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Abstract 

According to the rapid increase recently in very-high-resolution (VHR) 

optical satellites with submeter spatial resolutions, the amount of available 

image resources has increased substantially over time, leading to many 

studies with high value-added outputs. A fundamental process for improving 

geometric consistency is required to facilitate accurate and reliable analysis 

of the large volume of images being continuously amassed. This thesis 

focuses on developing an effective block adjustment (BA) method based on 

persistent tie point (PTP), improving the geometric consistency of the multi-

temporal VHR imagery over the same scene simultaneously. 

A useful and timely VHR dataset inevitably comprises multi-temporal 

images obtained from different satellites because VHR optical satellites are 

operated upon weather conditions, the presence of an effective light source, 

and predominantly on-demand image acquisition schedules. Precise image 

and ground coordinates of tie points (TPs) are necessary to improve the 

geometric consistency of this multi-temporal and multi-sensor dataset 

successfully through BA. However, existing technologies have yet to resolve 

batch processing of more than two multi-temporal images because most 

established studies on improving geometric consistency have been conducted 

using only two images. Moreover, estimating accurate ground coordinates of 

TPs required for BA is daunting because of the unstable geometric 

configuration between multi-sensor images. Accordingly, this thesis proposes 

and uses the PTP, a point located in identical positions throughout multi-

temporal images. A PTP has the advantage that its ground coordinates can be 

precisely estimated by integrating the positioning information from multi-

temporal VHR images. 

A novel, comprehensive method to obtain image and ground coordinates 

of the PTP is proposed in this thesis. The proposed method consists of three 
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sequential processes: (1) extraction of PTPs, (2) ground coordinate estimation 

of PTPs, and (3) refinement of PTPs. Each process was developed based on 

the following procedures to manipulate multi-temporal and multi-sensor 

VHR satellite images. The grid-based scale-invariant feature transform (SIFT) 

method and matching matrix comparison method are proposed and used in 

this thesis to extract PTPs among multiple images efficiently. The ground 

coordinates of the extracted PTPs can be estimated more accurately by 

applying a novel spatial differential technique to multiple observations using 

a binocular stereo intersection. The PTPs with unreliably estimated ground 

coordinates and image location errors are removed from the remaining PTPs 

for BA to ensure the high precision of their image and ground coordinates. 

Based on the precise results of the sequential three processes, BA is 

accomplished to reduce the relative positioning error of multi-temporal and 

multi-sensor images. 

The effectiveness of the proposed method related to the PTP was verified 

using 12 multi-temporal and multi-sensor VHR images through (1) accuracy 

of the proposed PTP extraction method and (2) accuracy of the estimated 

PTP’s ground coordinates. The proposed PTP extraction method could extract 

PTPs with notable correctness of 93.05% without using a conventional 

mismatch elimination process such as random sampling consensus 

(RANSAC). Compared with the ray-tracing-based method continuously used 

for the TP’s ground coordinate estimation of unstable geometry 

configurations, the proposed PTP intersection method demonstrated its 

capability of obtaining more accurate ground coordinate estimates. 

Finally, quantitative assessments using independent check points (ICPs) 

and qualitative assessments using checkerboard visualizations and 

comparisons with digital topographic maps were conducted to validate the 

proposed PTP-based BA method’s effectiveness in improving the geometric 

consistency of the 12 multi-temporal and multi-sensor VHR optical satellite 
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images. Based on the quantitative assessment, the usefulness of PTPs for BA 

of multi-temporal and multi-sensor images was quantitatively 

demonstrated—the average planar root mean square errors (RMSEs) of 

relative errors between 12 orthorectified images was calculated as 1.97 m via 

the PTP-based BA without GCPs. The effectiveness of the PTPs for BA was 

also qualitatively validated—the seamless checkerboard image of all multi-

temporal orthorectified images with refined rational function model (RFM) 

via BA could be generated. Moreover, the orthorectified images corresponded 

well with the digital topographic map. 

The practical PTP-based BA method proposed in this thesis has profound 

implications for targeting multi-temporal VHR images over the same scene. 

Previous studies did not address any applicable technique to implement BA 

for this type of dataset successfully. The improved geometric consistency via 

the proposed method is expected to facilitate applications that can fully 

exploit the existing large volumes of VHR image datasets and the vast number 

of datasets acquired by future satellites. Furthermore, the method could 

influence a wide array of remote sensing-based applications because it can be 

individually applied to any multiple optical satellite dataset, regardless of the 

sensor and acquisition time. 
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Chapter 1. Introduction 

Since the launch of the first very-high-resolution (VHR) commercial 

satellite in 1999, the number of VHR optical satellites1 has steadily increased 

over the years. The growing number of current VHR satellites in operation 

provides VHR images globally and for multiple acquisitions per year over an 

area. In the case of South Korea, two VHR optical satellites, Korean Multi-

Purpose Satellite (KOMPSAT) 3/3A, have been used successfully for Earth 

observations. Moreover, numerous next-generation satellites are scheduled to 

be launched in the near future, such as the Compact Advanced Satellite 500 

(CAS500) missions (Table 1-1). According to the “3rd Master Plan for 

Promotion of Space Development” presented by the Ministry of Science 

and Information and Communications Technology (ICT), the image 

acquisition frequency and revisit times of domestic satellites will be reduced 

dramatically from daily to hourly intervals, facilitating rapid response to 

national crises and natural disasters (Korean Aerospace Research Institute 

[KARI], 2018). Given this continuous increase in VHR satellites and 

scheduled missions, a large-scale collection of VHR images should 

accumulate over time. Consequently, multi-temporal and multi-sensor image 

datasets will serve as rich databases to assist in a diversity of Earth-

observation applications and monitoring. 

