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摘要

建立空間資訊對於國家來說相當重要，印尼是一個由島嶼組成的國家，
位於三大地球板塊交界處包括：太平洋板塊、印澳板塊及歐亞板塊，因此
許多天然災害威脅著印尼地區。精確且可更新的空間資訊對於印尼政府相
當重要，現今科技之快速發展，使得高解析度衛星影像之獲取更為便利且
具經濟價值。由於印尼領土分佈遼闊需要大量衛星影像才可涵蓋，因此衛
星影像正射糾正及鑲嵌為必要之處理，而要進行衛星影像正射糾正必須先
進行衛星軌道修正。
本研究主要目標包括：(1)數值地形模型精度評估、(2)方位重建、(3)
正射糾正及(4)影像鑲嵌。區域平差使用直接地理定位模式，利用控制點、
航帶連結點及數值地形模型進行方位重建，數值地形模型之來源為 SRTM，
並利用 SRTM 作為高程控制。利用最小二乘配置法進行衛星方位精密修正，
參考點包括控制點及航帶連結點。正射糾正部分使用反投影模式，將三維
物空間位置投影到二維像空間。影像鑲嵌則使用簡單幾何型態之接縫線。
實驗結果顯示 SRTM 可用來描述兩個測試區之地形，區域平差使用嚴密
之直接地理定位模式可提昇影像間套合之品質，最小二乘配置法可補償衛
星方位之局部系統性誤差。地面控制點對於方位重建及正射糾正精度之影
響甚巨，而當地面控制點分布不均時，加入航帶連結點可提升方位之相對
精度。本研究成果展示了印尼地區影像正射糾正及鑲嵌之可行性。
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ABSTRACT

The establishment of spatial information is an important undertaking for any nation.
Indonesia is an archipelagic country. Geographically, Indonesia lies on three different
tectonic plates: the Pacific, Indo-Australian and Eurasian plates making natural disasters an
ever present threat in the region. Accurate and up-dateable spatial information is the most
important resource for the Indonesian government to counteract this threat. Recent leaps in
technology leaps have made acquisition of high resolution satellite images possible, which
leads the way to convenient and cost-efficient acquirement of image data. Since Indonesia is
spread over such a large area, many satellite images are needed to cover the area, making
orthorectification and mosaicking of those images important. Hence, orbit adjustment is a
prerequisite for the image orthorectification and geometric correction.
The objectives of this study consist of four major parts: (1) evaluation of digital
elevation model (DEM) accuracy; (2) orbit adjustment; (3) orthorectification; and (4)
mosaicking. Block adjustment is developed using direct georeferencing based on the Shuttle
Radar Topography Mission (SRTM). This is used as the DEM to adjust the satellite’s orbit.
After this least squares collocation is performed to refine an orbit. The residual vectors of the
ground control points (GCPs) and tie points are used to collocate the orbit. The indirect
method is used in the process of orthorectification, projecting 3D object points onto 2D
image space. A simple geometric function is developed to generate seam lines between two
strips in the overlapping area of the mosaicked images.
The experimental results indicate that the SRTM can be used to model surface both
areas. Block adjustment using direct georeferencing is a rigorous method. It shows very
promising results to improve the quality of geometric registration. Least squares collocation
performs well when used to compensate for local systematic errors and to refine the orbital
parameters. Ground control points play an important role in increasing accuracy during orbit
adjustment and orthorectification. When the distribution of ground control points is not
sufficient, tie points can take role to create a good geometry. The experimental results
demonstrate the potential of mosaicked images as a source of spatial information for
Indonesia.
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CHAPTER I. INTRODUCTION

The establishment of spatial information is an important undertaking for any nation. It
can be obtained from maps, satellite images, or other sources. The lack of accurate spatial
information creates crucial problems for planning and development in many sectors. The
information is useful for government on both the central and district level as a basis for
planned development. This information helps the government within disaster management.

1.1. Motivation
Indonesia is an archipelagic country. Many Indonesian islands, especially island clusters
are not yet mapped. Some of these are outside the Indonesian region. The lack of information
creates potential problems with neighboring countries. The maritime boundary of the country
is determined based on the outer islands. Thus, the spatial information becomes important to
define the exact boundary between Indonesia and neighboring countries. In addition,
geographically, Indonesia lies on three different tectonic plates: the Pacific, Indo-Australian
and Eurasian plates. Conditions are now still unstable and the terrain may change because of
tectonic movement. In the past few decades, several earthquakes occurred with a magnitude
on the Richter scale of larger than six, one of which has snatched more than 6,000 victims
and made 350,000 family homeless. When an earthquake occurs, the Indonesia government
must take steps for disaster management effectively and efficiently to reduce the number of
victims. In order to do so, the government must have accurate spatial information.
There are many reasons that Indonesia is obliged to have accurate and updatable spatial
information. New leaps in technology bring access to high resolution satellite images, a
convenient and cost-efficient way to acquire image data. This familiarity and easy
accessibility of high resolution satellite images leads to a further increase in the demand.
However, since Indonesia is spread over a large area, many satellite images are needed to
cover the area, and thus orthorectification and mosaicking of those images become important.
Hence, orbit adjustment is a prerequisite for geometric correction during the image
orthorectification.
Generally, high resolution satellites employ CCD linear arrays for image acquisition.
However, frequently, with this type sensor, there is no way to satisfy the demands of large
coverage and stereoscopic observation at the same time. In reality, the major applications of
the remotely sensed images are for the detection of natural resources including the detection
of disaster prone areas and geoenvironmental monitoring. It is the case that, due to the
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satellite’s small field of view (FOV), two or more images are often needed to cover the area
of interest. Thus mosaicking becomes a must. For detection usage, multitemporal images
should be registered before performing the comparison. Simultaneous block adjustment is the
preferred approach to enhance the quality of this geometric registration. The adjusted
orientation parameters provide a sound foundation for orthorectification. However, the
overlapping area of satellite images is generally small in order to acquire the largest possible
coverage. In addition, the converging geometry is commonly poor. Thus, the weak geometry
in the area of intersection will cause a large elevation error. In the orbit adjustment procedure
an elevation control is needed for these tie points. However, the traditional 3-D bundle
adjustment method is not suitable for direct orientation modeling. Generally, sensor
orientation modeling may be divided in two categories, namely rigorous sensor model (RSM)
and rational function model (RFM). Block adjustment needs to be applied to enhance the
geometric consistency among strips in order to increase accuracy for orientation
determination.

1.2. Objectives and Scope
The aim of this study is to perform orthorectification and mosaicking using the block
adjustment method for satellite images of Indonesia with digital elevation model (DEM) as
an elevation control. Generally, there are three types of block adjustment approaches, namely,
bundle adjustment, direct georeferencing and the rational function model. Bundle adjustment
uses the collinearity condition as the basis for formulating the relationship between the image
space and the ground space. In direct georeferencing, orbital and attitude data are utilized for
orientation modeling. There are increasing amounts of on-board data available due to
advances in global positioning systems (GPS), inertial navigation systems (INS), and
star-tracker technology. To some extent, the RFM may be interpreted as another form of
direct georeferencing when rational polynomial coefficients (RPCs) are derived from the
quality on board orientation parameters. Hence, we apply block adjustment with direct
georeferencing observations, ground control points (GCPs), tie points and DEM as an
elevation control.
We first provide the methodology for orthorecticifaction and mosaicking. The first step
in orthorectification is to perform orbit adjustment. The DEM is used for elevation control for
orbit adjustment. Modeling the surface during orthorectification should be satisfacroy in
terms of the quality. Thus, we check the accuracy of several DEMs. Using on-board
ephemeris data, we iteratively adjust the orbital parameters and attitude data. The least
2

squares collocation technique is applied to collocate the orbit. Orthorectification is conducted
using an indirect method. We use a patch-based approach to accelerate the computation
without losing accuracy. Hence, mosaicked images can be developed using the weighted
average function.

1.3. Background Information of the Study Area
The two study areas are located on the island Java in Indonesia. The first is Surabaya
and the second is Yogyakarta. The locations of the study areas are shown in figure 1-1.

(Source : Google Earth)
Figure 1-1. Location of Surabaya and Yogyakarta in Indonesia

1.3.1. General Information of the First Study Area
The first study area is around Surabaya city. It is characterized by flat terrain having an
elevation around of 0m – 50m above sea level. The middle part of the study area is in the
Sidoarjo regency. The topography in the regency is flat with an elevation of 0m – 50m above
sea level. The southern part of the first study area is in the Mojokerto and Pasuruan regency.
The topography in both regencies is sloped and mountainous. There is a volcano located in
the south-western part of the first study area, named Welirang Mountain with an elevation
3661m above sea level.

The south-eastern part of the first study area is included in the

Pasuruan regency. The topography in the region is hilly with an elevation of around 30m –
250m above sea level (Communication and Information Services Agency of East Java Province,
2010). The first study area is presented in figure 1-2.
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Elevation in meter
Scale 1 : 500,000

©Indonesia National Coordinating Agency for Surveys and Mapping, 2003
Figure 1-2. First study area (presented in the rectangle)

1.3.2. General Information of the Second Study Area
The second study area is around Yogyakarta city which is the capital of D.I. Yogyakarta
Province. The topographic conditions in this province are very complicated. The area has
slopes ranging from 0% to more than 40%, and an elevation from 0 m to 2.900 m above sea
level. In general, the topography of the second area can be classified into three zones:


The western part is dominated by the Menoreh hill range with an elevation of between
500 and 1,000 m above sea level and the Sentolo hills range with an elevation of between
100 and 200 m above the sea level. The another part is the relatively flat coastal area in
the south.
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The middle part includes the Merapi Mountain area, the slopes of Merapi and the Bantul
Basin, with elevations between 0 m on the shore to 2,968 m at the top of Merapi
Mountain.



The eastern part generally has an elevation of around 200m – 1000m above sea level
(Communication and Information Services Agency of D.I. Yogyakarta Province, 2010).

The second study area is presented in figure 1-3.

Elevation in meter
Scale 1:130,000

©Indonesia National Coordinating Agency for Surveys and Mapping, 2003
Figure 1-3. Second study area (presented in the rectangle)
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CHAPTER II. LITERATURE REVIEW

Sensor orientation modeling is a prerequisite for the georeferencing of satellite images
or 3D object reconstruction from satellite stereopairs. The general problem is described like
follows: since no knowledge on the image position and orientation during time of exposure is
available immediately after the image recording process, the image vector is pointing to an
arbitrary point in object space. Only if the position (X0, Y0, Z0) and orientation (ω,φ,κ) of the
sensor is known-the six exterior orientation elements- the uncorrected image vector is
transformed to the corrected orientation and the relation between the local image coordinate
system and the global object one for the data evaluation is solved. This chapter reviews the
relevant investigations of the sensor orientation modeling and gives a general overview of the
study trends.

2.1. Sensor Orientation Modelling
Sensor orientation modeling describes the mathematical relationship between
corresponding scene and object coordinates. Nowadays, most of the-high resolution satellites
use linear array pushbroom scanners. Based on the pushbroom scanning geometry, a number
of investigations have been reported regarding the geometry accuracy of linear array images
(Chen and Lee, 1993; Grodecki and Dial, 2003; Habib et al., 2007). The geometric modeling
of the sensor orientation may be divided into two categories, namely the rigorous sensor
model (RSM) and the rational function model (RFM) (Toutin, 2004).

2.1.1. Rigorous Sensor Model (RSM)
RSM involves the internal and external characteristics of the imaging sensor to faithfully
represent the geometry of the scene formation. Capable of fully delineating the imaging
geometry between the image space and object space, the RSM has been recognized in
providing the most precise geometrical processing of satellite images. Based on the
collinearity condition, an image point corresponds to a ground point using the employment of
the orientation parameters, which are expressed as a function of the sampling time. Due to the
dynamic sampling, the RSM contains many mathematical calculations, which can cause
problems for researchers who are not familiar with the data preprocessing. Moreover, with
the increasing number of Earth resource satellites, researchers need to familiarize themselves
with the uniqueness and complexity of each sensor model. Therefore, a generic sensor model
of the geometrical processing is needed for simplification (Dowman and Michalis, 2003).
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2.1.2. Rational Function Model (RFM)
RFM is based on empirical formulation of the scene-to-ground mathematical
relationship. The RFM is a generalized sensor model that is used as an alternative for the
RSM. The model uses a pair of ratios of two polynomials to approximate the collinearity
condition equations. The RFM has been successfully applied to several high-resolution
satellite images such as Ikonos (Grodecki and Dial, 2003; Fraser and Hanley, 2003) and
QuickBird (Robertson, 2003).

