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DSM Generation from IKONOS Stereo Imagery 

Jiann-Yeou RAU1     Liang-Chien CHEN2 

ABSTRACT 

Digital surface model generation from IKONOS stereo imagery is a new challenge in 
photogrammetric community, especially when the satellite company does not provide the raw data 
as well as their ancillary data. The IKONOS stereo images are provided in a quasi-epipolar 
geometry reference where only the terrain parallax in the scanner direction remains. A rigorous 
solution for orbit modeling is not practical. In this paper we utilized an estimated relief displacement 
azimuth and the nominal collection elevation data included in the metadata file to correct the relief 
displacement of GCPs, together with a linear transformation for geometric modeling of IKONOS 
imagery. Conjugate point correspondence problem is solved by a multi-resolution template-based 
image matching technique. Space intersection is performed by the trigonometric intersection 
assuming a parallel projection of IKONOS imagery due to its small FOV and frame size. In the 
experiment, less than 2-meters of RMSE is achieved denoting the potential positioning accuracy of 
the IKONOS stereo imagery. 
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1. Introduction 
Due to its high spatial resolution, IKONOS 

imagery has high potential in large-scale 
topographic mapping. The generation of Digital 
Terrain Model (DTM) from remotely sensed 
stereo-images, such as aerial photos, satellite 
images, and airborne scanning images, is an 
important task for various remote sensing 
applications. The generated DTM from remotely 
optical sensor by image matching is actually the 
canopy of the earth surface, that means it include 
not only bare soil terrain but also trees, buildings, 
etc. So, the result is also denoted as Digital 
Surface Model (DSM). The DSM data is useful  

 
in many remote sensing and GIS applications, 
such as geometrical ortho-rectification (Chen, et 
al., 2002; Rau, et al, 2002), radiometric 
correction of remotely sensed images (Colby, 
1991), etc.  

Normally, the generation of DSM from 
remote sensed stereo images includes the 
following four steps: (1) 3D modeling, (2) image 
matching, (3) space intersection, and (4) TIN 
structuring or grid DSM interpolation. The task 
of orbit modeling is generally to find the 
relationship between the ground object and its 
corresponding position on the image plane. 
Since the Space Imaging does not provide 
IKONOS raw data as well as their orbit ancillary 
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data, a rigorous solution for orbit modeling is 
not practical. Further more, the IKONOS stereo 
images are distributed in a quasi-epipolar 
geometry reference where only the terrain 
parallax in the scanner direction remains. Chen, 
et al. (2002) proposed a method for IKONOS 
GEO image for ortho-image generation. This 
paper adopts the same concept for IKONOS 
stereo imagery with minor modification. After 
that we perform image-matching technique to 
automatically find the conjugate points on the 
stereo images. A further space intersection can 
thus be used to get its corresponding ground 
object’s three-dimensional coordinate. The 
results after space intersection are irregular 
ground points. It can be described by a 
Triangular Irregular Network (TIN) structure or 
grid DSM. For grid DSM, an extra interpolation 
procedure is necessary. 

Regarding to 3D modeling for High-
Resolution Satellite Image (HRSI), many 
methods have been reported, such as Rational 
Function Model (RFM), Direct Linear 
Transform (DLT), Self-calibration DLT (SDLT), 
3D Affine, etc (Sadeghian & Valadan, 2004; 
Trisirisatayawong, et al., 2004; Eisenbeiss, 
2004). Using bias-compensated RFM method, 
the potential positioning accuracy for IKONOS 
Geo image is high and met map specifications at 
1:10,000 (Trisirisatayawong, et al., 2004). 

2. Geometric Modeling 
In order to perform geometric modeling of 

IKONOS stereo imagery, the following three 
topics are necessary. They are (1) the imaging 
geometry, (2) image to map registration, and (3) 
3-D modeling for space intersection. 