 

 

 
1 VHR satellites have a spatial resolution below 1 m, while the spatial resolutions of high-

resolution (HR) satellites are between 1and 10 m (Poli and Toutin, 2012). 
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Table 1-1. Korean optical satellites used for Earth observation 

 
Spatial Resolution 

Pan / MS* (m) 
Altitude (km) 

Launch date 

(scheduled) 
Remarks 

KOMPSAT-1 6.6  / - 685 December 21, 1999 Mission terminated in 2008 

KOMPSAT-2 1.0  / 4.0 685 July 28, 2006 Mission terminated in 2015 

KOMPSAT-3 0.7  / 2.8 685 May 18, 2012 - 

KOMPSAT-3A 0.55 / 2.2 528 March 26, 2015 IR** sensor (5.4m) 

CAS500-1/2 0.5  / 2.0 about 500 (in 2021) 

Constellation consisting of 2 

CAS-500s for national land 

observation 

KOMPSAT-7/7A 

(KARI, 2020) 
0.3  / - 500–600 

(7 in 2021) 

(7A in 2023) 
- 

KOMPSAT-9 

(KARI, 2020) 
0.1  / - - (in 2028) - 

Micro/Nano 

Satellite (Jeon, 2019) 
1.0  / 4.0 400–500 

(1 in 2024) 

(2–6 in 2026) 

(7–11 in 2027) 

Constellation consisting of 11 

satellites 

* Pan: Panchromatic, MS: Multi-spectral (Blue, Green, Red, Near Infrared) 

** IR: Infrared 
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Furthermore, since the launch of the first commercial VHR satellite, VHR 

images have been amassed continuously for various parts of the world. 

Accordingly, this large volume of images offers greater potential and capacity 

to analyze VHR images on a multi-temporal scale. Several recent studies have 

exploited multi-temporal VHR image archives that consist of more than tens 

of images of the same scene to produce high-quality change maps (Pollard et 

al., 2010) or digital surface models (DSMs) (Ozcanli et al., 2015; Facciolo et 

al., 2017; Qin, 2019). These studies demonstrated the overall potential of 

using massive multi-temporal VHR image collections for spatiotemporal 

analysis in complex areas such as urban regions, thereby emphasizing the 

benefits of using the high discriminability of VHR images. 

Although accumulated VHR image datasets carry great potential, they are 

limited by geometric inconsistency or relative errors that directly degrade the 

results from the spatiotemporal analysis of these images (Dai and Khorram, 

1998). Geometric inconsistency associated with multi-temporal VHR datasets 

is caused by two factors. The first factor is the positioning errors of each 

image in the multi-temporal VHR dataset. Typically, the position accuracy of 

basic-level VHR satellite images is limited because the positioning error is 

more than several meters due to inevitable measurement uncertainties from 

Global Positioning System (GPS) receivers, star trackers, and gyroscopes (Oh 

and Jung, 2016). Table 1-2 presents the location errors on the ground without 

the use of ground control points (GCPs) for several VHR satellite images. The 

positioning errors of most VHR satellites were in the range of tens of pixels 

and at varying degrees. These positioning errors engender an overall 

geometric inconsistency between the objects on the plane. 

The second factor is the geometric distortion caused by the geometrical 

relationship between the satellite and the Earth’s surface. Although VHR 

satellite images typically exhibit superior resolution and discriminability 

capability compared with low- and mid-resolution satellite images, relief 
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displacement can impair the overall quality of the VHR images. Relief 

displacement is particularly significant in urban areas (Jabari and Zhang, 

2016). 

 

Table 1-2. Positioning accuracy of well-known VHR satellite images 

without GCPs 

Satellite 
CE90* 

Remarks 
(m) (pixel) 

GeoEye-1 2.5 5.0 (Ozcanli et al., 2014) 

KOMPSAT-3 51.0 72.9 
Updated in Sep. 2016 (Satrec 

Initiative [SI], 2019a) 

KOMPSAT-3A 13.5 27 
End of Launch and Early Orbit 

Phase (LEOP) (SI, 2019b) 

Pléiades 6.5 13.0 
Updated in Oct. 2017 (Airbus, 

2012) 

WorldView-1 7.6 15.2 (Ozcanli et al., 2014) 

WorldView-2 12.2 24.4 (Ozcanli et al., 2014) 

* CE90: 90% of circular error, ~1.6-sigma 

 

Figure 1-1 illustrates the geometric inconsistency of multi-temporal VHR 

satellite images acquired from four different sensors. Each image is 

georeferenced using vendor-provided rational function models (RFMs). The 

exact ground positions of the circular object in Figure 1-1 (a) differ for each 

image. This discrepancy is caused by positioning errors related to the vendor-

provided RFMs of individual multi-temporal images. Furthermore, the 

building depicted in Figure 1-1 (b) appears to differ across the displayed 

images. The adjacent sides and rooftop positions differ due to relief 

displacement effects inherent in the individual images. The mismatch in 

positions can lead to adverse effects in VHR image analysis. Consequently, 

for the efficient implementation and analysis of multi-temporal VHR images, 

reducing relative errors associated with multiple images is a fundamental 

preprocessing requirement emphasized continuously in many application 

studies on multi-temporal VHR images (Bruzzone and Bovolo, 2012; Huang 
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et al., 2013; Jabari and Zhang, 2016). 

 

(a) 

 

(b) 
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(b) 

 

Figure 1-1. Examples of the geometric inconsistency in georeferenced VHR 

satellite images acquired from four different sensors (GeoEye-1, KOMPSAT-

3A, Pléiades, and WorldView-2 from upper-left to bottom-right). Each image 

is georeferenced to WGS-84 longitude and latitude coordinates using vendor-

provided RFMs without GCPs. The white dashed-dotted lines are used to 

display different locations in detail. (a) Geometric inconsistency due to 

positioning errors of individual images. (b) Geometric inconsistency due to 

geometry between satellite and Earth’s surface. Effect of relief distortion on 

building varies for each image. 

 

There are two approaches for improving geometric consistency. First, 

image registration 2  is a practical approach that has been developed 

intensively in previous studies (Tom et al., 1984; Lowe, 2004; Teke et al., 

2011; Han, 2013; Feng et al., 2019). However, many image registration 

methods are not effective when applied to more than two images because the 

methods were developed explicitly for the registration of coupled reference 

and sensed images (Han et al., 2013; Gong et al., 2014; Feng et al., 2019). 

Furthermore, image registration methods are limited because they only 

improve relative accuracy. The absolute geometric accuracy of multiple 

registered images depends on the accuracy of the reference image, which is 

 

 
2 Image registration is the process used to geometrically align two or more images of the 

same scene, captured using different viewpoints, time, and sensors (Zitova and Flusser, 

2003). 
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practically challenging (Table 1-2). 