2.2. Block Adjustment
Block adjustment can enhance the geometry consistency between satellite images to
increase the accuracy of orientation determination (Bouillon et al., 2006). Generally, there
are three types of block adjustment approaches, namely, bundle adjustment (Habib et al.,
2007), direct georeferencing (Cramer et al., 2000; Chen et al., 2005), and the rational
function model (RFM) (Grodecki and Dial, 2003).

2.2.1. Block Adjustment Using Bundle Adjustment
Bundle adjustment uses the collinearity condition as the basis for formulating the
relationship between image space and ground space. The collinearity condition equation
states the exposure station, any object points, and its image point all lie along a straight line.
From the potogrammetric point of view, traditional 3-D bundle adjustment is the most
mature approach in that the collinearity condition for all of the tie points (TPs) and ground
control points (GCPs) are satisfied simultaneously. However, due to the small scene size of
satellites, favorable convergence geometry cannot always be expected. In addition, the area
of overlap between satellite strips may not be large enough (Teo et al., 2010).
Orun and Natarajan use collinearity condition equations and second-order polynomial,
to describe the dynamic sampling of a linear charge coupled device (CCD) sensor. The
bundle adjustment method is applied to study the SPOT geometry. Their experimental results
indicate that a smaller angle of convergence has a significant effect on elevation accuracy. A
weakly convergent angle (i.e., 10°) may cause an elevation error of hundreds of meters (Orun
and Natarajan, 1994).

2.2.2. Block Adjustment Using Direct Georeferencing
In direct georeferencing, orbital and attitude data are utilized for orientation modeling.
There are increasing amounts of on-board data available due to advances in global
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positioning system (GPS), inertial navigation system (INS), and star-tracker technology.
Orbital and attitude data provide relatively accurate position and attitude information. Thus,
the number of ground control points (GCPs) required for direct georeferencing could be
reduced. However, to preserve the accuracy of image parts within the overlapping area of
connecting strips, tie points (TPs) to be included (Teo et al., 2010).
With the availability of integrated GPS/inertial systems the direct measurement of the
full exterior orientation of any sensor during data recording became possible. This direct
measurement of the orientation parameters is the fundamental difference compared to the
traditional indirect approach. Using appropriate GPS and inertial sensor components and
processing their data in an optimal filtering approach the orientation parameters are
determined with very high absolute accuracy. Additionally, for digital line sensor technology
direct georeferencing provides the only solution for the operational and economical data
processing. Since the exterior orientations are required with very high frequency for each
scan line, the indirect sensor orientation is almost impossible due to the very large number of
required ground control points (Cramer et al., 2000).
The major problem limiting the overall accuracy of georeferencing is the influence of
uncorrected systematic errors. This is a general problem and therefore not only restricted on
direct georeferncing using GPS/inertial system in combination with imaging sensor (Habib et
al., 2007).

2.2.3. Block Adjustment Using the Rational Function Model (RFM)
Due to its simplicity of implementation and standardization, RFM has been widely used
in the field of remote sensing. In RFM, one uses the ratio of two cubic polynomials and the
rational polynomial coefficients (RPCs), which are determined by fitting the physical camera
model to describe relationship between object space and image space (Jacobsen, 2008). To
some extent, the RFM may be interpreted as another form of direct georeferencing when
RPCs are derived from the quality on board orientation parameters. For same high-resolution
satellite images, RPCs are provided rather than the original orientation parameters (Teo et al.,
2010).
There are two approaches for determining RPCs. The first one is the GCP-derived RPC
approach in which the coefficients are derived from numerous GCPs. However, this approach
requires too many GCPs and, therefore, is considered unrealistic. The second option is the
sensor-oriented RPC approach, which utilizes the on-board orientation of the satellite,
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including the orbital parameters and attitude data to generate enough transformation anchor
points (Chen et al., 2006).

2.3. Orthorectification
The most rigorous way to register satellite image with topography map or a spatial data
layer is performing orthorectification. The generation of orthoimage from remote sensing
imagery is an important task for various remote sensing applications, such as cartography,
environmental monitoring, and city planning. Moreover, GIS technology often needs
multi-temporal images for the detection of land-cover changes.
The digital rectification required to generate an orthoimage may be accomplished in two
ways. The first is the anchorpoints method (Mayr and Heipke, 1988). In this method, a set of
GCPs i.e., the anchor points, are collected at locations that can be identified on both the image
and on a corresponding map. Once enough GCP samples have been collected, the image
coordinates are modeled as functions of the map coordinates using the least-squares method to
fit low-order polynomials to the data (Jensen, 1986). For each pixel on the orthoimage, which
has the same coordinate system as the map, the gray value is determined by locating the
corresponding image position on the raw image followed by resampling. The method may be
performed globally or locally. The advantage of this method is that it is computationally fast
(Mayr and Heipke, 1988). In addition, orientation parameters or digital elevation model
(DEM) are not required. However, high frequency image distortions due to terrain relief can
be rigorously compensated for only when extremely dense GCPs are available. The
anchorpoints method may be extended to situations where three-dimensional GCPs are
available (Chen et al., 2005).
The second approach is the rigorous solution and is called the pixel-by-pixel approach
(Mayr and Heipke, 1988). This approach considers three-dimensional (3D) ground surface
variations. Specifically, the associated DEM is utilized for orthoimage generation. The
correspondence between an image pixel and the conjugate ground element is characterized by
the collinearity condition, according to the imaging geometry. In principle, there are two ways
to do this. The first, the direct or the top-down method, starts from the image space and
projects each image pixel onto the object surface (Mayr and Heipke, 1988). This method is
also known as the ray-tracing method. Conversely, it is possible to do the opposite, i.e., by
using the indirect or the bottom-up method (Chen and Lee, 1993; Mayr and Heipke, 1988;
Wiesel, 1985). Starting from the object space, each ground element is projected onto image
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space. The gray value of ground element on the orthoimage is then resampled using the
projected location and its neighboring pixel values on the raw image (Chen et al., 2005).

2.3.1. Image Back Projection
In the back projection approach, the ground planimetric coordinates are determined using
the ground coordinates of the corner points and pixel size of the orthoimages, then Z
coordinates is extracted from the terrain model. Each pixel in the orthoimages is subsequently
projected back to image space. Each pixel in the ortho space takes its gray value from image
pixel through resampling. There is no need to an iterative process and the interpolation is only
done for each pixel so if the orthoimage pixel size is optimum there will not be any missed
pixel. Therefore the back projection method is often preferred (Shariat, M., 2008).

2.4. Mosaicking
Mosaicking is the combination of several images frames into an image mosaic covering
a large area. Such mosaics can be used, among other applications, for map making (Moik and
Johaness, 1980).
In mosaic two images, most systems define a seam line. The seam line goes across the
overlapping area between tie points, which are points that correspond to the same set of
features in the two overlapping images. Along this line the images are tailored together by
locally matching them geometrically and radiometrically. Common photogrammetric
software use geometry constrain for automatic seam line detection (Afek and Brand, 1998).
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CHAPTER III. PROPOSED METHOD

In order to acquire the largest possible coverage, the overlapping area of satellite images
is generally small. However, the weak geometry at the intersection can cause a large elevation
error. Hence, elevation control is need when treating tie points in a bundle adjustment
procedure. In direct georeferencing, the initial orbit parameters may be defined. This could
reduce the number of ground control points (GCPs) required for direct georeferencing. Here,
we propose block adjustment with direct georeferencing observations including the DEM as
an elevation control.
The major tasks comprising the proposed scheme are: (1) evaluation of the DEM’s
accuracy; (2) block adjustment using the DEM as an elevation control; (3) least squares
collocation to compensate for local errors; (4) orthorectification using an indirect method; and
(5) mosaicking using a simple geometric function to generate the seam line.
The orbit orientation is adjusted using the rigorous sensor model (RSM) and comprises
two major parts. In the first part, preliminary orbit fitting using GCPs is carried out. In this
method, the position vectors and the attitudes of the satellite are expressed with low order
polynomials in terms of sampling time. Due to the extremely high correlation between two
groups of orbital parameters and the attitude data, we only correct the orbital parameters. This
means that the attitude information provided from on-board ephemeris data is used as the
known values, after which the position vectors are adjusted accordingly. This part is
composed of two steps. In the first step, the orientation parameters are initialized using
on-board ephemeris data. In the second step the orbital parameters are fitted to a low order
polynomial using GCPs. In the second part, the orbit is refined by least squares collocation
using tie points (TPs). In this part, reference points include GCPs and tie points. This means
that the refinement will count on the residual vectors of GCPs and pairs of TPs. The purpose
for applying least squares collocation is to correct for local errors. We can then fine tune the
orbit. For the orthorectification procedure, we propose using the “Adaptive Patch
Backprojection” method to achieve real time operation without losing accuracy. Adaptive
Patch Projection uses image back projection that can do orthorectification patch by patch. The
patch size may be adapted to suit different terrain characteristics. A flow-chart of the
proposed scheme is presented in figure 3-1.
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Figure 3-1. Flow chart of a proposed method

3.1. Evaluation of DEM Accuracy
A DEM used as the elevation control for orbit adjustment and to model the surface
during orthorectification should be satisfactory in terms of quality. Thus, we check the
accuracy of several DEMs. The reference for evaluation is comprised of spot heights taken
from the topographic map. They will be called consistency check points. The DEM’s
accuracy is evaluated based on the difference between the elevation of consistency check
points and the elevation determined by DEM. Bilinear interpolation is applied to obtain the
height of the consistency check points in DEM.
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3.2. Preliminary Orbit Fitting
There are two types of sensor models for pushbroom satellite images, i.e., orbital
elements and state vectors. The orbital elements use the Kepler elements as the orbital
parameters, while the state vectors calculate the orbital parameters directly by using the
position vector. Although both sensor models are robust, the state vector model provides
simpler mathematical calculations. For this reason, we select the state vector approach in this
proposed method.
The satellite on-board ephemeris data include orbital parameters and attitude data. We
use the data to establish the state vectors of satellite positions and the line-of-sight. The state
vectors are illustrated in figure 3-2, while the collinearity condition equation of state vectors
is shown in equation 1. Once the exterior orientation parameters are formulated, the
line-of-sight vector of an image pixel can be calculated. Due to the extremely high correlation
between the orbital parameters and attitude data, the two sets of data were iteratively adjusted.
As the precision of the sensor position is better than its counterpart, we first use the GCPs to
correct the attitude data and subsequently, iteratively adjust the orbital parameters. Equation
2 shows the collinearity condition equation with the attitude correction. The rotation matrix is
also formulated to correct the satellite’s line-of-sight vectors. The rotation angles are defined
in the orbit reference frame, and expressed as second-degree polynomials with respect to the
sampling time. In order to compensate the error for orbital parameters, a set of second degree
polynomials are applied in this stage (Equation 3).
�⃗
𝐺⃗ − 𝑃�⃗ = 𝑆𝑈

eq.1

�⃗
𝐺⃗ − 𝑃�⃗ = 𝑆. 𝑀𝑍(𝜅𝑡) . 𝑀𝑌(𝜙𝑡) . 𝑀𝑋(𝜔𝑡) . 𝑈

���⃗𝑡 � = 𝑆𝑈
�⃗
𝐺⃗ − �𝑃�⃗ + Δ𝑃

where,
𝐺⃗

= the ground point vector,

𝑃�⃗

= the satellite position vector,

�⃗
𝑈

= the satellite line-of-sight vector,

S

= the scale factor,

Mx, My, Mz

= the rotation matrix,

𝜔𝑡 , 𝜙𝑡 , 𝜅𝑡

= the rotation angles,

t

= the sampling time,

���⃗𝑡
Δ𝑃

= the orbital polynomial function.
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eq.2
eq.3

Geometric consistency is maintained between images by utilizing residual vectors on the TPs
to reduce the image discrepancy. Thus, we need to compute the residual vectors for TPs. First,
we use the orbital parameters and the image coordinates of a TP to calculate the line-of-sight.
Given a DEM, ray tracing technique is then applied to determine the ground position of a TP
(Teo et al., 2010).