2.1  Imaging Geometry 

  Due to the IKONOS imagery has a small 
FOV and small frame size on the ground, we 
assume the imaging geometry of the image as a 
parallel projection. Figure 1 shows the original 
IKONOS stereo images for this study. Some 
basic information for the stereo images is list in 
table 1. Except for the gray background items, 
all data are coming from the metadata. In which 
the Nominal Collection Azimuth is defined under 
the original acquired image with respect to the 
ground coordinate system, not under the epipolar 
coordinate system. Figure 2 shows the diagram 
of stereo images with respect to the ground 
coordinate system and the epipolar coordinate 
system. Please notice that we assume the 
imaging is a parallel projection. According to 
figure 2 along with the satellite inclination angle, 
we can estimate the Relief Displacement 
Azimuth (RDA) under the epipolar coordinate 
system by equation (1).   
RDA = 180.0 - Inclination + NCA…………..(1) 

The utilized IKONOS in-track stereo 
images are provided in a quasi-epipolar 
geometry reference. They are actually ortho-
rectified along fly direction under the WGS84 
datum using a flat height as the DTM, i.e. 
Reference Height. So, only the terrain parallax in 
the scanner direction remains. The map 
projection we utilized, i.e. TWD67, is the 
Transverse Mercator (TM) under the GRS67 
datum. Figure 3 illustrates the Reference Height 
in GRS67 and WGS84 spheroids. In which, the 
local vertical datum shift describes the 
difference between those two datums. 
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2.2  Image to Map Registration 

In order to correct the relief displacement 
from the quasi-epipolar stereo images to the 
TWD67 map projection, the local vertical datum 
shift should be taken into account. The 
difference between the reference height and the 
local vertical datum shift is denoted as DRH. 
The original stereo images are created using the 
reference height that is greater than the local 
vertical datum shift. So, in the process of relief 
displacement correction the object height (Z) 
should minus a value of DRH to calculate the 
disparity component on each axis by equation 
(2). 

GSDNCERDADRHZdS
GSDNCERDADRHZdL
/)tan(/)sin(*)(

/)tan(/)cos(*)(
−−=

−=
(2) 

Ground control points are utilized to 
perform the image to map registration. This 
procedure is similar to Chen, et al. (2002) with a 
little modification that we use the estimated 
RDA instead of NCA. However, the Nominal 
Collection Elevation (NCE) from the metadata 
file is exactly the same. At beginning, the 
correction of relief displacement of GCPs is 
performed using equation (2). Then, a set of six-
parameters linear transformation (i.e. affine 
transformation) coefficients is calculated using 
the least-squares technique. So, the relationship 
between the image coordinate system (L, S) and 
the map coordinate system (X, Y) can be 
obtained using equation (3). 

dS  Y*b2  X*b1  b0  S
dL  Y*a2  X *a1  a0  L

+++=
+++=

                     (3) 

Utilizing equation (2) and (3), one object 
with coordinate (X, Y, Z) on the ground, we can 
calculate its location on the image with 
coordinate (L, S). For convenience, we define 

the epipolar coordinate system (Epipolar-X, -Y) 
as the same as the image coordinate system (L, 
S). Instead, the epipolar coordinate system is in 
units of meters while the image coordinate 
system is in units of pixels. 

2.3  3-D Modeling 

The essence of 3-D modeling is to estimate 
the corresponding ground object coordinates of 
two conjugate points on the stereo images. Since 
we assume the imaging geometry of IKONOS 
imagery as parallel projection, the 3-D modeling 
can be simplified by using trigonometric 
intersection. The major issue of this task is to 
estimate the disparity component of conjugate 
points on each axis of the epipolar images. The 
first step is to estimate the ground height (Z) of 
their corresponding ground object. Figure 4 
shows the trigonometry of the stereo pair. In 
which, the satellite nadir location (Xc, Yc) is 
defined under the epipolar coordinate system. It 
can be calculated by using the satellite height, 
NCE and RDA. The trajectory of satellite’s 
viewing direction has two components on each 
axis of the epipolar coordinate system, i.e. (dXR, 
dYR) for right image, and (dXL, dYL) for left 
image. Incorporating satellite height with those 
four quantities we can estimate the elevation 
angle (θ, ϕ) for each image on each axis. 