The second approach is geometric calibration, such as orthorectification3. 

For precise geometric calibration, accurate sensor models and height 

information are required. The digital elevation model (DEM) has recently 

been widely incorporated in geometric calibration studies (Teo et al., 2010; 

Wang et al., 2014b; Zhang et al., 2016; Zheng and Zhang, 2016; Cao et al., 

2019) following the increased accessibility of height information via 

numerous public DEM datasets4. In contrast, most sensor models5 of VHR 

satellites are insufficiently accurate, as implied by the positioning errors in 

Table 1-2. Enhancing sensor model accuracy and reducing positioning errors 

is crucial. Moreover, precise sensor models and their intersections6 with more 

than two VHR satellite images can be applied to generate high-quality DSMs. 

Consequently, the refinement of sensor models is fundamental for successful 

geometric calibration to improve the geometric consistency of a multi-

temporal VHR dataset. 

Sensor model refinement of various satellites has been an active research 

problem for several decades (Poli and Toutin, 2012). In the context of sensor 

model refinement for multi-temporal VHR images, block adjustment (BA), 

or triangulation, is a standard solution. The BA method initially contributes 

to estimating accurate sensor models by simultaneously determining the 

accurate individual positions and orientation parameters of all images 

(Mikhail et al., 2001). As a result, BA has extensively been used to attain high 

 

 
3  Orthorectification removes the effects of tilt and terrain included in individual satellite 

images. The orthorectified VHR images have constant scales similar to maps with high 

geometric consistency. 
4  AW3D30, SRTM GL3, and ASTER GDEM are examples of globally public DEMs. 

Domestic DEMs are also produced at finer resolution by National Geographic Information 

Institute (NGII). 
5 A sensor model describes the geometric relationship between the 3D ground coordinates 

system and the image coordinates system. 
6 Intersection is the process to determine a point’s position in object space intersecting the 

image rays from multiple images by applying the collinearity equations. This process is 

also termed “stereo intersection” or “space intersection.” 
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accuracy sensor models of multiple VHR images (Grodecki and Dial, 2003; 

Robertson, 2003; Toutin, 2003; Fraser et al., 2006; Cao et al., 2019). 

Moreover, BA yields consistent mapping results across all images (Teo et al., 

2010; Wang et al., 2014b; Zhang et al., 2016). Therefore, BA is the optimal 

technique for improving both absolute and relative geometric accuracies of 

the multi-temporal VHR satellite dataset. 

Despite its usefulness in simultaneously aligning multiple images, the 

practical implementation of BA methods with multi-temporal VHR satellite 

datasets has been limited. The first and most crucial obstacle is the inclusion 

of multi-sensor images, which are not acquired to be used for intersection, in 

the multi-temporal VHR optical satellite dataset. Useful VHR optical images 

are usually limited to a specific area due to weather and illumination 

conditions in conjunction with busy data acquisition schedules, despite the 

rapidly increasing number of VHR satellites. Hence, collecting many timely 

and useful mono images7 from different optical satellites is highly desirable 

and significant for constructing multi-temporal VHR datasets. 

Two practical problems inhibit the implementation of BA on mono VHR 

images from different VHR optical satellites (multi-sensors). These problems 

are related to tie points (TPs)—corresponding points extracted from the 

overlapping regions of multiple images when using the BA method. The TP 

is essential in BA to achieve high relative accuracy for multiple images and 

is the focus of this thesis. 

First, a sufficient number of correct TPs must be extracted from the multi-

sensor VHR images. Considering that tens of VHR images are adjusted by 

BA, automating TP extraction is essential. However, obtaining the TPs from 

 

 
7  A mono image refers to satellite images not acquired in stereo acquisition mode. Most 

current HR satellites can acquire multiple images with appropriate image geometry for 

intersection purposes. This acquisition mode is normally designated as the stereo 

acquisition model. 
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multi-sensor images is much more complicated than from single-sensor 

images because of dissimilar sensor characteristics and variable 

preprocessing levels of satellite images for each image provider. Therefore, 

automatically extracted TPs from multi-sensor images tend to include 

incorrect TPs that can cause inaccurate BA results. 

Second, the precision of BA depends on the geometric configuration of 

the image block. The problem is that the geometry configurations of stereo 

pairs randomly generated from multi-sensor mono images are unstable or 

weakly convergent. This unstable geometric configuration produces 

abnormal ground TP coordinates during the BA process and can lead to 

inaccurate results. Unless the unstable geometry configuration is resolved, the 

BA methods fail to improve the geometric consistency of multi-temporal 

VHR images. This problem has been discussed repeatedly in many studies 

(Robertson, 2003; Teo et al., 2010; Zhang et al., 2016). 

This thesis proposes a practical strategy based on BA that simultaneously 

refines the sensor models of multi-temporal VHR optical satellite datasets to 

solve their geometric inconsistencies, as demonstrated in Figure 1-1. 

Accordingly, the proposed method is focused primarily on solving the 

problems related to TPs. This thesis introduces a new type of TP—referred to 

as a persistent TP (PTP). The PTP can be defined as a stable point on the 

image that remains consistent across numerous images in multi-temporal 

datasets. 

Two feasible techniques related to PTPs are developed to process multi-

sensor and mono images. The first technique automatically extracts PTPs 

from multi-sensor images, while the second technique estimates the ground 

coordinates of the PTP from multiple mono images. The extracted PTPs’ 

image and ground coordinates are additionally refined to improve their 

precision. The refined PTPs’ image and ground coordinates can be used for 

the successful implementation of BA to increase the geometric consistency of 
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multi-temporal VHR optical satellite datasets. 

Ultimately, this thesis improves the accuracy of the TP’s image and 

ground coordinates and uses the accurate results in a BA approach to increase 

the geometric consistency of multi-temporal VHR optical satellite image 

datasets. The improved geometric consistency via the proposed BA strategy 

should facilitate applications that can fully exploit the existing large volumes 

of VHR image datasets in addition to the extensive number of datasets 

acquired by future satellites. 

The remainder of this thesis is organized as follows. Section 2 reviews the 

related studies on BA methods using high-resolution (HR) satellite imagery. 

