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Abstract-The main purpose of this investigation is to build up a 
rigorous procedure to perform georeferencing for Formosat-2 
satellite.  The proposed scheme comprises two major components: 
(1) orbit modeling and (2) image orthorectification.  In the orbit 
modeling, instead of bundle adjustment, we propose a collocation 
procedure to determine the precision orbits.  The field-of-view 
(FOV) of Formosat-2 satellite is so small, i.e. 1.5 degree, that 
produces extremely high correlation between orbital parameters 
and attitude data.  Thus, using on-board ephemeris data, we 
iteratively adjust the orbital parameters and attitude data.  Then, 
a least squares collocation technique is applied to collocate the 
orbit.  In the image back projection, we use patch-based 
approach to accelerate the computation without losing accuracy.  
A standard scene of 24km by 24km and a strip with some 200km 
long are tested in the validation. 
 

I.  INTRODUCTION 
The georeferencing of satellite images is an important task 

for various remote sensing applications, especially when other 
geodata are integrated.  The most rigorous approach of the 
georeferencing is to generate the orthoimages.  Nowadays, 
most of the high resolution satellites use linear pushbroom 
arrays, such as IKONOS, Quickbird and others.  A number of 
investigations have been reported regarding the geometric 
accuracy for those pushbroom linear array images[1,2,3].  
From the photogrammetric point of view, based on the 
collinearity condition equations, a bundle adjustment may be 
applied to model the satellite orientation. This approach needs 
a large number of GCPs (Ground Control Points). Thus, direct 
geoferencing concept is applied in this paper.  

This paper proposes a scheme that performs 
orthorectification for Formosat-2 satellite images.  To 
compensate the possible local systematic errors, a least squares 
collocation technique is included.  The proposed scheme 
comprises two major components: (1) orbit modeling and (2) 
image back projection.  In the orbit modeling, instead of 
bundle adjustment, we propose a collocation procedure to 
determine the precision orbits.  The field-of-view (FOV) of 
Formosat-2 satellite is so small, i.e. 1.5 degree, that makes 
extremely high correlation between two groups of orbital 

parameters and attitude data.  Thus, using on-board ephemeris 
data, we iteratively adjust the orbital parameters and attitude 
data.  Then, a least squares collocation technique is applied to 
collocate the orbit.  In the image back projection, we use 
patch-based approach to accelerate the computation without 
losing accuracy.  In the approach, we first divide the area of 
interest into a number of tiles according to the tilt angle of the 
satellite and the terrain characteristics, then rectify the image 
patch by patch. 

 
II. CHARACTERISTICS OF FORMOSAT-2 SATELLITE  

Formosat-2 was successfully launched on May 20, 2004. 
It is operated by National Space Organization of Taiwan.  
With a swath of 24km, its panchromatic imager acquires 
images with 2m resolution, while the multispectral sensor 
collects 8m resolution images in blue, green, red and NIR 
bands.  Its high performance provides a good data source in 
the global remote sensing community.  Its orbit altitude is 
891km with 99.1 degrees orbit inclination.  The satellite 
operated in a sun-synchronous orbit with exactly 14 revolutions 
per day [4] that makes daily revisit possible.  Table 1 shows 
the characteristics of Formosat-2 satellites. 

 
TABLE I. THE CHARACTERISTICS OF FORMOSAT-2 SATELLITE 

Item Specification 
Type sun-synchronous 
Altitude 891 km 
Inclination 99.1 deg Orbit 

Period 14 rev/day 
Spacecraft Body Rotation 45 deg along and cross track 

Mode of Operation Push Broom Scanning 
Focal Length 2896 mm Sensor 
Fov 1.5 deg 
 PAN MS 
GSD 2m 8m 

Spectral Band  

450 to 900 nm B: 450 to 520 nm 
G: 520 to 600 nm 
R: 630 to 690 nm 
NIR: 760 to 900 nm 

Pixels in line 12000 3000 
Swath Width 24km 24km 

Image 

Sampling Depth 
Transmitted 

8bits 8bits 

0-7803-9051-2/05/$20.00 (C) 2005 IEEE



III. METHODOLOGY 
The proposed method comprises two major parts.  The 

first part builds up the satellite orientation model using the 
on-board ephemeris data and GCPs.  The second part 
performs the orthorectification using the proposed “Path 
Backprojection” method. 

