure 2 shows a roof with digitised edges (a) and the
corresponding edges projected on the image (b): initial position (displaced) and after
moved to fit the edges.

Figure 1. Representation of the DSM (a) and Ikonos panchromatic image (b).
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This procedure was applied for a set of 9 locations distributed over the DSM area and
shifts were carefully measured. Their statistics were calculated and are listed in Table 1.
The shift is of the order of 10 pixels and could be determined with sub-pixel precision.

Applying the mean shift found, to equations (1), the image becomes correctly
oriented, allowing for the generation of an orthoimage, using the DSM.

3 TRUE ORTHORECTIFICATION

The standard orthorectification procedure was applied, using software developed for that
purpose. Each point of the DSM is projected onto the image space and a grey value is
obtained by bilinear or cubic resampling, producing a rectified image with 1 meter pixel
spacing. In the present case there are occluded areas, which should not be represented on
the orthoimage. However, a well known effect of double projection occurs (Amhar et al.
(1998), Schickler and Thorpe (1998), Braun (2003)). Points of buildings that are causing
occlusions are projected onto their correct positions and on the occluded position,
leading to a ‘‘ghost’’ effect. Figure 3 shows an example of this situation.

These occlusions must be predicted, by analyzing the DSM, and masked on the final
orthoimage. A point is in a hidden area if the light ray that connects it to the sensor
intersects the terrain surface in some other point. Local incidence direction must be

Figure 2. (a) Roof edges digitised on the shaded representation of the DSM; (b) edges projected

on the image and after moved to their correct position.

Table 1. Statistics of the shifts found in image coordinates of features projected from object space
to image space.

x (pixels) y (pixels)

Mean 10.1 8.4
Standard deviation 0.6 0.6
Minimum 9.3 7.5
Maximum 11.0 9.6
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accurately known and can be easily determined using the corrected sensor model
equations (1). These equations are inverted in order to calculate ground coordinates
(E, N) for a given image position (x, y) and terrain height (h). The image to object
projection can be expressed in generic terms by equation (2):

E;Nð Þ ¼ F x; y; hð Þ (2)

Considering two different heights, h1 and h2 (for example the minimum and
maximum values of the DSM), two points are obtained. They define the local look
direction vector. The azimuth, a, and elevation, b, can be easily calculated. These angles
have a very small variation along the image due to the very small field of view of the
sensor. For the image used, in the area of the DSM, the values of a and b, had mean
values of 201.7 and 69.5 degrees and ranges of 0.26 and 0.30 degrees, respectively.

For any point of the DSM, P0 with coordinates (E0, N0, h0), the angles a0, b0 are
calculated as well as the corresponding unit vector. The equation of the light ray in the
vector form can be written as:

EL;NL; hLð Þ ¼ E0;N0; h0ð Þ þ m � cos b0 sin a0; cosb0 cos a0; sinb0ð Þ (3)

where (EL, NL, hL) are the coordinates of a point on the line and m is a distance
parameter. Figure 4 represents this situation: for a given point, P on the line the height of
the point is compared to the height given by the DSM for position (EL, NL). If the height
of the line is smaller, then the point is hidden. Point P moves from P0 to the maximum
height of the DSM, with a small step in order to determine the point visibility.

All the DSM points are tested in order to determine the hidden area mask. Figure 5
shows a sample of the mask image generated for the DSM of Porto. In the whole DSM
area a total of 5.6% of the pixels were in occluded areas.

The Ikonos image was orthorectified for the whole DSM area. The hidden area mask
was then applied to the orthoimage. It covers the ‘‘ghost’’ effects found for the buildings
that cause occlusions. Figure 6 shows an example of this situation.

The present case of processing a single image of the area is not as favorable as when
orthorectifying conventional aerial photography with standard overlap factors. In the

Figure 3. (a) sample of the original Ikonos showing a tall building; (b) the same image after

rectification with the DSM. The top of the building appears twice.
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latter case, the pixels in the mask of a given image are probably visible on some other
image. These areas can be filled with data from other images. In our case there is no
other solution but leaving the mask. Further processing of the orthoimage, such as for
example segmentation or classification of multispectral bands (fused to the panchro-
matic) must take into account the existence of the mask.

hDSM

hLINE

hMAX

hMIN

P0
DSM

P

Figure 4. Procedure to determine visibility of point P0 of the DSM.

Figure 5. Hidden area mask calculated from the DSM, taking into account the local viewing

angle of the Ikonos image.

Figure 6. Small portion of the ortho image before (a) and after (b) the application of the mask.
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Finally, in order to independently assess the planimetric accuracy of the orthoimage,
a vector map (of nominal scale 1:1000) was overlaid. The coincidence of buildings is in
general very good, as can be seen in Figure 7.

4 CONCLUSIONS

High resolution images are useful for fast map updating, especially in urban areas. Quite
often images are acquired with relatively large incidence angles, leading to strong relief
effects in high buildings. Laser scanning DSMs, can be used to generate true
orthorectified images.

Two aspects of the combination of a DSM and an Ikonos image were analyzed. The
first was the orientation of the image with edges extracted from the DSM. This method
not only gave a very good precision (sub-pixel) as also avoided the field survey of
ground control points.

The second aspect was the application of a true orthorectification of buildings in
urban areas. Large relief displacements in high resolution satellite images acquired with
side looking angle are quite inconvenient and can be reasonably removed by this
method. The procedure is relatively simple and straightforward. There is the limitation
that masked areas will remain if a single image is treated but further image analysis, for
example by overlaying GIS vector data, is much more rigorous.

Figure 7. Small portion (320 m by 185 m) of the ortho image with overlaid vector data.
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