(Teo et al., 2010)
Figure 3-2. Illustration of state vectors

3.3. Ray Tracing Technique
The ray tracing technique is used to obtain the elevation of the tie points by applying the
DEM. Since there is not elevation for the tie points, we use a DEM to model the surface. The
ray tracing method is illustrated in figure 3-3.

Figure 3-3. Ray tracing technique
First, we calculate the planimetric coordinates (X, Y) for an initial elevation P1. Then, we
interpolate the new elevation P1' from the DEM according to planimetric coordinates (X, Y).
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The interpolated elevation P1' is then used as an approximate value for the next iteration. This
continues until the distance between the intersection point and the DEM is convergent.

3.4. Least squares collocation
As can be seen in figure 3-4, there are to ground corresponding points for each pair of
TPs. This indicates discrepancy between the images. The center of two ground points is used
as a constraint. The residual vector for each TP is the vector from one ground position to the
middle of the two points. Block adjustment is carried out by the discrepancy vectors of these
TPs in the least squares collocation.

(Chen et al., 2005)
Figure 3-4. Illustration error vector on tie points

Due to the fact that least squares fitting procedure in orbit adjustment is a global
treatment method, it cannot compensate for local systematic errors. Therefore, the least
squares collocation has to be used to fine tune the orbit. By doing this, we assume that the x,
y, and z axes are independent, using three one dimension functions to adjust the orbit. The
least squares collocation model is shown as equation 4:

where,

ρk = ���⃗[C
ck k ]−1 ���⃗
εk

k

= x,y,z axis,

ρk

= correction value of the intersection point after least squares filtering,

ck

= covariance matrix of the inter-section point with respect to each GCP,

Ck = covariance matrix for each pair of GCPs,
εk

= residuals of the GCPs.
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eq.4

The number of GCPs is, in general, insufficient to characterize the covariance function.
We, thus, select a Gaussian function with some empirical values for the covariance function,
as shown in equation 5.

where,
d

Covariance = �(1 − rn )μk e

−�2.146

2
d
�
dmax

, if d ≠ 0�
μk , if d = 0

eq.5

= distance between an intersection point and a GCP,

dmax = maximum distance to the intersection point,
μk

= variance of the GCP residual,

rn

= filtering ratio (in the experiment we use 0.2).

This empirical value, 2.146, is selected so that the covariance limit is 1% X (1 − rn )μk ,
when d = dmax. (Chen et al., 2005)

3.5. Orthorectification
Image back projection is used to do orthorectification in this study. Figure 3-5 presents
the geometry for the image back projection.

(Chen et al., 2005)
Figure 3-5. Illustration of image back projection.

Given a ground point A, we can create a vector r(t), from ground point A to image point
a. The vector r(t) vector is located on the principle plane and n(t) is the normal vector on the
principal plane. The mathematics show that, at time t, r(t) is orthogonal to the normal vector
n(t). When r(t) is perpendicular to n(t), the inner product of r(t) and n(t) is zero. Function f(t)
is defined as characterizing the coplanarity condition:
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f(t) = r(t). n(t) = 0

eq.6

We apply Newton-Raphson method to solve the nonlinear equation 11 and to determine the
sampling time t, for ground point A.

For an image point sampled at time t, we can decide

on the principal plane; the along track image coordinates can be calculated with equation 7:
Line = (t − t 0 )/(Integration time)

where,
t

= sampling time,

t0

= sampling time for first scan line,

Integration Time

eq.7

= sampling interval.

The across track image coordinates may now be detemined. In the principal plane, the
FOV is determined by the pointing vectors of the first CCD and the last one. The angle S
between the pointing vector of the first CCD and observation vector r(t) can be calculated.
The across track coordinates can be calculated by using equation 8.
S

where,

Sample = �FOV� ∗ PixelsPerLine

eq.8

S

= angle between the vector of the first CCD and r(t),

FOV

= field of view angle,

PixelsPerLine = number of pixels in a line (Chen et al., 2005).

3.5.1. Adaptive Patch Projection
The indirect pixel-by-pixel method is very time consuming. Thus, we propose an
“Adaptive Patch Projection” method which minimizes orthorectification computation load
but preserves a negligible model error. The proposed method is based on the following two
assumptions: (a) the relief displacements in a small area with moderate terrain variations are
linear; and (b) the mapping geometry between the images coordinates, and the object
coordinates may be expressed by an affine transformation, when a small area is considered.
The procedure of the patch projection is illustrated in figure 3-6.
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(Chen et al., 2005)
Figure 3-6. Illustration of patch projection (a) equal sized tiles (b) anchor point generation for
the top layer (c) anchor point generation for the bottom layer (d) interpolation.

We first divide the area of interest into a number of equal-sized tiles. We select the
lowest elevation in the tile, and the corners of the tile are projected on the image to form a set
of anchor points. Another set of anchor points for the highest elevation are generated in the
same manner. If we assume that the relief displacement in a small tile is linear, a groundel
within the tile can be projected into the image space according to the groundel elevation and
the two associated anchor point sets. To reduce the interpolation error when terrain variation
is considered, it is better that the patch size changes according to the terrain characteristics.
The patch size should be large for rolling terrain and small for rugged terrain. The quadtree
structure, which segments the terrain coverage for a given elevation range, is a
straightforward and yet effective way to characterize terrain variations. Based on this
performance, we selected the quadtree structure to help adapt the window size in the patch
projection procedure (Chen et al., 2005)..

3.6. Mosaicking
The mosaicking process is built to match two strip images in both areas. A simple
geometric function is developed to generate a seam line between the two strips in order to
evaluate the geometric discrepancies between them. The function divides the overlapping
area into two equal parts. The grayscale balancing technique is used in mosaicking for
grayscale corrections. Balancing attempts to remove brightness variations present in images
before they are mosaicked by assuming that the variations can be modeled as a surface.
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CHAPTER 4. EXPERIMENTAL RESULTS

The experimental results are composed in two major parts. The first part is related to
data acquisition and the second part includes results and analysis.

4.1. Data Acquisition
There are three kinds of data that are acquired for this study including FORMOSAT-2
satellite images, topographic maps and digital elevation models (DEMs). The FORMOSAT-2
panchromatic used in this study has a resolution of about 2m. The resolution is sufficient for
our purposes and is proportional to the horizontal accuracy of the topographic map. The
topographic map is used to determine the horizontal position for GCPs in order to perform
orbit adjustment. The DEM is used as the elevation control. Two areas with different terrain
characteristics and different numbers of the overlapping areas are selected. The first area has
flat terrain and a large overlapping area. Good geometry can be developed in these images.
The second area has rough terrain and a small area of overlap. Since the overlapping area is
small, the geometry that may be built in these images is weak.

4.1.1. FORMOSAT-2 Satellite Images
Two satellite image strips are used for each area. For the first study area, the overlapping
area of the image strips (two images) is around 80%. For the second area, the overlapping
area (three images) is around 9%. Information related to the satellite images used in this
study is presented in table 4-1.

Table 4-1. The information related to the test satellite images
The First Area
1 strip
2nd strip
Surabaya
Surabaya
2
2
7/5/2007
8/4/2008
3.74
3.39
26 x 53
40
40

The Second Area
1 strip
2nd strip
Yogyakarta
Yogyakarta
3
3
7/18/2006
7/12/2007
21.71
28.27
54 x 76
28
27

61

50

st

Location
Number of images
Date
Incidence angle
Test area (km x km)
Number of GCPs
Number of TPs
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st

4.1.2. Topographic Map
The topographic map is provided by Indonesia’s National Coordinating Agency for
Surveys and Mapping, namely Peta Rupa Bumi Indonesia. These study areas are located on
the provincial topographic map using universal transverse mercator (UTM) map projection
and world geodetic system (WGS) 84 as the ellipsoid. The two study areas lie in the same
zone, the 49th south. The topographic map acquired for this study has a digital format, as a
shapefile with three elements: point, line and polygon. The scale of the map is 1: 25,000 with
various layers such as hydrography (i.e., rivers, lakes), transportation system (i.e., roads,
railways), contour lines, spot height, administrative boundaries (i.e., provincial boundary,
regency boundary), and land use. The horizontal accuracy of the map is considered to be
within 5 m for terrain with low topographic relief and within 10 m for terrain with high
topographic relief.

4.1.3. Digital Elevation Model (DEM)
There are three DEMs used in this study: the Global Digital Elevation Model (GDEM),
the Shuttle Radar Topography Mission (SRTM), and the DEM generated from contours and
spots height. GDEM and SRTM acquired are within geographic latitude and longitude,
making them suitable for UTM map projection with WGS 84 as the ellipsoid. The GDEM
has a resolution of 30.7 m and has a pixel size of 3601 by 3601 for both study areas. The
SRTM has a resolution of 90m and a pixel size of 2704 by 2471 for the first study area and
2695 by 2462 pixels for the second study area. The DEM generated from the contours and
spots height for the first study area has a resolution of 12.5 m and a pixel size 4407 by 3070
and that for the second study area is 3309 by 2214 pixels.

4.2. Results and Analysis
The experimental results are comprised of several major parts. They include area
evaluation of DEM accuracy, GCP marking, tie point collection, orbit adjustment,
orthorectification and mosaicking.

4.2.1. Evaluation of DEM Accuracy
The DEMs used in this evaluation are GDEM, SRTM and DEM generated from
contours and spots height. The contours and spots height are provided by the topographic
map. The contours are presented as 12.5 m intervals. Spot heights are obtained from the
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elevation of the certain features such as mountain peaks, valleys, etc. The DEM is developed
by generating contours and spot heights for triangular irregular networks (TINs). This is the
first step. When TINs are created, they are generated as raster files with a pixel resolution of
12.5. The results of DEM generation from contours for the first and second study areas are
shown in figures 4-1 and 4-2, respectively.

(Unit: meter)

Figure 4-1. Result of DEM generated from contours for the first study area.

(Unit: meter)

Figure 4-2. Result of DEM generated from contours for the second study area.
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The reference of the evaluation is spot heights of the topographic map. Then, they will
be called consistency check points. The shortest distance between the two points is 50m and
the longest is 500m. The number of points in the first area is 1184 and that of the second area
is 2194. Consistency check points that are superimposed with satellite images for both study
areas are presented in figure 4-3.

(a)

(b)

Figure 4-3. Distribution of the consistency check points on the satellite images (a) the first
study area (b) the second study area.

The evaluation of DEM’s accuracy uses the difference between an elevation of
consistency check points and an elevation of spot heights that are determined by DEM.
Bilinear interpolation is applied for obtaining an elevation of consistency check points in
DEM. The results of DEM’s evaluation are presented in table 4-2 and 4-3.

Table 4-2. Evaluation of DEM accuracy for the first study area
Statistical

DEM Types

Indices
GDEM

DEM generated from
contours & spot heights

SRTM

mean (m)

3.82

1.32

2.10

rms (m)

4.80

3.11

2.40

max (m)

-25.61

-10.14

-12.65

range (m)

35.63

17.22

16.25
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Table 4-3. Evaluation of DEM accuracy for the second study area
Statistical

DEM Types

Indices
GDEM

DEM generated from
contours & spot heights

SRTM

mean (m)

4.46

2.77

2.92

rms (m)

14.16

4.06

5.18

max (m)

46.25

27.15

31.29

range (m)

82.28

41.21

40.5

Based on table 4-2 and table 4-3, we can conclude that the accuracy of SRTM is the best
for the first study area, since the terrain of the first study area is flat. For the second area, the
accuracy of DEM generated from contours & spot heights is the best. But, the range of the
difference for SRTM in the second study area shows that it is the lowest. Thus, although the
result of DEM generated from contours & spot heights is the best, it doesn’t mean that is the
most appropriate DEM. Because contours, spot heights, and consistency check points are
from the same topographic map, so it is no doubt that DEM generated from contours will be
the best. Actually, SRTM describes digital surface model. It is derived from top of features.
Thus, it meets the demands of the surface model that is to be used in orthorectification.
Hence, we will use SRTM as DEM in orbit adjustment and orthorectification for both areas.
The contour superimposed with spot heights for both areas are presented in figure 4-4.