The considerations and underlying motivation to develop a practical approach 

to implement BA for multi-temporal VHR optical satellite datasets are 

presented. Section 3 presents a BA method based on PTP. The concept of the 

PTP is introduced in more detail, and the characteristics that enable precise 

estimation of the PTP’s ground coordinates are described. Furthermore, the 

methods to extract, intersect, and refine the PTP of the multi-temporal VHR 

dataset are described. A practical strategy for BA using PTPs is also presented. 

Section 4 verifies the effectiveness of these four proposed methods (three 

methods related to PTP and PTP-based BA) using multi-temporal VHR 

datasets. Finally, Section 5 presents the conclusion and suggestions for further 

advancements based on this thesis.  
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Chapter 2. Literature Review 

This thesis aims to improve the geometric consistency of a multi-temporal 

VHR dataset via BA. This section analyzes the technological levels related to 

BA to establish a practical method for successfully implementing BA on the 

multi-temporal VHR dataset. Based on the literature review, considerations 

for developing BA for the multi-temporal VHR optical satellite datasets are 

presented. 

Because BA is the combined process of resection 8  and intersection, 

numerous studies have been conducted in various perspectives of BA for 

VHR and HR satellite imagery over the past decades. Previous studies are 

individually reviewed in this section according to three perspectives: sensor 

models, geometric reference data, and TPs. Independent techniques for 

resection or intersection without BA are also included. 

 

2.1. Sensor Model 

As many researchers have found in previous studies, establishing suitable 

sensor models is essential for BA (Grodecki and Dial, 2003; Toutin, 2004; 

Poli, 2007; Teo et al., 2010; Cao et al., 2019). A rigorous sensor model 

typically results in high positioning accuracy because it incorporates various 

error sources into the adjustable model (Cao et al., 2019). Several rigorous 

sensor models for VHR satellites have been invented, and their usefulness for 

different sensors has been demonstrated (Poli and Toutin, 2012). However, 

rigorous sensor models require a set of information on orbit ephemeris, sensor 

attitude, and camera model data, which is usually unavailable to the end-user 

due to the confidentiality of satellite sensor information. 

 

 
8 Resection is the process that determines an image’s position and orientation parameters 

with respect to an object space coordinates. 
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Alternatively, the RFM is a representative replacement model for the 

rigorous sensor model. The RFM consists of multiple parameters and rational 

polynomial coefficients (RPCs), precisely estimated from the reference 

rigorous sensor model (Tao and Hu, 2001). Implementation of RFM is 

relatively simple compared with the rigorous sensor model, which is 

complicated due to the geometry characteristics of the pushbroom mode 

acquisition of VHR satellites. Thus, the RFM has become a universally 

standard sensor-independent model, and its usefulness for VHR satellite 

imagery is well-established (Fraser and Hanley, 2005; Fraser et al., 2006; Teo, 

2011; Jiao et al., 2018; Ling et al., 2020). 

The RFM converts the 3D ground-space coordinates to 2D image-space 

coordinates to ratios of polynomials as defined in Eq. (1). 

{
 
 

 
 𝑟𝑛 =

𝑃(1)(𝑋𝑛, 𝑌𝑛, 𝑍𝑛)

𝑃(2)(𝑋𝑛, 𝑌𝑛, 𝑍𝑛)

𝑐𝑛 =
𝑃(3)(𝑋𝑛, 𝑌𝑛, 𝑍𝑛)

𝑃(4)(𝑋𝑛, 𝑌𝑛, 𝑍𝑛)

 (1) 

 

𝑟𝑛 =
𝑟 − 𝑟𝑜
𝑟𝑠

, 𝑐𝑛 =
𝑐 − 𝑐𝑜
𝑐𝑠

 

𝑋𝑛 =
𝑋 − 𝑋𝑜
𝑋𝑠

, 𝑌𝑛 =
𝑌 − 𝑌𝑜
𝑌𝑠

, 𝑍𝑛 =
𝑍 − 𝑍𝑜
𝑍𝑠

 
(2) 

 

(𝑋, 𝑌, 𝑍) are the 3D ground coordinates, latitude, longitude, and height above 

the ellipsoid, respectively. The 2D image coordinates (row and column) are 

presented as (𝑟, 𝑐). The subscript  𝑛 in Eq. (1) denotes the normalization to 

improve the numerical stability of the equations. Both ground- and image-

space coordinates are normalized to a [−1,+1] range using two subscripts 

 𝑜 and  𝑠 in Eq. (2), which are the offset and scale factors, respectively. 

Each polynomial, 𝑃(𝑚) (𝑚 = 1, 2, 3, 4) in Eq. (1) is of the 20-term cubic 

form described by Eq. (3). 
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𝑃(𝑚) = 𝑎0
(𝑚)

+ 𝑎1
(𝑚)
𝑍𝑛 + 𝑎2

(𝑚)
𝑌𝑛 + 𝑎3

(𝑚)
𝑋𝑛 + 𝑎4

(𝑚)
𝑍𝑛𝑌𝑛 +

              𝑎𝑍𝑛𝑋𝑛 + 𝑎6
(𝑚)
𝑌𝑛𝑋𝑛 + 𝑎7

(𝑚)
𝑍𝑛
2 + 𝑎8

(𝑚)
𝑌𝑛
2 + 𝑎9

(𝑚)
𝑋𝑛
2 +

              𝑎10
(𝑚)
𝑍𝑛𝑌𝑛𝑋𝑛 + 𝑎11

(𝑚)
𝑍𝑛
2𝑌𝑛 + 𝑎12

(𝑚)
𝑍𝑛
2𝑋𝑛 + 𝑎13

(𝑚)
𝑌𝑛
2𝑍𝑛 +

              𝑎14
(𝑚)
𝑌𝑛
2𝑋𝑛 + 𝑎15

(𝑚)
𝑍𝑛𝑋𝑛

2 + 𝑎16
(𝑚)
𝑌𝑛𝑋𝑛

2 + 𝑎17
(𝑚)
𝑍𝑛
3 + 𝑎18

(𝑚)
𝑌𝑛
3 +

              𝑎19
(𝑚)
𝑋𝑛
3   

(3) 

 

The order of Eq. (3) is the same as that presented by the OpenGIS Consortium 

(OGC) (1999), but the actual order may differ according to the satellite image 

vendor (Airbus, 2012; SI, 2019a, 2019b). The RFM consists of the 90 

coefficients9 provided as metadata by the satellite image vendor. 