 
A.  Orbit Modeling 

There are two kinds of sensor models for push-broom 
satellite images, i.e., orbital elements[1] and state vectors[5].  
The orbital elements use the Kepler elements as the orbital 
parameters while the state vectors calculate the orbital 
parameters directly by using position vector. Although both of 
the sensor models are robustness, the state vector model 
provides simple mathematics.  For this reason, we select the 
state vector approach in this investigation.  Three steps are 
included in the orbit modeling: (1) initialization of the 
orientation parameters using on-board ephemeris data, (2) 
compensation of the systemtic error of orbital parameters and 
attitude data using GCPs, and (3) modification of the orbital 
parameters using Least Squares Collocation[6] technique. 

The satellite on-board ephemeris data include orbital 
parameters and attitude data.  We use the data to establish the 
state vectors of satellite position and the light-of-sight. The 
state vectors are illustrated in fig 1.  The collinearity condition 
equation of state vectors is shown as equation (1). Once those 
exterior orientation parameters are modeled, the corresponding 
ground coordinates for an image pixel can be calculated.  Due 
to the extremely high correlation between two groups of orbital 
parameters and attitude data, we iteratively adjust the orbital 
parameters and attitude data. Since the positioning precision is 
better than attitude one, we first use the GCPs to correct the 
attitude data, then, we iteratively adjust the orbital parameters.  
Equation (2) shows the collinearity equation with attitude 
correction.  The rotation matrix is also employed to correct 
the satellite light-of-sight vectors.  The rotation angles are 
defined in the orbit reference frame and expressed as second 
degree polynomials with respect to sampling time.  Equation 
(3) shows the error compensation for orbital parameters.  In 
order to compensate the error for orbital parameters, a low 
degree polynomial is applied in this state. 
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Figure 1. Illustration of State vectors 
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where, 

G is the ground point vector, 
P is the satellite position vector, 
U is the satellite light-of-sight vector,  
S is the scale factor, 
Mx,My,Mz are the rotation matrix, 
ωt,φt,κt are the rotation angles, 
t is the sampling time, and 
ΔP is the orbital polynomial function. 

 
Once the trend functions of the orbital parameters are 

determined, the modification of the orbit is performed by using 
Least Squares Collocation. By doing so, we assume that the x, 
y, z-axis are independent.  Three one-dimensional functions 
are applied to adjust the orbit.  The model of least squares 
filtering is shown as 
 

kkkk lS •Σ•= −1σ  (4) 
 
where, 

k is x,y,z axis 
Sk is the correction value of the interpolating point, 
σk is the row covariance matrix of the interpolating point 
with respect to GCPs,  
Σk is the covariance matrix for GCPs, and 
lk is the residual vectors for GCPs. 

 
B.  Orthorectification 

The objective of orthorectification is to generate the 
orthoimage.  Once the orientation parameters are determined 
and a DTM is given, the corresponding image position for a 
ground point may be determined by the indirect method [7].  
Given a ground point in object coordinate, we calculate the 
corresponding image coordinate (line and sample) using the 
orientation parameters.  The pixel by pixel method spends too 
much computation time in orthorectification.  Thus, we use a 
patch backprojection [5] method to minimize the computation 
load without losing positioning accuracy.  The patch 
backprojection method is based on the following two 
assumptions: (1) the relief displacements in a small area with 
moderate terrain variations are linear, and (2) the mapping 
geometry between image coordinates and object coordinates 
may be expressed by affine transformation when a small area is 
considered.  The concept of patch backprojection is shown in 
fig 2. 

There are three steps in orthorectification: (1) tiling the area 
of interest for patch backprojection, (2) calculation of the 
image coordinates for the corresponding ground point, and (3) 
resampling of the image. 
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Figure 2. Illustration of path backprojection 

 
The procedure of the Patch Backprojection is illustrated 

in Fig. 3.  We first divide the area of interest into a number of 
tiles.  Selecting the lowest elevation in the tile, the corners of 
the tile are projected on the image to form a set of anchor 
points.  Another set of anchor points with the highest 
elevation are also generated in the same manner.  Assuming 
that the relief displacement in a small tile is linear, a groundel 
within the tile is projected into the image space according to 
the groundel elevation and the two associated anchor point sets. 
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Figure 3. Illustration of path backprojection (a) divide the area of interest into a 
number of tiles, (b) project the corner point with lowest elevation to image, 
then, find the parameter I between ground and image, (c) project the corner 
point with highest elevation to image, then, find the parameter II between 
ground and image, (d) use parameter I & II to find out any groundel in the tile 
that correspond to the image point. 
 