(b)
(a)
Figure 4-4. Contours superimposed with spot heights (a) the first study area (b) the second
area
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4.2.2. GCPs Marking
GCPs can be selected from physical features that do not change over time, such as
intersection roads, corner parking fields, etc. Natural features are mostly not appropriate to
become GCPs since the features are frequently changed over time, such as rivers, lakes, etc.
Comparing with the topographic map, we can get the exact positions of GCPs. If the
positions are ambiguous, we should not use it as GCPs. The quality of GCPs will affect to the
accuracy of orbit adjustment and that of orthorectification. Figure 4-5 shows the GCP located
in physical feature (manmade feature) and its corresponding position in the topographic map.

4-5(a)

4-5(b)
Figure 4-5. Example of GCP location in (a) in satellite image (b) in the topographic map

The distribution of GCPs is important for orbit adjustment and orthorectification. GCPs
should be located uniformly in the whole area of image. Uniform distribution creates good
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geometry, while accumulated distribution creates weak one. When we have uniform
distribution, all area will be represented. For checking absolute accuracy of orbit adjustment
and orthorectification, independent check points (ICPs) are marked in regions that have the
topographic map. ICPs should be located in region uniformly in order to build error vectors
of absolute accuracy. There are 20 GCPs and 20 ICPs in both strips in the first study area.
Then, there are 15 GCPs in both strips of the second area. In addition, we mark 13 ICPs in
the first strip and 12 ICPs in the second strip for the second study area. The distribution of
GCPs and ICPs for the first study area and the second study area are presented in figure 4-6
and figure 4-7 respectively.

The first strip

The second strip
GCPs
ICPs
Figure 4-6. Distribution of GCPs and ICPs in the first study area
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The first strip

The second strip

GCPs
ICPs
Figure 4-7. Distribution of GCPs and ICPs in the second study area
There are several constraints to consider when selecting a good GCP. The first is the
difficulty finding an exact position corresponding with the topographic map. Since, the
topographic map was generated in 2002, conditions were dissimilar to those shown in the
satellite images. When many features are not present in the topographic map it can cause
difficulties for object interpretation. The second constraint is the difficulty in determining the
shape of features that would be good candidates for GCP, especially in the eastern and
northern parts of the second area. In that region, forest is the most common type of land cover,
and the vegetation is characterized by high density. This makes it difficult to interpret both
object and environment. Trees in that region are mostly acacia with heights of around 15m 25 m and a density of around 10m. That area is typically rural with an elevation around 800m
- 1000m above sea level. Another constraint is the quality of the topographic map. Many
lines, especially roads found in GCP measurement break at the edge of the map. The lines
should be continued to another sheet however, they not have no connection.

4.2.3. Tie Point Collection
Candidates for tie points (TPs) should be visually recognizable in the area of overlap
between two or more images. TPs should be visually well-defined in all images. Ideally, they
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should show good contrast in two directions, like the corner of a building or a road
intersection. TPs should also be well distributed throughout the area of the block images.
There are two kinds of TPs collected, tie control points (TCPs) and tie check points (TKPs).
TCPs are used for least squares collocation and TKPs are used to check the relative accuracy
of orbit adjustment and orthorectification. There are 37 TCPs collected for the first study area
with 24 TKPs in both image strips, while there are 29 TCPs for the second area and 21 TKPs
in both image strips. Figure 4-8 and figure 4-9 present the distribution of tie points in the first
study area and the second study area, respectively.

The second strip

The first strip
TCPs

TKPs

Figure 4-8. Distribution of TCPs and TKPs in the first study area
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The first strip

The second strip
TCPs

TKPs

Figure 4-9. Distribution of TCPs and TKPs in the second study area

Tie points should be located on a clearly visible feature that is present in both images.
However, determination of the ideal tie point is not an easy task. The difference in brightness
between two images is one constraint affecting the marking. Another constraint is the
difference in time of the satellite image which can cause changes in how feature appear
between two images. However, it is still easier to collect tie points than to mark GCPs, since
we do not need spatial information (i.e., the topographic map) as reference. Thus, to increase
the relative degree of accuracy between two strips, we collect a large number of TPs
especially for regions which do not have many GCPs.

4.2.4. Orbit Adjustment
The topographic map does not cover the whole area in both study areas. Thus, we
present the results for two different cases for each study areas. The first is for the entire area,
meaning the whole area of the image. The second one is for the focus area, meaning the area
covered by the topographic map. The purpose for presenting two cases is to detect any
consistency in the GCPs in terms of orbit adjustment and orthorectification. Figures 4-10 and
4-11 show the entire area and the focus area in the first and second study areas, respectively.
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(b) The focus area

(a) The entire area

Figure 4-10. The first study area (a) the entire area (b) the focus area presented in polygon.

(a) the entire area

(b) the focus area

Figure 4-11. The second study area (a) the entire area (b) the focus area presented in the
polygon

There are two major parts in the orbit adjustment process. The first is preliminary orbit
fitting; the second is least squares collocation. The results of orbit adjustment are constructed
using two kinds of accuracy, the absolute accuracy and the relative accuracy. The absolute
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accuracy detects the accuracy of the orbital parameters itself. The relative accuracy is related
to detection of the accuracy of the geometry between two strips.

4.2.4.1. Orbit Adjustment of the First Study Area
Orbit adjustment in the first area includes two major parts, for the entire area and for the
focus area.

4.2.4.1.1. Orbit Adjustment of the Entire Area in the First Study Area
For the entire area in the first study area, 20 GCPs are employed for orbit adjustment
and 20 ICPs are used to derive error vectors for orbit adjustment; 37 TCPs are employed for
least squares collocation and 24 TKPs are used to determine the error vectors for the relative
accuracy. On the other hand, we did not apply TCPs in least squares collocation to detect the
performance of tie points. The absolute accuracy for the cases with and without TPs for the
first and second strips are shown in tables 4-4 and 4-5, respectively.

Table 4-4. Absolute accuracy of orbit adjustment for the first strip of the entire area in the
first study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
0.01
0.54

E (m)
-0.94
0.2

N(m)
-0.03
0.86

E (m)
3.20
3.22

N(m)
3.61
4.93

N(m)
-0.92
0.28

E (m)
6.01
5.91

N(m)
7.47
7.50

Table 4-5. Absolute accuracy of orbit adjustment for the second strip of the entire area in the
first study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
-0.02
-0.71

E (m)
-1.07
-2.35

N(m)
-0.09
-0.98

E (m)
2.91
3.54

N(m)
3.37
4.63

N(m)
-3.77
-4.93

E (m)
6.42
6.38

N(m)
8.19
8.97

The results in these two tables indicate that no significant difference between the cases
with and without TPs for the absolute accuracy of orbit adjustment for the entire area in the
first study area for both strips. The errors for ICPs are generally represented by numbers
around 6m – 9m, since the horizontal accuracy of the topographic map is around 5m – 10m.
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The results, which agree with the map’s accuracy, are reasonable. Figure 4-12 presents error
vectors of the absolute accuracy of orbit adjustment for the entire area of the first strip in the
first study area, while figure 4-13 presents the same for the second strip.

(b) with TPs

(a) without TPs
Error vector of GCPs

Error vector of ICPs

GCPs

ICPs

Figure 4-12. Error vectors of absolute accuracy in orbit adjustment for the first strip of the
entire area in the first study area (a) without TPs (b) with TPs

Generally, there is no a significant difference in the error vectors between the cases with
and without TPs for the absolute accuracy in orbit adjustment for the first strip of the entire
area in the first study area. The only difference is shown in the southern area. In this region,
the magnitudes of error vectors are larger in the case without TPs case than those in the case
with TPs. This is because the topography in the southern area is a little undulating because
the elevation is around 80m above sea level. The magnitude of error decreases when TPs are
employed to refine the orbital parameters during least squares collocation.
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(a) without TPs

(b)

with TPs

Error vector of GCPs

Error vector of ICPs

GCPs

ICPs

Figure 4-13. Error vectors of absolute accuracy in orbit adjustment for the second strip of the
entire area in the first study area (a) without TPs (b) with TPs

From a comparison of the error vectors of the absolute accuracy in orbit adjustment
between the cases with and without TPs for the second strip of the entire area in the first
study area, we can reach the conclusion that there is no a significant difference for the whole
area between the two cases.
The relative accuracy is determined to detect discrepancies in the geometry between two
strips. This accuracy is useful when combining two strips during mosaicking. The relative
accuracy results are presented in table 4-6.

Table 4-6. Relative accuracy of orbit adjustment for the entire area of the first study area

Without TPs
With TPs

TCPs
Mean of TCPs
RMSe of TCPs

TKPs
Mean of TKPs
RMSe of TKPs

E (m)
-28.75
0.23

E (m)
-30.35
-1.11

N(m)
-52.56
0.08

E (m)
48.18
7.34

N(m)
110.10
24.17

N(m)
-59.12
-0.06

E (m)
47.59
6.82

N(m)
101.00
18.92

The results of the relative accuracy of orbit adjustment for the entire area of the first
study area indicate that there is a significant improvement when TPs are employed during
least squares collocation. The RMSe value for the TCPs and TKPs decreases sharply when
TPs are applied. The number falls from around 47m to 7m in the east and from around 100m
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to 20m in the north. The consistency of the TPs can improve the geometry between the two
strips. The error vectors of the relative accuracy are shown in figure 4-14.

(a) without TPs
Error vector of TCPs

(b) with TPs
Error vector of TKPs

TCPs

TKPs

Figure 4-14. Error vectors of relative accuracy in orbit adjustment for the entire area of the
first study area (a) without TPs (b) with TPs

If the error vectors of relative accuracy in orbit adjustment for the entire area of the first
study area are compared in the case between with and without TPs, we can conclude that
there is a significant improvement when TPs are employed in the least squares collocation
especially in the southern area. Not employing TPs in the least squares collocation, makes
relative accuracy decreases sharply. It is because the topography within that region is hilly
with an elevation ranging from around 200 m – 400 m above sea level which can be seen in
figure 4-15. Applying TPs in the least squares collocation improves relative accuracy
significantly. The results indicate that consistency of TPs contributes to improvement in
relative accuracy. The geometry discrepancies between two strips are expected decrease
because of TP’s involvement in the least squares collocation to refine orbit parameters.
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Elevation in meter

Tie control points (TCPs)
Tie check points (TKPs)
Figure 4-15. Elevation of TCPs and TKPs using SRTM as DEM in the first study area

4.2.4.1.2. Orbit Adjustment of the Focus Area in the First Study Area
20 GCPs are employed for orbit adjustment in the focus area and 20 ICPs are used to
derive error vectors during the orbit adjustment process. 11 TCPs are employed for the least
squares collocation and 9 TKPs are used to determine error vectors of relative accuracy. In
contrast, TCPs are not applied in least squares collocation in order to detect their performance.
Table 4-7 and table 4-8 present the absolute accuracy of orbit adjustment, with and without
TPs, for the first and second strip, respectively.