The BA, based on the rigorous sensor model, adjusts the orientation 

parameters to improve geometric accuracy. In contrast to the rigorous sensor 

model, the RPCs have no geometric meaning. Thus, RPC refinement uses a 

different strategy. The intuitive approach is a regeneration of the RPCs with 

a number of GCPs (Tao and Hu, 2001; Hu and Tao, 2002; Di et al., 2003; 

Long et al., 2015), but this is regarded as being infeasible because of the need 

for densely distributed GCPs (Tao and Hu, 2001; Di et al., 2003) or 

covariance matrices for the RFMs (Hu and Tao, 2002), which are seldom 

available. 

Several researchers restored orientation parameters from the RPCs and 

adjusted the restored orientation parameters (Xiong and Zhang, 2009, 2010; 

Cao et al., 2019). Xiong and Zhang (2009) proposed a generic method that 

restored the sensor’s position and attitude from the RPCs and generated new 

RPCs to refine the RFM. Cao et al. (2019) proposed an equivalent geometric 

sensor model (EGSM) that completely recovered interior and exterior 

orientation parameters from the RPCs. They performed the BA based on the 

EGSM and demonstrated its usefulness in experiments using ZY-3. 

 

 
9 Ten coefficients are the offset and scale factors related to ground and image coordinates. 

The other 80 coefficients are related to polynomial functions 𝑃(𝑚) (𝑚 = 1, 2, 3, 4). 
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Instead of directly modifying RPCs, the RFM can be refined via 

complementary or concatenated transformations in image or object space (Hu 

et al., 2004). Grodecki and Dial (2003) investigated this indirect RFM 

refinement method. They analyzed the effects of the exterior orientation 

errors on the satellite image with a narrow field of view sensor (e.g., Ikonos), 

establishing an adjustable model in the image-space for the RFM. Another 

adjustable model in the ground-space was also presented but was infeasible 

because it did not reflect the satellite sensor’s imaging geometry (Grodecki 

and Dial, 2003). 

The image-space adjustable models ∆𝑟 and ∆𝑐, proposed by Grodecki 

and Dial (2003), are defined in the domain of image coordinates and 

expressed in affine matrix form with six adjustment parameters, 𝑒0, 𝑒𝑐, 𝑒𝑟, 

𝑓0, 𝑓𝑐, and 𝑓𝑟 as follows: 

∆𝑟 = 𝑒0 + 𝑒𝑐 ∙ �̂� + 𝑒𝑟 ∙ �̂� 

∆𝑐 = 𝑓0 + 𝑓𝑐 ∙ �̂� + 𝑓𝑟 ∙ �̂� 
(4) 

 

where �̂� and �̂� are the row and column coordinates of a GCP or TP. Each 

adjustment parameter in Eq. (4) absorbs different exterior orientation errors, 

as discussed in Grodecki and Dial (2003). 

Grodecki and Dial (2003) demonstrated that using only offset parameters, 

𝑒0 and 𝑓0, could reduce the RFM errors in Ikonos, of which image width and 

altitude are less than 50 and 680 km, respectively. Abundant previous studies 

have investigated the required adjustment parameters for different sensors 

(Fraser and Hanley, 2005; Wang et al., 2005; Tong et al., 2010; Teo, 2011). 

Many studies (Grodecki and Dial, 2003; Ozcanli et al., 2014; Wang et al., 

2014b; Ling et al., 2020) concluded that the offset parameters could absorb 

most RFM’s errors for various sensors. However, the other adjustment 

parameters were still required for some satellites. For example, QuickBird 

requires an adjustable model with second-order polynomial parameters (Tong 

et al., 2010). Although the required adjustment parameters for each sensor are 
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controversial, the RFM-based BA method with the adjustable model defined 

by Eq. (4) has become mainstream for VHR satellite imagery with a narrow 

field of view (Robertson, 2003; Teo et al., 2010; Teo, 2011; Yang et al., 2017; 

Ling et al., 2020). 
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2.2. Geometric Reference Data 

Reliable control information is required as a geometric reference in BA to 

refine the sensor models described in Section 2.1. Representative control 

information can be obtained from GCPs coined as the point at which the 

ground and the image coordinates are identified. Because the GCPs are the 

simplest and the most reliable source of geometric reference data, the studies 

related to the sensor model refinement have focused predominantly on the 

application of GCPs. Early studies analyzed the effects of GCP configurations, 

such as their accuracy, frequency, and distribution concerning the accuracy of 

the refined sensor models (Wang et al., 2005; Fraser et al., 2006). Among the 

listed parameters, GCP accuracy is the most important. The standard error of 

the GCP’s ground coordinates must be less than one pixel of the tested 

satellite image to guarantee reasonable absolute geometric accuracy 

following the application of BA (Fraser et al., 2006). 

GPS measurements are traditionally employed to obtain precise ground 

coordinates of the GCPs (Fraser and Hanley, 2005; Fraser et al., 2006; Toutin, 

2006). However, obtaining GPS-measured GCPs is laborious and sometimes 

impossible for inaccessible areas. Alternatively, previous studies have 

acquired GCPs using existing maps (Oh and Lee, 2015; Pehani et al., 2016), 

publicly open data such as OpenStreetMap (OSM) (Lee et al., 2017), and 

synthetic aperture radar (SAR) satellite data (Shin et al., 2015). 

One practical method of obtaining the coordinates is using a GCP chip, 

an image fragment extracted from an existing georeferenced image such as 

an aerial orthophoto. The use of GCP chips can reduce processing time and 

cost compared with conventional methods based on visual inspection because 

the GCP’s image coordinates can be automatically extracted with image 

matching techniques (Yoon, 2019). Therefore, the use of GCP chips for 

various satellite imagery has been widely studied (Kim et al., 2004; Lim et 

al., 2004; Lee and Yoon, 2019). Recently, numerous GCP chips for geometric 
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calibration of CAS500-1/2 have been established for studies in Korea, and 

their usefulness for VHR satellite images was verified (Park et al., 2019). 