III. EXPERIMENTS 
The experiments include two parts of validation.  The 

first one is to evaluate the determined orientation parameters.  
The second one is to examine the accuracy for the generated 
orthoimage.  Two Formosat-2 panchromatics image are tested 
in the experiment.  The first one is a strip image with 24*192 
km.  The second one is a standard scene with 24*24 km.  
The object coordinates of GCPs and Independent Check Points 
(ICPs) were acquired from 1:5000 scale base maps.  The 
accuracy of the coordinates is around 2.5m.  The DTM using 
in the orthorectification was acquired from the topographic 
data base of Taiwan.  The resolution of the DTM is 40m, 
while the error could exceed 10m in the mountain area.  The 
related information is shown in Table II. 

 
TABLE II. RELATED INFORMATION OF TEST IMAGES 

 Case 1 Case 2  
Location West, Taiwan HsinChu, Taiwan 
Date 2004/07/20 2004/06/14 
Number of Scene per Strip 8 1 
Pointing Angle 26.44 35.58 
GSD (meter) 2.5 3.0 
Test Area (km*km) 24 * 192 24 * 24 
Image size (pixel*pixel) 12000 * 96000 12000*12000 
Number of GCPs  16 9 
Number of ICPs 28 27 
GCP & ICPData source 1/5000 topographic maps 
DTM 40m Topographic Data Base of Taiwan 

 
The Ray-Tracing method is applied to evaluate the orbit 

accuracy.  Given the satellite orientation and image point, we 
calculate the intersection point of ray direction and the DTM.  
Table III summarizes the accuracy for orbit modeling when 9 
GCPs are employed.  Three items are evaluated in the orbit 
modeling.  The first one evaluates the accuracy of on-board 
emphasis data, The evaluation does not include ground control 
information.  The errors of case 1 in E, N direction are 35m 
and 76m, respectively. While for case 2, the errors are 147m 
and 253m, respectively.  The second part evaluates the 
accuracy of preliminary correction when  GCPs are employed. 
The Root-Mean-Square Errors (RMSE) of ICPs in case 1 are 
19m and 22m, respectively. The RMSE for case 2 are 9m and 
14m, respectively.  The last item is evaluates the accuracy of 
least squares collocation.  The RMSE of both cases are 
reduced to 6m. 

The generated orthoimage are shown in fig. 4a and 5a for 
case 1 and case 2, respectively.  Table IV shows the RMSE of 
the orthoimages.  The RMSE of ICPs in case 1 are 5m and 6m, 
respectively. The RMSE for case 2 are 6m in both direction.  
The accuracy is better than 2.5 pixels in the corresponding 
image scale.  It is observed that the result is very close to the 
results of orbit modeling.  Fig. 4b and 5b illustrates the error 
vectors for independent check point in case 1 and case 2, 
respectively. 



TABLE III. ROOT-MEAN-SQUARE ERRORS OF ORBIT MODELING 
Unit: meter No. 

GCP/ICP 
GCP ICP 

Case 1  RMSE E RMSE N RMSE E RMSE N 
Before Correction 0/44 0 0 35.25 76.56 
Preliminary Correction 16/28 17.69 18.65 19.01 22.41 
Least Squares Collocation 16/28 5.45 6.17 6.16 6.86 

Case 2  RMSE E RMSE N RMSE E RMSE N 
Before Correction 0/36 0 0 147.23 253.12 
Preliminary Correction 9/27 6.88 7.45 8.98 14.31 
Least Squares Collocation 9/27 4.29 6.02 5.33 6.03 
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Figure 4. Evaluation of the orthorectificaion in case 1. 
a. Generated orthoimage 
b. Error vectors of the generated orthoimage 
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Figure 5. Evaluation of the orthorectificaion in case 2. 

a. Generated orthoimage 
b. Error vectors of the generated orthoimage 

 
TABLE IV. ROOT-MEAN-SQUARE ERRORS OF THE ORTHOIMAGES 

Unit: meter No. ICP ICP 
  RMSE E  RMSE N  
Case 1 28 5.56 6.38 
Case 2 27 4.83 5.73 

 
IV. CONCLUSIONS 

We have proposed a geoferencing procedure for 
Formosat-2 satellite using a small number of GCPs.  The 
corrections for orbital data are modeled as functions of time.  
The GCPs are applied to correct the on-board data to maintain 
the geometrical relationship between image space and object 
space.  After that, we use least squares collocation to fine-tune 
the orbit.  Finally, we use path backprojection method to 
generate the orthophotos. Experimental results indicate that the 
accuracy can reach about 2.5 pixels when few GCPs are 
applied. Higher accuracy is expected when better GCPs and 
DTMs are available. 
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