Figure 5 illustrates the stereo pair projected 
on the epipolar coordinate system X-Z plane. 
One ground point (X,Y, Z) was captured on the 
stereo images at the location of SL and SR. After 
correcting the relief displacement, its position is 
located at SG. The total of disparity is equal 
to )(* dSRdSLGSD + on the epipolar 
coordinate system. Thus, we can calculate the 
ground height (Z) using equations (4~6). 
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) dXR  dXL ( / dXL  +=PL                             (4) 

)(* dSRdSLPLdSL +=                                  (5) 

)tan(** LGSDdSLZ θ=                                 (6) 

Accordingly, from figure 6 we can estimate 
the y-parallax (dLL) for left image by equation 
(7). 

GSDZdL LL /)tan(/ ϕ=                                 (7) 
The image location (SG, LG) after relief 

displacement correction can thus be obtained by 
equation (8). 

LLG

LLG

dLLL
dSSS

−=
−=

                                                (8) 

Finally, applying the inverse of equation (3) 
we can get the ground coordinate (X, Y). 

3. DSM Generation 
As depicted in figure 7, we propose a 

hierarchical template matching strategy (Chen, 
et al. 1994; Rau & Chen, 1996) for DSM 
generation using IKONOS stereo imagery. In 
order to reduce the pull-in-range at the stage of 
image matching, a coarse DSM or a flat height 
could be applied for creating quasi-ortho image 
pyramid under the epipolar geometry. Image 
matching and DSM generation is proceeding 
with a coarse-to-fine strategy. Least squares 
area-based template matching is adopted to 
solve the correspondence problem. Blunder error 
detection, filtering, and interpolation after image 
matching are also applied to fulfill the disparity 
map. After the space intersection, DSM grid 
interpolation is necessary for further refining the 
generated quasi-ortho stereo images. Iteration 
terminates at the stage of DSM interpolation and 
after the finest level of image pyramid is utilized. 

4.  Case Study 

4.1  3-D Modeling 

Different combinations of Ground Control 
Points (GCPs) were used for calculating the 
image to map transformation coefficients. Table 
2 and figure 8 shows the RMSE of Independent 
Check Points (ICPs) while changing the number 
of GCPs. It illustrates that the potential 
planimetric positioning accuracy using the 
proposed method is around 1.21 meters to 1.58 
meters. The vertical positioning accuracy is 
around 2.43 meters to 2.48 meters. Figure 9 
illustrates the error vector of the checkpoints for 
using 6 GCPs and 83 ICPs. In which, we achieve 
a RMS error of 1.37m / 1.58m / 2.44m, and a 
mean error of 0.72m / 0.89m / -0.14m on X, Y, Z 
axis respectively. The mean error is less than one 
pixel denoting that the modeling error is within 
the range of random error and the bias is small 
enough. From the RMSE we known that the 
planimetric accuracy is within 2 pixel of ground 
sampling distance. Due to the base-height ratio 
of the stereo images is 0.61, the height accuracy 
is also within the range of random error when 
comparing to the planimetric error. Since the 3-
D modeling is based on the provided nominal 
collection azimuth and elevation data, the 
positioning accuracy is highly relied on the 
provided metadata. It denotes the potential 
positioning accuracy when IKONOS stereo 
images are utilized and a parallel projection is 
assumed. 

4.2  DSM Generation 

Figure 10 illustrates the generated DSM 
with a ground sampling distance of 4 meters 
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using the proposed hierarchical template 
matching strategy. The height of the DSM is 
range from 20 to 200 meters. Since we don’t 
have a high-resolution ground truth of surface 
model for accuracy analysis, the accuracy of the 
generated DSM is not analyzed. However, the 
accuracy of the generated DSM is highly relied 
on the image matching technique and the 
algorithm for DSM interpolation. In figure 11 it 
shows the Taiwan 40m grid DTM at the same 
area for visual comparison only. Figure 12 
depicts the ortho-image at the same area for 
reference. The ground feature content is rich 
including buildings, trees, lake, and high way etc. 
It is also noticed that the generated DSM has a 
high reliability. 