Another frequently used geometric reference data source is public DEMs, 

which have become increasingly more accessible. The greatest challenge with 

using DEMs as geometric reference data is that there is no direct 

corresponding relationship between the satellite images and the DEMs (Cao 

et al., 2019). Therefore, this type of method first generates a DEM from the 

stereo pair and matches it with the public DEM. Gonçalves (2008) first 

proposed using the Shuttle Radar Topography Mission (SRTM) DEM for 

orientation parameter adjustment, and several other methods using the public 

DEMs were proposed in (Gonçalves, 2008; Kim and Jeong, 2011; Oh and 

Jung, 2016; Chen et al., 2018). Despite the efficiency of the DEMs to refine 

the sensor model, these DEM matching-based methods have limited the 

number of suitable image types. A stereo pair with a stable geometry 

configuration is required for these methods to guarantee a certain quality of 

the generated DEM that enables effective matching with the public DEM. 

In consideration of the absence of geometric reference data or the 

laborious task of obtaining precise GCPs, several studies tried to 

automatically refine sensor models without geometric reference data (Pollard 

et al., 2010; Ozcanli et al., 2014; Yang et al., 2017; Jiao et al., 2018). Pollard 

et al. (2010) reduced the absolute geometric errors of the sensor models by 

the volume element (voxel)-based framework on the assumption that only the 

offset parameters in Eq. (4) must be adjusted. They found that the geometric 

errors tended to decrease as more images used through the experiments with 

tens of QuickBird images. Ozcanli et al. (2014) automatically estimated the 

offset parameters using five GeoEye images, considering the high-quality 

geo-positioning equipment of GeoEye (Table 1-2). The accumulated VHR 

images from other satellites were aligned to the GeoEye images corrected 

geometrically using the estimated offset parameters. For ZY-3, which has 
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three linear array stereo sensors, Yang et al. (2017) developed large-scale BA 

without GCPs by geometric calibration based on the viewing-angle model. 

They successfully performed geometric correction of the ZY-3 imagery. 

Sensor model refinement without geometric reference data is highly desirable 

due to the benefits of cost and computational efficiency. However, the 

proposed methods from previous studies demonstrated limited usefulness in 

single-sensor images (Pollard et al., 2010) or were sensor-specific, such as 

the studies using GeoEye (Ozcanli et al., 2014) and ZY-3 (Yang et al., 2017; 

Jiao et al., 2018). 
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2.3. Tie Point (TP) 

Although the absolute geometric accuracy of satellite images is improved 

using precise GCPs, geometric inconsistencies may still exist between the 

images after single adjustment10 (Teo et al., 2010). Plentiful well-distributed 

GCPs are necessary to align the overlapped images consistently, but attaining 

a sufficient number of the GCPs is usually impractical. In this context, the use 

of TPs with several GCPs is preferred for improving the relative accuracy and 

absolute geometric accuracy of the images involved in BA. 

 

2.3.1. TP Extraction 

TP extraction has not received significant interest in related research on 

BA to the extent that some studies omitted referencing the TP extraction 

method (Robertson, 2003; Wang et al., 2014b; Zhang et al., 2016; Zheng and 

Zhang, 2016). Early studies on BA used manually extracted TPs (Fraser et al., 

2006; Toutin, 2006; Teo et al., 2010), but this process requires considerable 

cost and time. Several studies automatically extracted TPs due to the 

increased number of images involved in BA (Ozcanli et al., 2014; Yang et al., 

2017; Cao et al., 2019; Ling et al., 2020). These studies commonly employed 

existing image registration methods instead of developing a new method to 

extract TPs. 

During image registration, corresponding features between images, such 

as matching points, are extracted. These matching points can be used as the 

TPs for BA. For instance, Ozcanli et al. (2014) employed an enhanced phase 

correlation algorithm (Tom et al., 1984), and Yang et al. (2017) applied a scale 

 

 
10  Teo et al. (2010) performed three types of adjustment using GCPs for single images 

(bundle adjustment, adjustment for direct georeferencing, and RFM-based adjustment) 

and compared the single adjustment results to the adjustment results of multiple images 

(image block). The geometric consistency of the block-adjusted images was higher than 

that of the single-adjusted images for all adjustment types. 
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restriction scale-invariant feature transform (SR-SIFT) alike method (Teke et 

al., 2011). Recently, Ling et al. (2020) addressed the mismatch problem 

regarding TPs that degrades the final BA accuracy. They proposed a method 

to eliminate mismatched TPs based on the matching confidences derived from 

zero-mean normalized cross-correlation. Consequently, related studies on 

image registration need to be analyzed to develop a TP extraction method for 

effective BA implementation. Image registration comprises four steps: feature 

detection, feature matching, transformation model development, and image 

transformation and resampling (Zitova and Flusser, 2003). Because matching 

points are used as TPs in BA, the first and the second steps are the focus of 

this thesis. 

Numerous image registration methods have been invented over the last 

more than two decades, typically classified into two types: feature-based and 

area-based (Zitova and Flusser, 2003). For HR satellite images, the feature-

based image registration methods have been widely used because they are 

relatively robust to the severe distortions of HR imagery and require less 

processing time than the area-based method (Capel and Zisserman, 2003; Huo 

et al., 2011; Han et al., 2012; Feng et al., 2019). Among feature-based 

methods for VHR satellite imagery, the SIFT method (Lowe, 2004) is 

remarkable. Developed initially in the field of computer vision, it tends to 

extract many incorrect matching points from remotely-sensed images (Li et 

al., 2009) because the characteristics of the remotely-sensed images differ 

from those of normal images. Various modified SIFT algorithms, such as 

uniform robust SIFT (Sedaghat et al., 2011) and SR-SIFT (Yi et al., 2008), 

have been developed in the field of remote sensing for eliminating incorrect 

or invalid matching points (Goncalves et al., 2011; Huachao et al., 2012). 

Based on the significant advancement of the HR image registration methods, 

TPs for BA can be extracted. 
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2.3.2. TP Ground Coordinates 

The standard intersection method for a TP of multiple images is based on 

the collinearity equation. The intersection method of HR satellite imagery 

with RFM, or 3D reconstruction11, was presented by Tao and Hu (2002) in 

detail. They defined four error equations for the corresponding image point 

in a stereo pair and iteratively solved these equations by Taylor expansion. 