Table 4-7. Absolute accuracy of orbit adjustment for the first strip of the focus area in the
first study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
0.10
0.01

E (m)
-0.85
-0.96

N(m)
-0.13
-0.03

E (m)
3.18
3.20

N(m)
3.56
3.61
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N(m)
-1.06
-0.66

E (m)
6.01
6.29

N(m)
7.47
7.30

Table 4-8. Absolute accuracy of orbit adjustment for the second strip of the focus area in the
first study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
-0.02
-0.17

E (m)
-0.81
-1.29

N(m)
-0.09
-0.04

E (m)
2.91
2.96

N(m)
3.37
3.46

N(m)
-1.62
-3.70

E (m)
6.42
6.39

N(m)
8.19
8.16

The results in tables 4-7 and 4-8 indicate no significant difference in the absolute
accuracy during orbit adjustment between cases with and without TPs for the focus area in
the first study area for both strips. ICPs errors are generally present around 6m – 8m, since
the horizontal accuracy of the topographic map is around 5m – 10m. The results indicate that
the numbers which agree with the map’s accuracy are reasonable. The error vectors for the
first and the second strips are presented in figures 4-16 and 4-17, respectively.

(a) without TPs

(b) with TPs
Error vector of GCPs

Error vector of ICPs

GCPs

ICPs

Figure 4-16. Error vectors of absolute accuracy in orbit adjustment for the first strip of the
focus area in the first study area (a) without TPs (b) with TPs

Generally, there is no significant difference in the error vectors of the absolute accuracy
in orbit adjustment between the cases with and without TPs for the first strip of the focus area
in the first study area. There is a minor difference shown in the southern area. In this region,
the magnitudes of the error vectors are larger without TPs than with TPs. The errors are
larger because the topography in the southern area is more undulating with an elevation of
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around 80 m above sea level. The results indicate that there is an improvement when TPs are
employed during least squares collocation, since the TPs can refine the orbit parameters.

(b) with TPs

(a) without TPs
Error vector of GCPs

Error vector of ICPs

GCPs

ICPs

Figure 4-17. Error vectors of absolute accuracy in orbit adjustment for the second strip of the
focus area in the first study area (a) without TPs (b) with TPs

From a comparison of the error vectors of the absolute accuracy during orbit adjustment
of the cases with and without TPs for the second strip of the focus area in the first study area,
we can conclude that there is no significant difference for the focus area between the two
cases. There is a minor difference in southern area because of the high topography in this area.
The magnitudes of the error vector in this region are reduced when TPs are employed. As a
result, consistency of TPs can improve the absolute accuracy.
Hence, the results of a comparison of the absolute accuracy in orbit adjustment of the
entire area with that of the focus area shows better results for the focus area than the entire
area. As long as the distribution of GCPs in the focus area is better than in the entire area, the
developed geometry is better.
The relative accuracy is determined to detect geometric discrepancies between two strips.
This accuracy is useful when such strips are combined during mosaicking. The results of the
relative accuracy are presented in table 4-9.
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Table 4-9. Relative accuracy of orbit adjustment for the focus area of the first study area

Without TPs
With TPs

TCPs
Mean of TCPs
RMSe of TCPs

TKPs
Mean of TKPs
RMSe of TKPs

E (m)
0.88
0.54

E (m)
-0.51
-0.82

N(m)
-0.91
-0.35

E (m)
2.47
1.98

N(m)
6.25
5.31

N(m)
-0.43
-0.05

E (m)
3.00
2.83

N(m)
5.49
5.06

The results indicate that there is no significant difference in the relative accuracy in the
cases with and without TPs. RMSe values for TKPs in both cases are around 3m in the east
and around 5m in the north. Employing TPs in least squares collocation does not contribute
significantly to orbit adjustment, since the distribution of GCPs is uniform throughout the
whole region of the focus area. The vectors of errors for the relative accuracy in cases with
and without TPs case are presented in figure 4-18.

(a) without TPs

(a) with TPs
Error vector of TCPs

Error vector of TKPs

TCPs

TKPs

Figure 4-18. Error vectors of relative accuracy in orbit adjustment for the focus area of the
first study area (a) without TPs (b) with TPs

From a comparison of the error vectors of the relative accuracy in orbit adjustment with
and without TPs for the focus area of the first study area, we can reach the conclusion that
there is no significant difference in either magnitude or direction.
The results for absolute accuracy of orbit adjustment in the first study area are better in
the focus area than those of the entire area. Since the distribution of GCPs in the focus area is
uniform, they create a good geometry. A comparison of the relative accuracy of the entire
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area with that in the focus area, shows that the results are better in the focus area than the
entire area. In the case without TPs, the difference in value between the entire area and the
focus area reaches around 44 m in the east, and around 96 m in the north. In the case with
TPs, the difference in value between the entire area and the focus area reaches around 4m in
the east, and reaches around 14m in the north. Since the distribution of GCPs is not uniform
over the entire area, the geometry in regions which do not have GCPs is weak. This condition
can be improved significantly when TPs are applied for least squares collocation.

4.2.4.2. Orbit adjustment of the Second Study Area
Orbit adjustment in the second area is made up of two major parts, for the entire area
and for the focus area.

4.2.4.2.1. Orbit adjustment of the Entire Area in the Second Study Area
15 GCPs are employed to do orbit adjustment for the entire area of the second study area.
13 ICPs in the first strip and 12 ICPs in the second strip are used to derive error vectors
during the orbit adjustment process. 29 TCPs are employed for the least squares collocation
and 21 TKPs are used to determine the error vectors of the relative accuracy. In contrast,
TCPs are not applied during least squares collocation in order to detect the performance of
the TPs. Tables 4-10 and 4-11 present the absolute accuracy of orbit adjustment in cases with
and without TPs for the first strip and the second strips, respectively.

Table 4-10. Absolute accuracy of orbit adjustment for the first strip of the entire area in the
second study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
-0.02
-0.85

E (m)
-2.44
-2.35

N(m)
0.03
0.87

E (m)
2.91
3.66

N(m)
1.80
2.10
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N(m)
-1.08
-1.02

E (m)
8.92
9.18

N(m)
5.10
5.06

Table 4-11. Absolute accuracy of orbit adjustment for the second strip of the entire area in the
second study area
GCPs

ICPs

Mean of GCPs

RMSe of GCPs

Mean of ICPs

RMSe of ICPs

E (m)

N(m)

E (m)

N(m)

E (m)

N(m)

E (m)

N(m)

Without TPs

-0.02

0.02

2.4

3.89

3.92

-1.17

7.29

2.69

With TPs

0.59

0.07

2.69

3.99

4.14

-1.28

7.09

3.04

The results in these tables indicate that there is no significant difference in the absolute
accuracy in orbit adjustment for cases with and without TPs for the entire area of the second
study area for both strips. The ICP errors are generally represented by numbers around 3m –
9m, since the horizontal accuracy of the topographic map is around 5m – 10m. The results
indicate that the numbers which agree with the map’s accuracy are reasonable. Error vectors
of the absolute accuracy for the first and the second strip are presented in figure 4-19 and
figure 4-20, respectively.

(b) with TPs

(a) without TPs
Error vector of GCPs

Error vector of ICPs

GCPs

ICPs

Figure 4-19. Error vectors of absolute accuracy in orbit adjustment for the first strip of the
entire area in the second study area (a) without TPs (b) with TPs

Generally, there is no significant difference in error vectors in the cases with and
without TPs. The only difference is shown in the northern area. When TPs are not employed
during the adjustment, the error increases, because the topography in that region is typically
undulating with sloped elevation. In this region, the magnitudes of the error vectors are
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smaller in the case with TPs than those in the case without TPs. The results indicate that there
is an improvement when TPs are employed for orbit adjustment.

(b) with TPs

(a) without TPs
Error vector of GCPs

Error vector of ICPs

GCPs

ICPs

Figure 4-20. Error vectors of absolute accuracy in orbit adjustment for the second strip of the
entire area in the second study area (a) without TPs (b) with TPs

From a comparison of the error vectors of the absolute accuracy in orbit adjustment with
and without TPs for the second strip of the entire area in the second study area, we can reach
the conclusion that there is no a significant difference between the two cases.
Generally, the results of a comparison of the absolute accuracy in the entire area
between two study areas, show that they are similar. For both areas, the accuracy is around 3
m – 9 m. The values are appropriate since the horizontal accuracy of the topographic map
ranges from 5 m – 10 m. The relative accuracy of the entire area in the second study area is
presented in table 4-12.

Table 4-12 . Relative accuracy of orbit adjustment for the entire area of the second study area

Without TPs
With TPs

TCPs
Mean of TCPs
RMSe of TCPs

TKPs
Mean of TKPs
RMSe of TKPs

E (m)
-55.76
0.16

E (m)
-46.49
-1.64

N(m)
-55.11
-0.98

E (m)
91.48
11.3

N(m)
85.52
23.88

N(m)
-45.12
0.68

E (m)
78.61
9.71

N(m)
74.39
18.84

The results of the relative accuracy in orbit adjustment for the entire area of the second
study area indicate a significant improvement when TPs are employed for least squares
collocation. The RMSe values for TCPs and TKPs decrease sharply when TPs are applied in
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the adjustment process. The consistency of TPs can improve the geometry between two strips.
The error vectors of the relative accuracy in orbit adjustment for the entire area of the second
study are presented in figure 4-21.

(a) without TPs

(b) with TPs
Error vector of TCPs

Error vector of TKPs

TCPs

TKPs

Figure 4-21 Error vectors of relative accuracy in orbit adjustment for the entire area of the
second study area (a) without TPs (b) with TPs

From a comparison of the error vectors of relative accuracy in orbit adjustment with and
without TPs for the entire area of the second study area, we can reach the conclusion that
there is a significant improvement when TPs are employed, especially in the northern area.
Although there is still systematic error, the error decreases sharply from around 74 m to
around 18 m in the north, and from around 78 m to around 9 m in the east. When TPs are not
included in the least squares collocation, the error rises sharply. This is because the
topography of that region is hilly with elevations around 300 m – 600 m above sea level, as
seen in figure 4-22. Employing TPs during adjustment improves the accuracy. The results
indicate that consistency of the TPs’ influence for improvement of the relative accuracy.
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Elevation in meter

Tie control points (TCPs)
Tie check points (TKPs)

Figure 4-22. Elevation of TCPs and TKPs using SRTM as DEM in the second study area

Comparing the relative accuracy of the entire area for the first study area with that of the
second study area, we find that the results are generally better for the former than the latter.
As long as the terrain in this area is hilly and the elevation is so variable, the geometry model
is likely to be weak. The area of overlap between the images is only 10% which contributes
to the geometric weakness.

4.2.4.2.2. Orbit adjustment of The Focus Area in the Second Study Area
15 GCPs are employed for orbit adjustment in the focus area in the second study area;
13 ICPs in the first strip and 12 ICPs in the second strip are used to derive error vectors
during the orbit adjustment process. 11 TCPs are employed for the least squares collocation
and 10 TKPs are used to determine the error vectors of relative accuracy. In contrast, TCPs
are not applied during least squares collocation in order to detect their performance. Tables
4-13 and 4-14 present the absolute accuracy in the cases with and without TPs for the first
and second strips, respectively.
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Table 4-13. Absolute accuracy of orbit adjustment for the first strip of the focus area in the
second study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
-0.02
-0.18

E (m)
-2.39
-2.70

N(m)
0.03
0.03

E (m)
3.34
3.37

N(m)
1.88
1.74

N(m)
-1.09
-0.90

E (m)
8.92
9.14

N(m)
5.10
4.91

Table 4-14. Absolute accuracy of orbit adjustment for the second strip of the focus area in the
second study area

Without TPs
With TPs

GCPs
Mean of GCPs
RMSe of GCPs

ICPs
Mean of ICPs
RMSe of ICPs

E (m)
-0.02
-0.26

E (m)
3.92
3.67

N(m)
0.02
-0.01

E (m)
2.4
2.52

N(m)
3.89
3.96

N(m)
-1.17
-0.97

E (m)
7.29
7.00

N(m)
2.69
2.61

The results in these tables indicate that the errors are smaller when TPs are applied
during orbit adjustment. The ICP errors are generally represented by numbers around 2m –
9m, since the horizontal accuracy of the topographic map is around 5m – 10m. The results
indicate that the numbers, which agree with the map’s resolution, are reasonable. The error
vectors of the absolute accuracy for the first and the second strips are presented in figures
4-23 and 4-24, respectively.