5.  Conclusion 

In this paper we have developed a 3-D 
positioning method using IKONOS stereo 
images based on a parallel projection 
assumption and trigonometry. The proposed 3-D 
modeling method adopts the provided nominal 
collection azimuth and elevation data, so the 
positioning accuracy is highly relied on the 
provided metadata. However, from the 
experimental result it demonstrates that when 
IKONOS stereo images are utilized for DSM 
generation a potential positioning accuracy less 
than two meters can be achieved. 
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Table 2. 3D modeling error analysis by changing number of GCPs. (Units: Meters) 

No. of GCPs 3 4 5 6 7 8 9 10 12 15 20 

RMSE E 1.38 1.31 1.36 1.36 1.34 1.33 1.30 1.32 1.34 1.25 1.26

RMSE N 1.31 1.41 1.21 1.58 1.51 1.27 1.28 1.26 1.25 1.27 1.27

RMSE H 2.45 2.46 2.46 2.44 2.45 2.44 2.45 2.44 2.43 2.45 2.48

Total of RMSE 3.10 3.12 3.06 3.21 3.17 3.06 3.05 3.05 3.04 3.03 3.06

Mean of Error E 0.79 0.63 0.72 0.72 0.66 0.62 0.52 0.47 0.62 0.35 0.22

Mean of Error N 0.49 0.70 0.38 0.88 0.77 0.43 0.44 0.41 0.32 0.36 0.18

Mean of Error H -0.21 -0.21 -0.18 -0.14 -0.13 -0.17 -0.15 -0.12 -0.11 -0.14 -0.11

Total of Mean Error 0.95 0.96 0.83 1.15 1.02 0.77 0.70 0.64 0.71 0.52 0.30
 
 

Table 1. Some characters of the IKONOS stereo images. 

 Left Image Right Image 
Nominal Collection Azimuth (NCA) 189.3098° 28.7620° 
Nominal Collection Elevation (NCE) 62.59325° 84.16201° 
Relief Displacement Azimuth (RDA) 271.2098° 110.662° 

Datum WGS84 B/H 0.61 
Reference Height 104. 40632 meters FOV 0.93° 

Scan Azimuth 179.98° GSD 1.0 m 
Satellite Inclination  ~ 98.1° Frame Size 11 km x 11 km 

Local Vertical Datum Shift ~ 23.0 meters Satellite Height 681 km 

Left Image (Backward) Right Image (Forward) 

Satellite Fly Direction

N 

E 

Figure1. Stereo images of study area. 

Figure2. Diagram of used stereo-images. 
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Figure3. Reference height vs. WGS84 and GRS67 spheroid. 
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Figure 4. Trigonometry of the stereo pair.
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Figure 5. Trigonometry of the stereo pair projected on epipolar X-Z plane. 
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Figure 6. Trigonometry of the stereo pair projected on epipolar Y-Z plane (Left image). 
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Figure 7. Hierarchical template matching for DSM generation. 
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Figure 9. Error vector of 3-D modeling result. 

Figure 12. Ortho-image of the study area. Figure 11. Taiwan 40m grid DTM. 

Figure10. Generated DSM. 

180m

0m 



航測及遙測學刊  第十卷  第三期  民國 94 年 9月 
 
274 

利用 IKONOS 立體影像進行數值地表           

模型重建之研究 

饒見有
1
  陳良健

2 

摘要 

利用 IKONOS 衛星立體影像重建數值地表模型在航測領域中為一具有挑戰性的研究，尤其是當衛

星公司未提供原始衛星影像、衛星軌道參數與其他輔助資料時，欲進行軌道定位便具有相當的困難

度。IKONOS 衛星公司所提的立體像對，已經經過初步幾何改正成為準核影像幾何模式。也就是說兩

張影像套疊後，在影像橫軸方向仍存在著地形之高差移位視差量。由於此種幾何前處理的結果，已經

不適合採用嚴密軌道求解方式來獲取軌道方位參數。基於此種原因，本文提出利用 IKONOS 衛星視野

角很小的特性，將其攝像過程視為平行投影，同時利用衛星詮釋資料中之方位角與仰角等資訊，來修

正控制點高差移位量，再配合線性幾何轉換來進行定位。影像匹配是採用多重解析度區域影像匹配技

術來完成共軛點之搜尋，接著再利用三角幾何關係進行前方交會得到地面點三維空間座標，也就是數

值地表模型。經過實際資料測試後，本文所採用之方法在幾何定位方面其均方根誤差可小於兩公尺，

說明了應用平行投影的概念在利用 IKONOS 立體影像製作數值地表模型上，具有相當高的潛在精度。 

關鍵字:軌道定位、數值地表模型、影像匹配 
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