Although their method was applied initially to a binocular stereo pair, its 

principle can be extended for studies on the simultaneous intersection using 

multiple images, as conducted in Jiao et al. (2018). 

In contrast, these intersection methods are not necessary for the 

conventional BA process because the ground coordinates of TPs are naturally 

estimated. The prerequisite for precise estimation of the ground coordinates 

of TPs by BA is the appropriate geometric configuration of the image block 

for intersection. However, the availability of these appropriate images is 

usually limited because the images are seldom supplied with stable geometric 

configuration (the images are acquired as a stereo acquisition mode) due to 

satellites’ busy acquisition schedule. Furthermore, the unstable geometric 

configuration often occurs among several adjacent HR satellite images that 

must be mosaicked to cover a larger area. The feasibility of applying BA on 

multiple images with unstable stereo geometry is continuously in high 

demand. 

Several studies on BA tried to prevent erroneous ground coordinates of a 

TP (caused by the unstable stereo geometry) when implementing BA. Early 

studies on BA proposed elevation-added TPs (ETPs), which consisted of 

ground-based heights as fixed values derived from external height 

information such as DEMs (Robertson, 2003; Toutin, 2003; Toutin, 2006).  

 

 
11 Tao and Hu (2002) alternatively used this term instead of stereo intersection because there 

is no actual intersection of the light rays occurring at the object point when using RFMs. 
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The use of ETPs could mitigate the ground coordinates being incorrectly 

estimated by BA. However, this approach is not automated because the 

ground height is manually estimated due to unknown planimetric coordinates 

of the ETP. Therefore, Teo et al. (2010) proposed an automatic method to 

estimate the 3D ground coordinates of a TP using the ray-tracing technique 

(Chen and Lee, 1993) and a DEM. The estimated ground coordinates of TPs 

were used to construct BA equations of multiple images with weakly 

convergent geometry. 

Zhang et al. (2015) modified the method in Teo et al. (2010) regarding the 

weight for the TPs in BA equations. The modified method (Zhang et al., 2016) 

is superior to the original method (Teo et al., 2010) in computational 

efficiency because it required fewer iterations to converge. Ray-tracing-based 

methods for TPs have been employed continuously (Zheng and Zhang, 2016; 

Ling et al., 2020) and represent a new perspective on BA—independently 

estimating the ground coordinates of the TP could be a solution for a 

successful BA of multiple images with unstable geometric configurations. 

However, most relevant studies have been used for multiple single-sensor 

images because they have focused on covering a large block with the least 

number of images possible. 

Several studies have been conducted regarding intersection (ground 

coordinate estimation) of the multi-sensor images. Several studies empirically 

demonstrated the possibility of conventional intersection to estimate 

comparable 3D ground coordinates using multi-sensor mono images (Li et al., 

2007; Zhu et al., 2008; Choi and Kang, 2012; Choi et al., 2012). They found 

that the intersection of multi-sensor mono images was highly affected by the 

used images’ geometric configurations, such as the convergence and bisector 

elevation (BIE) angles. However, their effects on intersection accuracy were 

not quantitatively analyzed. 

Despite the widespread perception that a stable geometry configuration is 
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required for successful BA, such conditions for a satellite stereo pair were not 

thoroughly investigated until the studies presented by Jeong and Kim (2014, 

2016). BA was usually applied to images with ideal image geometry; 

therefore, a stable geometry configuration was not a salient concern. Jeong 

and Kim (2016) thoroughly investigated the quantitative conditions for stable 

stereo geometry. They established the first formulae that estimate positioning 

errors based on three geometric conditions: convergence angle, BIE angle, 

and asymmetry angle. The studies on unstable configuration are relevant 

given the insufficient number of stereo-images from inflexible satellite image 

acquisition schedules. The investigation by Jeong and Kim (2016) presents 

promising results for developing intersection methods applicable for multi-

sensor mono images, but further developments were not pursued. 
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2.4. Considerations, Motivation, and Significance of 

Study 

Based on the literature review, BA has been used for consistently mapping 

over a large area with multiple images, as depicted in Figure 2-1 (a). 

Consequently, most related studies regarding the implementation of BA for 

HR and VHR satellite imagery used single-sensor images with stable 

geometric configuration. Few other methods have been developed for multi-

sensor or mono images (Table 2-1). There have not yet been feasible BA or 

intersection methods for multi-sensor and mono images. 

In contrast to the previous studies, BA in this thesis focuses on 

simultaneously refining the sensor model of multi-temporal VHR optical 

satellite images to achieve consistently mapped results over the same areas 

(Figure 2-1 (b)) in consideration of the massive collections of multi-temporal 

VHR images, as presented in Section 1. Because this collected multi-temporal 

VHR optical satellite dataset is practically comprised of multi-sensor and 

mono images, a novel strategy for BA of this dataset must be developed to 

improve its geometric consistency simultaneously. 

 

 

 

 Typical stereo image    Mono image 

(a) (b) 

Figure 2-1. Image layout of BA: (a) BA for images over a large area; and (b) 

BA for images over the same scene. Red box indicates overlapped areas of 

the multi-temporal images, of particular interest in this thesis. 
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Table 2-1. Summary of the related studies reviewed in this thesis (related 

studies on sensor models are excluded because sensor model refinement has 

been independently conducted for each sensor). 

Characteristics of the used 

imagery 
Process 

Homogeneity 

of sensor 

Geometric 

configuration 
BA Intersection 

Single Stable * 
Tao and Hu, 2002; 

Jiao et al., 2018 

Multi Stable 
Toutin, 2006; Zheng 

and Zhang, 2016 - 

Single Unstable 
Teo et al., 2010; 

Zhang et al., 2016; 

Ling et al., 2020 
- 

Multi Unstable This thesis 

Li et al., 2007; 

Zhu et al., 2008; 

Choi et al., 2012; 

Jeong and Kim, 

2014, 2016 
* Omitted because numerous previous studies have been conducted. 

 

For developing a feasible BA method with a multi-temporal VHR dataset, 

three BA elements should be considered: sensor model, geometric reference 

data, and TP. Because of the various release policies on sensor attitude and 

position information from satellite image vendors, applying BA with rigorous 

sensor models of each satellite is unrealistic for multi-sensor images. Instead, 

the RFM-based BA with the image-space adjustable model (Eq. (4)), whose 

utility has been widely proven for various optical satellites, is the optimal 

approach for improving the relative accuracy of the multi-sensor VHR images. 