(a) without TPs
Error vector of GCPs

(b) with TPs
Error vector of ICPs

GCPs
ICPs
Figure 4-23. Error vectors of absolute accuracy in orbit adjustment for the first strip of the
focus area in the second study area (a) without TPs (b) with TPs
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Generally, there is no significant difference in cases with and without TPs in either
magnitude or direction in error vectors of the absolute accuracy in orbit adjustment for the
first strip of the focus area in the second study area.

(b) with TPs

(a) without TPs
Error vector of GCPs

Error vector of ICPs

GCPs
ICPs
Figure 4-24. Error vectors of absolute accuracy in orbit adjustment for the second strip of the
focus area in the second study area (a) without TPs (b) with TPs

Generally, there is no significant difference in cases with and without TPs in either
magnitude or direction in error vectors of the absolute accuracy in orbit adjustment for the
second strip of the focus area in the second study area. The results indicate that GCPs can
control orbit adjustment well. Employing TPs during adjustment does not contribute much to
the result, because all regions in the focus area are controlled by GCPs.
Hence, comparison of the absolute accuracy of the entire area with that of the focus area
in the second study area, shows better results in the focus area than the entire area. The
consistency of GCPs can improve the absolute accuracy in the area covered by the
topographic map. GCPs can also help control the adjustment process during orbit fitting.
Since the topographic map does not cover the northern region, GCPs cannot be used to adjust
the orbit parameters in that region. The relative accuracy of orbit adjustment for the focus
area in the second study area is presented in table 4-15 below.
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Table 4-15. Relative accuracy of orbit adjustment for the focus area of the second study area

Without TPs
With TPs

TCPs
Mean of TCPs
RMSe of TCPs

TKPs
Mean of TKPs
RMSe of TKPs

E (m)
0.28
0.08

E (m)
-4.75
-4.90

N(m)
-0.82
-0.26

E (m)
3.82
3.27

N(m)
6.27
4.91

N(m)
1.69
1.84

E (m)
7.04
7.33

N(m)
6.42
5.81

From a comparison of the relative accuracy of orbit adjustment with and without TPs for
the focus area of the second study area, we can conclude that there is no a significant
difference. This is because the distribution of GCPs is uniform in the focus area which
creates a better geometry in the region. Error vectors of the relative accuracy in orbit
adjustment are shown in figure 4-25.

(b) with TPs

(a) without TPs

Figure 4-25. Error vectors of relative accuracy for the focus area in the second study area (a)
without TPs (b) with TPs

From a comparison of the error vectors of the relative accuracy with and without TPs for
the focus area in the second study area, we can conclude that there is no significant difference
either in magnitude or direction.
For absolute accuracy of orbit adjustment in the second study area, the results are better
for the focus area than those of the entire area, since the distribution of GCPs is uniform
throughout the whole region of the focus area. A comparison of the relative accuracy of the
entire area with that of the focus area shows better results for the focus area than for the
entire area. In the case without TPs, the difference of the relative accuracy between the entire
area with the focus area reaches a value of around 70m, both in the east and the north. With
TPs, the difference of the relative accuracy between the entire area and the focus area reaches
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a value of around 2m in the east and around 12m in the north. This is because the distribution
of GCPs is not uniform throughout the entire area, which creates a weak geometry in the
regions which do not have GCPs. This condition can be improved significantly when TPs are
applied in least squares collocation.

4.2.5. Orthorectification
Orthorectification is conducted with an indirect method, namely adaptive patch back
projection. First, we generate orthorectification for those images which do not have TPs.
Generally, 25 minutes are needed to generate an orthoimage of the first study area, whether
for the entire area or for the focus area. Around 40 minutes are needed to generate an
orthoimage of the second area, whether for the entire area or the focus area. Orthoimages for
the first and second strips of the entire area in the first study area are presented in figures
4-26 and 4-27, respectively. The orthoimages for the first and second strips of the focus area
in the first study area are presented in figures 4-28 and 4-29, respectively. The orthoimages
for the first and second strips for the entire area in the second study area are presented in
figures 4-30 and 4-31, respectively. The orthoimages for the first and second strip of the
focus area in the second study area are presented in figures 4-32 and 4-33, respectively.

(b)with TPs

(a) without TPs

Figure 4-26. Orthoimages for the first strip of the entire area in the first study area (a) without TPs
(b) with TPs.
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(a) without TPs

(b) with TPs

Figure 4-27. Orthoimages for the second strip of the entire area in the first study area (a)
without TPs (b) with TPs.

(a) without TPs
(b) with TPs
Figure 4-28. Orthoimages for the first strip of the focus area in the first study area
without TPs (b) with TPs.
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(a)

(a) without TPs

(b) with TPs

Figure 4-29. Orthoimages for the second strip of the focus area in the first study area (a)
without TPs (b) with TPs.

(a) without TPs

(b) with TPs

Figure 4-30. Orthoimages for the first strip of the entire area in the second study area (a)
without TPs (b) with TPs.
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(a) without TPs

(b) with TPs

Figure 4-31. Orthoimages for the second strip of the entire area in the second study area (a)
without TPs (b) with TPs.

(a) without TPs

(b) with TPs

Figure 4-32. Orthoimages for the first strip of the focus area in the second study area (a)
without TPs (b) with TPs.
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(a) without TPs
(b) with TPs
Figure 4-33. Orthoimages for the second strip of the focus area in the second study area (a)
without TPs (b) with TPs.

4.2.6. Evaluation of Accuracy of Orthorectification
In order to evaluate the accuracy of orthorectification, we check it manually. The
absolute accuracy and the relative accuracy are built into this process. Hence, we want to
compare the results with the accuracy of orbit adjustment. The results are composed of two
parts, an evaluation of the first study area and an evaluation of the second study area. Since
the topographic map does not cover all of both areas, we present the results as two different
cases for both areas, the first for the entire area, the second for the focus area.

4.2.6.1. Evaluation of Accuracy of Orthorectification for the First Study Area
In order to check the accuracy of orthorectification, we use the same number of ICPs
and TKPs that have been used in orbit adjustment process. 20 ICPs and 24 TKPs are used to
evaluate the quality for the entire area of the first study area, While 20 ICPs and 9 TKPs are
employed for the focus area. The use of ICPs increase the absolute accuracy of
orthorectification and TKPs strengthen the relative accuracy in orthorectification.
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4.2.6.1.1. Evaluation of Accuracy of Orthorectification for the Entire Area in the First
Study Area
The absolute accuracy of orthorectification for the entire area in the first study area is
presented in table 4-16. Error vectors of the absolute accuracy from this evaluation for the
first and second strip are presented in figures 4-34 and 4-35, respectively.

Table 4-16. Absolute accuracy of orthorectification for the entire area of the first study area

Without TPs
With TPs

The first strip
Mean of ICPs
RMSe of ICPs

The second strip
Mean of ICPs
RMSe of ICPs

E (m)
0.97
0.41

E (m)
-1.01
-1.11

N(m)
-1.05
-1.13

E (m)
6.11
5.57

N(m)
7.61
7.07

(a) without TPs

N(m)
-1.65
-1.07

E (m)
6.36
6.77

N(m)
8.6
7.63

(b)with TPs

Error vector of ICPs

ICPs

Figure 4-34. Error vectors of absolute accuracy in orthorectification for the first strip of the
entire area in the first study area (a) without TPs (b) with TPs
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(a) without TPs

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-35. Error vectors of absolute accuracy in orthorectification for the second strip of
the entire area in the first study area (a) without TPs (b) with TPs

Results of a comparison of the absolute accuracy for the cases with and without TPs for
both strips indicate no significant difference. We compare the error vectors for the case
without TPs to that for the one with TPs for both strips. It can be seen in the figure that the
magnitudes of errors in the last case are similar to those in the former case. Comparing these
with the ones for orbit adjustment, the results indicate the same situation. The relative
accuracy of the entire area is presented in table 4-17 and figure 4-36.

Table 4-17. Relative accuracy of orthorectification for the entire area in the first study area

Without TPs
With TPs

Mean of TKPs

RMSe of TKPs

E (m)
29.07
-0.88

E (m)
48.24
6.51

N(m)
55.42
-5.78
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N(m)
93.17
18.84

(a) without TPs

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-36. Error vectors of relative accuracy in orthorectification for the entire area of the
first study area (a) without TPs (b) with TPs

As can be seen in table 4-17 and figure 4-36, there is a significant improvement in the
relative accuracy of orthorectification for the entire area in the first study area when TPs are
applied during orthorectification. Although there are still systematic errors in the southern
area, the error is sharply reduces, from around 100 m down to around 20 m, since the
topography is hilly in this region. The condition is improved when TPs are employed for
orbit

adjustment

and

orthorectification.

Consistency

TPs

perform

well

during

orthorectification. Comparing these with the orbit adjustment results shows the same
indication. We can conclude that TPs assist with orbit adjustment and orthorectification.
They can improve accuracy, especially in regions where we do not have GCPs.

4.2.6.1.2. Evaluation of Accuracy of Orthorectification for the Focus Area in the First
Study Area
Data for the absolute accuracy of orthorectification for the focus area in the first study
area are presented in table 4-18. Error vectors of the absolute accuracy obtained during this
evaluation for the first and second strips are presented in figures 4-37 and 4-38, respectively.
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Table 4-18. Absolute accuracy of orthorectification for the focus area in the first study area

Without TPs
With TPs

The first strip
Mean of ICPs
RMSe of ICPs

The second strip
Mean of ICPs
RMSe of ICPs

E (m)
1.19
1.07

E (m)
-0.98
0.11

N(m)
-0.20
-0.52

E (m)
5.66
5.41

N(m)
7.12
7.01

(a) without TPs

N(m)
-0.28
-0.44

E (m)
6.19
6.02

N(m)
8.04
7.84

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-37. Error vectors of absolute accuracy in orthorectification for the first strip of the
focus area in the first study area (a) without TPs (b) with TPs

(a) without TPs

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-38. Error vectors of absolute accuracy in orthorectification for the second strip of
the focus area in the first study area (a) without TPs (b) with TPs
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Comparison shows no significant difference in the absolute accuracy for the cases with
and without TPs for both strips. The error vectors indicate the same situation, that there is no
significant improvement, although TPs are employed for orthorectification. Comparing this
with the results for orbit adjustment, the situation is the same. Since the distribution of GCPs
is uniform, it can create good geometry in this area. The relative accuracy of
orthorectification for the focus area in the first study area is presented in table 4-19 and figure
4-39.

Table 4-19. Relative accuracy of orthorectification for the focus area in the first study area

Without TPs
With TPs

Mean of TKPs

RMSe of TKPs

E (m)
0.18
1.21

E (m)
3.21
3.06

N(m)
1.02
0.58

(a) without TPs

N(m)
6.18
6. 30

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-39. Error vectors of relative accuracy in orthorectification for the focus area of the
first study area (a) without TPs (b) with TPs

Table 4-19 and figure 4-39 present results obtained in this evaluation for the relative
accuracy. It can be seen that they are similar with TPs and without TPs. There is no
significant difference between the two cases. In other words, TPs do not significantly affect
orthorectification. Since the distribution of GCPs is uniform it creates good geometry in this
area. Compared with orbit adjustment, the results indicate the same situation.
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4.2.6.2. Evaluation of Accuracy of Orthorectification for the Second Study Area
In order to check the accuracy of orthorectification, we use as many ICPs and TKPs as
have been used for orbit adjustment. To evaluate the quality for the entire area of the first
study area, we use 13 ICPs for the first strip, 12 ICPs for the second strip and 24 TKPs for
both strips. For the focus area, we use the same number of ICPs as the number used in the
entire area to develop the absolute accuracy. Hence, 9 TKPs are applied to evaluate relative
accuracy in the focus area.

4.2.6.2.1. Evaluation of Accuracy of Orthorectification for the Entire Area in the Second
Study Area
The absolute accuracy of orthorectification for the entire area in the second study area is
presented in table 4-20. Error vectors of the absolute accuracy obtained in this evaluation for
the first and second strips are presented in figures 4-40 and 4-41, respectively.

Table 4-20. Absolute accuracy of orthorectification for the entire area in the second study
area

Without TPs
With TPs

The first strip
Mean of ICPs
RMSe of ICPs

The second strip
Mean of ICPs
RMSe of ICPs

E (m)
1.74
1.07

N(m)
4.82
4.58

E (m)
2.67
-0.62

Error vector of ICPs

ICPs

N(m)
-1.65
-0.72

E (m)
8.25
8.31

(a) without TPs

N(m)
-1.52
-0.44

E (m)
7.33
7.16

N(m)
3.25
3.11

(b) with TPs

Figure 4-40. Error vectors of absolute accuracy in orthorectification for the first strip of the
entire area in the second study area (a) without TPs (b) With TPs.
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(a)Without TPs

Error vector of ICPs

ICPs

(b)With TPs

Figure 4-41. Error vectors of absolute accuracy in orthorectification for the second strip of the
entire area in the second study area (a) Without TPs (b) With TPs.

The results generally indicate that there is no significant difference between the absolute
accuracy for cases with and without TPs for both strips. The error vectors indicate the same
situation. If we compare these results with the ones for orbit adjustment, they show the same
indication. There is larger error only in the northern of the second strip, because the terrain in
this region is more undulating. The relative accuracy for the entire area is presented in table
4-21 and figure 4-42.

Table 4-21. Relative accuracy of orthorectification for the entire area in the second study area

Without TPs
With TPs

Mean of TKPs

RMSe of TKPs

E (m)
28.52
-1.35

E (m)
78.01
9.27

N(m)
54.59
-9.74
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N(m)
72.18
18.65

(a) without TPs

(b with TPs
Error vector of ICPs

ICPs

Figure 4-42. Error vectors of relative accuracy in orthorectification for the entire area of the
second study area (a) without TPs (b) with TPs

Table 4-21 and figure 4-42 show the results of this evaluation. The accuracy improves
around 8 times in the east and around 4 times in the north when TPs are applied for
orthorectification. Although there are still systematic errors in the northern area, the errors
have been sharply reduced. In other words, consistency TPs perform well for
orthorectification. Comparing these with the results of orbit adjustment, we can see the same
indication. From this we can conclude that TPs are of great assistance for orbit adjustment
and orthorectification. They can improve accuracy, especially in regions where do not have
GCPs.

4.2.6.2.2. Evaluation of Accuracy of Orthorectification for the Focus Area in the Second
Study Area
The absolute accuracy of orthorectification for the focus area in the second study area is
presented in table 4-22. Error vectors of the absolute accuracy for the first and second strips
are presented in figures 4-43 and 4-44, respectively.

Table 4-22. Absolute accuracy of orthorectification for the focus area in the second study
area

Without TPs
With TPs

The first strip
Mean of ICPs
RMSe of ICPs

The second strip
Mean of ICPs
RMSe of ICPs

E (m)
1.19
1.07

E (m)
-0.98
0.11

N(m)
-0.20
-0.52

E (m)
9.36
9.21

N(m)
5.12
4.98

58

N(m)
-0.28
-0.44

E (m)
7.19
6.95

N(m)
2.74
2.57

(a) without TPs

Error vector of ICPs

ICPs

(b) with TPs

Figure 4-43. Error vectors of absolute accuracy in orthorectification for the first strip of the
focus area in the second study area (a) without TPs (b) with TPs.

(a) without TPs

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-44. Error vectors of absolute accuracy in orthorectification for the second strip of the
focus area in the second study area (a) without TPs (b) with TPs.

The results indicate that there is no a significant difference of the absolute accuracy in
the cases with and without TPs for both strips. There is a large error in the east part of the
first strip. This is because the terrain in that region is sloped. Comparing these results with
the ones of orbit adjustment indicate the same conclusion. This means that there is no a
significant difference when TPs are employed for orbit adjustment and orthorectification,
since GCPs can perform well in both processes. The relative accuracy of orthorectification in
the focus area is presented in table 4-23 and figure 4-45.
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Table 4-23. Relative accuracy of orthorectification for the focus area in the second study area

Without TPs
With TPs

Mean of TKPs

RMSe of TKPs

E (m)
0.18
1.21

E (m)
7.21
7.06

N(m)
1.02
0.58

(a) without TPs

N(m)
6.30
6. 18

(b) with TPs
Error vector of ICPs

ICPs

Figure 4-45. Error vectors of relative accuracy in orthorectification for the focus area of the
second study area (a) without TPs (b) with TPs

The results show no significant difference in the relative accuracy in the cases with and
without TPs. The uniform distribution of GCPs in the focus area creates a good geometry in
the area. Although TPs are employed during orthorectification, they do not have a significant
influence. Comparing these with the results for orbit adjustment we reach the same
conclusion, that there is no a significant difference when TPs are employed in orbit
adjustment and orthorectification.

4.2.7. Mosaicking
Mosaicking process is conducted using a simple geometry function to generate sam line
in order to check geometric discrepancies between two strips. In the first study area, the
mosaicked images are generated from two strips. The results of the entire area and those of
the focus area are presented in figure 4-46 and figure 4-47 respectively.
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(a) without TPs

(b) with TPs

Figure 4-46. Mosaicked images of the entire in the first study area (a) without TPs (b) with
TPs

(b) with TPs
(a) without TPs
Figure 4-47. Mosaicked images of the focus in the first study area (a) without TPs (b) with
TPs
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The mosaics of the second study area are also generated from two strips. The results of the
entire area and those of the focus area are presented in figure 4-48 and figure 4-49
respectively.

(a) without TPs
(b) with TPs
Figure 4-48. Mosaicked images of the entire area in the second study area (a) without TPs (b)
with TPs

(a) without TPs

(b) with TPs

Figure 4-49. Mosaicked images of the focus area in the second study area (a) without TPs (b)
with TPs
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4.2.8. Evaluation of Geometric Discrepancies in the Mosaicked Images
To evaluate the geometric discrepancies between two strips, we manually check for
disparities along the seam line. We compared the disparities found in mosaicked images
prepared without and with TPs. The results are described below.

4.2.8.1. Evaluation of Geometric Discrepancies in the Mosaicked Images for the First
Study Area
The evaluation of geometric discrepancies for the first study area includes two parts, for
the entire area and for the focus area.

4.2.8.1.1. Evaluation of Geometric Discrepancies in the Mosaicked Images for the Entire
Area of the First Study Area
In the entire area of the first study area, four test sites are selected for evaluation of
disparities between the strips. The locations of the four test sites are labeled in figure 4-50.

(a)Without TPs

(b)With TPs

Figure 4-50. The locations of four tests for evaluation of geometric discrepancies in the
mosaicked images of the entire area in the first study area (a) Without TPs (b)
With TPs
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We found some disparities between the mosaicked images. The parallaxes of the
disparity in the test sets of images for the entire first study area are listed in table 4-24. The
location of the disparities in the test sets are shown in figures 4-51, 4-52, 4-53, 4-54, 4-55 and
4-56.

Table 4-24. Parallaxes of the disparity in the test sets of the mosaicked images of the entire
area in the first study area
Parralaxes
Test Number

Without TPs

With TPs

E(m)

N(m)

E(m)

N(m)

1

6

4

0

0

2

4

8

0

0

3

8

14

2

4

4

24

30

4

6

(a) without TPs

(b) with TPs

Figure 4-51. Test 1 for evaluation of geometric discrepancies in the mosaicked images of the
entire in the first study area (a) without TPs (b) with TPs.
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In test 1, we found discontinuities along the seam line in the mosaicked image without
TPs. The discontinuities are circled in red and yellow in figure 4-51(a), indicating a building
and a road, respectively. It is clear that these two features are not connected between the two
strips. The result improves significantly when TPs are included during orbit adjustment and
orthorectification, as can be seen in figure 4-51(b).

(a)Without TPs

(b)With TPs

Figure 4-52. Test 2 for evaluation of geometric discrepancies in the mosaicked images of the
entire in the first study area (a) without TPs (b) with TPs.

In test 2, we also detected discontinuities along the seam line in the case without TPs, as
can be seen in figure 4-52(a). The discontinuities are indicated by the red and yellow circles
marking two roads. Clearly these two roads are misaligned in the mosaicked image. This
alignment is significantly improved when TPs are included for orbit adjustment and
orthorectification, as shown in figure 4-52 (b).
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(a) without TPs
(b) with TPs
Figure 4-53. Test 3 for evaluation of geometric discrepancies in the mosaicked images of the
entire in the first study area (a) without TPs (b) with TPs.

Figure 4-54. Enlargement test 3 of evaluation of geometric discrepancies in the mosaicked
images for the entire area of the first study area in with TPs case
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In test 3, we also detected discontinuities along the seam line in the case without TPs, as
circled in red in figure 4-53(a). The parallaxes of the disparities are larger than those in the
previous tests. This is because the elevation in this area is higher than in the regions in the
previous tests. By employing TPs for orbit adjustment, this condition is significantly
improved, as shown in figure 4-53(b). Although there are still parallaxes presented in the
mosaicked images, they decrease significantly, as can be seen in figure 4-54.

(a) without TPs

(b) with TPs

Figure 4-55. Test 4 for evaluation of geometric discrepancies in the mosaicked images of the
entire in the first study area (a) without TPs (b) with TPs.
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Figure 4-56. Enlargement test 4 of evaluation of geometric discrepancies in the mosaicked
images of the entire in the first study area in with TPs case

In test 4, we also detected discontinuities along the seam line in the case without TPs,
circled in yellow in figure 4-55(a). The parallaxes of the disparities are larger than those in all
previous tests. The large parallaxes are caused by two reasons. There are no GCPs provided
for this area and topography in this region is undulating with an elevation around 200m above
mean sea level. By employing TPs for orbit adjustment, the alignment can be significantly
improved, as seen in figure 4-55(b) within the yellow circle. Although there are still
parallaxes present in the mosaic, they decrease significantly, as shown in figure 4-56.

4.2.8.1.2. Evaluation of Geometric Discrepancies in the Mosaicked Images for the Focus
Area of the First Study Area
For the focus area in the first study area, we selected three test sits to evaluate the
disparities between two strips. The first and the second tests are similar to those for the entire
area.

The test results can help us to compare the disparities for the entire area with those in

the focus area. The locations of the four tests are indicated in figure 4-57. The polygon in
figure 4-57 represents the region of the focus area.
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(a) without TPs

(b) with TPs

Figure 4-57. The location of three tests for evaluation of geometric discrepancies in the
mosaicked images of the focus area in the first study area (a) Without TPs (b)
With TPs

We found that some disparities in the test results of the mosaicked images for the focus
area in the first study area. The parallaxes of the disparity in the test sets for the focus area
images in the first study area are listed in table 4-25. The locations of the disparities in the
test sets of the focus area images in the first study area are shown in figures 4-58, 4-59 and
4-60.

Table 4-25. Parallaxes of the disparity in the test sets of the mosaicked images of the focus
area in the first study area
Parralaxes
Test Number

Without TPs

With TPs

E(m)

N(m)

E(m)

N(m)

1

0

0

0

0

2

0

0

0

0

3

4

6

4

6
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Figure 4-58. Test 1 for evaluation of geometric discrepancies in the mosaicked images of the
focus area in the first study area (a) without TPs (b) with TPs

From a comparison of the results of test 1 for the entire area with the one for the focus
area, we can conclude that the latter results are similar to of those for the with TP case for the
entire area. The results are close to those expected with no observable discontinuity present,
as shown in figure 4-58. Parallaxes are not found either within the red circle or within the
yellow circle.
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(a) without TPs

(b) with TPs

Figure 4-59. Test 2 for evaluation of geometric discrepancies in the mosaicked images of the
focus area in the first study area (a) without TPs (b) with TPs.

From a comparison of the results of test 2 for the entire area with the ones for the focus
area, we can conclude that they are similar to the ones with TPs for the entire area. The
results are close to our expectations and there is no observable discontinuity present, as
shown in figure 4-59. Parallaxes are not found either within the red circle or within the
yellow circle.
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(a) without TPs

(b) with TPs

Figure 4-60. Test 3 for evaluation of geometric discrepancies in the mosaicked images of the
focus area in the first study area (a) without TPs (b) with TPs

The results for test 3 indicate that there are discontinuities along the seam-lines for both
cases, without TPs and with TPs. This is because the elevation is higher in this region than
that of all previous tests. The magnitudes of the parallaxes are the same in both cases. They
are shown in figure 4-60 within the yellow circle.

4.2.8.2. Evaluation of Geometric Discrepancies in the Mosaicked Images for the Second
Study Area
The evaluation of geometric discrepancies for the second study area is comprised of two
parts, an evaluation of the entire area and an evaluation of the focus area.

4.2.8.2.1. Evaluation of Geometric Discrepancies in the Mosaicked Images for the Entire
Area of the Second Study Area
For the entire area of the second study area, we selected four test sites to evaluate for
disparities between the two strips. The locations of these four test sites are labeled in figure
4-61.
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(a) without TPs

(b) with TPs

Figure 4-61. The locations of four tests for evaluation of geometric discrepancies in the
mosaicked images of the entire area in the second study area (a) without TPs (b)
with TPs

We found some disparities in the test sets of the mosaicked images for the entire area in
the second study area. The parallaxes of the disparity are listed in table 4-26. The locations of
the disparities are presented in figures 4-62, 4-63, 4-64, 4-65, 4-66, 4-67 and 4-68.

Table 4-26. Parallaxes of the disparity in the test sets of the mosaicked images of the entire
area in the second study area
Parralaxes
Test Number

Without TPs

With TPs

E(m)

N(m)

E(m)

N(m)

1

48

150

6

18

2

6

24

4

6

3

4

6

2

2

4

0

0

0

0
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(a) without TPs

(b) with TPs

Figure 4-62. Test 1 for evaluation of geometric discrepancies in the mosaicked images of the
entire area in the second study area (a) without TPs (b) with TPs

Figure 4-63. Enlargement test 1 of evaluation of geometric discrepancies in the mosaicked
images of the entire area in the second study area in with TPs case
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In test 1, the discontinuity along the seam line in the image without TPs can be clearly
seen, as shown by the blue circle in figure 4-62(a). This is because there are no GCPs
provided for this area and topography is undulating with an elevation of around 500m above
sea level. By employing TPs in orbit adjustment, this alignment can be significantly
improved, as seen in figure 4-62(b) within the blue circle. Although there are still parallaxes
present in the mosaic, they have decreased significantly, as can be seen in figure 4-63.

(a) without TPs
(b) with TPs
Figure 4-64. Test 2 for evaluation of geometric discrepancies in the mosaicked images of the
entire area in the second study area (a) without TPs (b) with TPs
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Figure 4-65. Enlargement test 2 of evaluation of geometric discrepancies in the mosaicked
images of the entire area in the second study area in with TPs case

For test 2, we also detected discontinuities along the seam line in the case without TPs,
as shown by the green circle in figure 4-64(a). The parallaxes of the disparities are smaller
than those in test 1, however, they still exist. Since there are no GCPs provided in this region,
this affects the relative accuracy. Overall, the relative accuracy is still better than for test 1
because the elevation is not so high. The elevation of the former is about 200 above mean sea
level. By employing TPs for orbit adjustment, this condition can be significantly improved,
as seen within the green circle in figure 4-64(b). Although there are still parallaxes in the
mosaic, they have decreased significantly, as shown in figure 4-65.
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(b) with TPs
(a) without TPs
Figure 4-66. Test 3 for evaluation of geometric discrepancies in the mosaicked images for the
entire area of the second study area (a) without TPs (b) with TPs

Figure 4-67. Enlargement test 3 of evaluation of geometric discrepancies in the mosaicked
images for the entire area of the second study area in with TPs case
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In test 3, there is a discontinuity present along the seam line in the case without TPs, as
shown by the two roads within the blue and green circles in figure 4-66(a). The parallaxes are
smaller than those in the previous tests. The parallaxes occurred when TPs were not included
during the adjustment and orthorectification processes. The accuracy is better in this test than
for previous tests, because GCPs are provided in this region. By employing TPs for orbit
adjustment, this condition can be significantly improved. The roads along seam line of the
between two strips are circled in blue and green in figure 4-66(b). There are still parallaxes in
this mosaic, but they have decreased significantly, as shown in figure 4-67.

(a) without TPs
(a) with TPs
Figure 4-68. Test 4 for evaluation of geometric discrepancies in the mosaicked images for the
entire area of the second study area (a) without TPs (b) with TPs

In test 4, there is significant improvement for cases both with and without TPs. The
parallaxes are not seen in the mosaicked images shown in figure 4-68. The river region,
encircled by the green line, is perfectly connected. This improvement is attained because
several GCPs are provided in this region. Employing TPs does not significantly enhance the
relative accuracy.
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4.2.8.2.2. Evaluation of Geometric Discrepancies in the Mosaicked Images for the Focus
Area of the Second Study Area
For the focus area in the second study area, we apply 3 tests to evaluate the geometric
discrepancies between two strips in the mosaics. The third test is similar to the fourth test for
the entire area, since we want to compare the disparities for the entire area with those of the
focus area. The locations of the three test sites are shown in figure 4-69. The polygon in the
figure indicates the region of the focus area.

(a) without TPs

(b) with TPs

Figure 4-69. The locations of three tests for evaluation of geometric discrepancies in the
mosaicked images of the focus area in the second study area (a) without TPs (b)
with TPs

We still found disparities at the test sets in the mosaicked images. The parallaxes of the
disparity in the test sets of the mosaicked images for the focus area of the second study area
are listed in table 4-27. The locations of the disparities are shown in figures 4-70, 4-71 and
4-72.
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Table 4-27. Parallaxes of the disparity in the test sets of the mosaicked images of the focus
area in the second study area
Parallaxes
Test Number

Without TPs

With TPs

E(m)

N(m)

E(m)

N(m)

1

6

8

6

8

2

0

0

0

0

3

0

0

0

0

(a) without TPs

(b) with TPs

Figure 4-70. Test 1 for evaluation of geometric discrepancies in the mosaicked images for the
focus area of the second study area (a) without TPs (b) with TPs

The results indicate that parallaxes still exist in the mosaic, although TPs are applied in
the adjustment. The results for these two cases are the same as shown in figure 4-70. The
parallaxes for both cases are similar. The discontinuities along the seam line are clearly
visible within the green circle in figure 4-70. Since the topography of this region is hilly, the
errors becoming significant.
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(a) without TPs

(b) with TPs

Figure 4-71. Test 2 for evaluation of geometric discrepancies in the mosaicked images for the
focus area of the second study area (a) without TPs (b) with TPs

In test 2, the results indicate that there is a significant improvement in both cases. In
both cases, we observe no discontinuity in the river region along the seam line, as shown
within the blue circle in figure 4-71. The rivers regions are connected between the two strips.
Also, the edge of the river is clearly visible. Since GCPs are distributed well in this region. It
helps to create a good geometry for the focus area. Applying TPs for orbit adjustment and
orthorectification does not significantly improve the relative accuracy.
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(a) without TPs
(b) with TPs
Figure 4-72. Test 3 of evaluation of geometric discrepancies in the mosaicked images for
the focus area of the second study area (a) without TPs (b) with TPs

From a comparison of the results of test 4 for the entire area with the ones from test 3 for
the focus area, we can conclude that the latter results are similar to the former case with TPs.
The results of test 3 are close to our expectations and discontinuities are difficult to detect.
No parallaxes are found in either case. We can see that there is no discontinuity in the river
region along the seam line, which is circled by a green line in figure 4-72. Since GCPs is
distributed uniformly in this region, it helps to create a good geometry for the focus area.
Applying TPs for orbit adjustment and orthorectification does not significantly improve the
relative accuracy.

4.2.9. Summary
The experimental results are summarized below.
1. The accuracy of SRTM reached around 3m in the first study area. In the second study
area, the accuracy of SRTM is 5m. The accuracy is not as good in the second study area
as in the first, because the terrain is more undulating. The highest elevation is around
3400m above sea level. Consistency of SRTM performs well for orbit adjustment and the
orthorectification. The results are in accord with our expectations.
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2. The results for the absolute accuracy in both study areas indicate that there is no
significant improvement when TPs are employed in the least squares collocation. We
reach the same accuracy, better than 9m, in both areas. The accuracy in both focus areas
is also the same, better than 8m.
3. The results for the relative accuracy in both study areas indicate a significant
improvement when TPs are included in the least squares collocation. In the first study
area, the accuracy for the entire area increases six times in the east and five times in the
north. In the second study area, the accuracy of the entire area increases seven times in
the east and four times in the north.
4. A comparison of the absolute accuracy results between the two study areas indicates that
the accuracy is better than 10 m, since the accuracy of the topographic map is within 10m.
This accuracy is due to the GCP’s quality as horizontal data for orbit adjustment and
orthorectification
5. A comparison of the relative accuracy between the two study areas shows it to be worse
in the second area than in the first, because the terrain is more undulating and the
overlapping area is smaller.
6. A comparison of the absolute accuracy results between the entire area and the focus area
indicate that there is better accuracy in focus area than the entire area because of the
better distribution of GCPs in the focus area than in the entire area. A good geometry can
thus be developed in the focus area.
7. A comparison of the relative accuracy results between the entire area and the focus area
indicates better accuracy in the focus because of the better distribution of GCPs. A good
geometry can thus be developed in the focus area.
8. The parallaxes in the mosaicked images of the entire area in the first study area are
identified to be around 26m in the east and 32m in the north. The parallaxes in the
mosaicked images of the entire area in the second study area are identified to be around
48m in the east and 170m in the north. They can be reduced significantly by employing
TPs in orbit adjustment and orthorectification.
9. The parallaxes of the mosaicked images in the focus area are the same whether with or
without TPs.
10. A comparison of the accuracy of orbit adjustment and that of orthorectification indicate
no a significant difference, because the GCPs used for orthorectification are similar to
those used in orbit adjustment.
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CHAPTER 5. CONCLUSIONS

This study proposes a feasible scheme for orthorectification and mosaicking of satellite
images. The experimental results demonstrate the potential of mosaicked images as a source
of spatial information. This study takes advantage of block adjustment and least squares
collocation for orbit adjustment and patch back projection for orthorectification to generate
the mosaicked images.

5.1. Conclusions
The experimental results are summarized as follows.
1.

Block adjustment using direct georeferencing is a rigorous method and performs well in
this study. It is very promising means to improve the quality of geometric registration.

2.

The accuracy of SRTM is the best among the available DEMs. It can be used as
elevation control in orbit adjustment and to model the surface in orthorectification.

3.

The least squares collocation method performs well, compensating the local systematic
errors to refine the orbital parameters. Relative accuracy can be significantly improved
by applying tie points.

4.

Ground control points play an important role in improving the accuracy of orbit
adjustment and orthorectification. When the distribution of ground control points is in
sufficient, tie points can assume role in order to create a good geometry.

5.2. Limitations
The limitations in this study are stated below.
1.

Since we use DEM for elevation control in orbit adjustment and orthorectification, the
accuracy of the DEM will affect the result. Higher accuracy may be acquired when
better DEM is available in for adjustment and orthorectification.

2.

Since we use the topographic map as the horizontal data source for GCPs for orbit
adjustment and orthorectification, the accuracy of the topographic map contributes to
the accuracy of adjustment and orthorectification. Higher accuracy may be attained
when large scale and higher accuracy topographic maps become available for
adjustment and orthorectification.

5.3. Future Works
Future works arising from this study area are outlined below.
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1.

Block adjustment using direct georeferencing is a very promising way to improve the
quality of geometric correction. This adjustment can be applied to generate
orthorectification and the mosaicked image as reference for spatial data information.
The method has potential applications for Indonesia in order to create efficient and
low-cost mapping.

2.

GCP marking to provide horizontal data for orbit adjustment is not an easy task. The
quality of the GCPs contributes to the accuracy. A GCP database could be built to
provide accurate and efficient horizontal information.

3.

It is more practical to use RPCs during RFM for block adjustment. This can be
performed for multi images strips in order to make the adjustment more efficient.
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