GCPs with ground coordinate accuracy close to the spatial resolution of 

VHR satellite imagery are required to guarantee an improvement in absolute 

geometric accuracy. In this context, the GPS-measurement is the most 

appropriate approach for VHR images of the various GCP acquisition 

methods summarized in Section 2.2. The other GCP acquisition methods 

should be carefully used regarding the required absolute geometric accuracy 

for subsequent applications. However, if absolute geometric accuracy is not 

significant, BA can be conducted without GCPs to improve efficiency. 
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Although BA is typically implemented to enhance absolute geometric 

accuracy, the method can still be applied to improve the relative accuracy 

(geometric consistency) of multi-temporal VHR optical satellite datasets, as 

demonstrated in Zhang et al. (2015). 

The last consideration regarding TPs is crucial to improving the geometric 

consistency of multi-temporal VHR optical satellite datasets in practice. In 

consideration of the massive multi-temporal VHR image resources that have 

been accumulated, TP extraction should be automatic and accurate for multi-

sensor images because the precision of TPs’ image coordinates affects the 

precision of BA. Moreover, it is desirable to independently estimate the 

ground coordinates of the extracted TPs to solve erroneously estimated 

ground coordinates of the TP’s through the iterations of BA caused by the 

unstable geometric configuration of multi-sensor mono images. Basic 

intersection methods (Tao and Hu, 2002; Jiao et al., 2018) applied to typical 

stereo images and ray-tracing-based methods (Teo et al., 2010; Zhang et al., 

2016) applied to single-sensor images are theoretically applicable. However, 

modifications are necessary for practical application with multi-sensor mono 

images. 

The literature review also revealed that the recent studies related to BA 

tended to integrate as much usable information as possible, such as 

positioning information from multiple RFMs (Pollard et al., 2010; Ozcanli et 

al., 2014) or height information from the public DEMs (Teo et al., 2010; Cao 

et al., 2019). This trend is also found in 3D modeling studies; for example, 

Facciolo et al. (2017) generated high-quality DSM by integrating numerous 

VHR mono images over urban areas without BA. This thesis empirically 

shows that height positioning accuracy can be improved by integrating 

positioning information from recent satellites. 

Motivated by the recent research trend, this thesis proposes a practical 

solution for the problems concerning TPs of multi-sensor and mono images 
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from the massive collection of VHR optical satellite datasets. This thesis 

assumes that using the positioning information from a sufficiently large set of 

images can reduce their respective 3D positioning errors. The proposed 

method in this thesis estimates accurate ground coordinates of TPs by 

extracting and using PTPs for BA, which can facilitate the integration of 

positioning information from as many images in the multi-temporal dataset 

as possible. 

Although acquiring a large number of useful VHR optical satellite images 

over the same scene results in a mixed collection of multi-sensor and mono 

images, previous works did not address any applicable techniques to 

implement BA for this type of dataset successfully. In this context, the 

proposed BA method based on the considerations mentioned above to target 

multi-sensor and mono images has profound implications. The proposed 

method has two contributions. First, this thesis improved TP image coordinate 

precision by developing a highly accurate image matching method for multi-

sensor images, which is arduous due to the dissimilar characteristics between 

images. Moreover, this thesis successfully conducted BA of a multi-temporal 

VHR optical satellite dataset by developing a novel technology to estimate 

the TPs’ ground coordinates using mono images accurately. The detailed 

methods and validation using actual data for each method are presented in the 

sections noted in Table 2-2. 
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Table 2-2. Main sections presenting each achievement 

Achievements Methods Validation 

1. Automatic image matching method 

of multi-sensor images 
Section 3.1 Section 4.2.1 

2. Estimation method of TP’s ground 

coordinates using multiple mono 

images 

Section 3.2 Section 4.2.2 

3. BA of multi-temporal VHR optical 

satellite dataset to improve their 

geometric consistency 

Section 3.4 Section 4.3 
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Chapter 3. Persistent TP (PTP) Methods 

In this thesis, the use of a new type of TP, PTPs, is proposed to improve 

the geometric consistency of multi-temporal VHR optical datasets using BA. 

A PTP is defined as a point located in identical positions over multi-temporal 

image acquisitions and is typically obtained from permanent, invariable 

objects on the ground (Figure 3-1). An advantage of using the PTP is that its 

ground coordinates can be precisely estimated by integrating the positioning 

information from multi-sensor VHR images due to the error’s characteristics 

from the multi-temporal VHR satellite dataset. 

 

 
(a) 

 
(b) 

Figure 3-1. PTP (a) concept and (b) example. Cross marks on image centers 

are PTPs extracted from 12 multi-temporal VHR images. 

 

Based on the considerations presented in Section 2.4, the proposed BA 

method based on PTP to improve the geometric consistency of multi-temporal 

VHR optical satellite images over the same scene is illustrated in Figure 3-2. 

This thesis proposes novel methods relevant primarily to a PTP to guarantee 
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high precision of the image and ground coordinates of PTPs, which are the 

prerequisites of successful BA implementation. The novel sequential 

extraction, intersection (ground coordinates estimation), and refinement 

methods related to PTPs are presented in Sections 3.1–3.3. Section 3.4 

describes the implementation of BA based on the series of PTP-based 

methods for improving the geometric consistency of the multi-temporal VHR 

dataset. 

 

 

Figure 3-2. Overall workflow of proposed BA method based on PTP 

  



 

 31 

3.1. PTP Extraction 

Considering the vast number of VHR optical satellite datasets, the PTP 

extraction method should be automated. For this purpose, the PTP extraction 

method adopts existing image registration techniques since numerous 

automatic image registration techniques have proven useful based on 

previous studies (Tom et al., 1984; Yi et al., 2008; Goncalves et al., 2011; Huo 

et al., 2011; Han et al., 2012; Han, 2013; Gong et al., 2014; Ye and Shan, 

2014). However, because existing registration methods have only been used 

for two images, these methods usually extract TPs as the corresponding points 

between “two” images. In contrast, the PTPs proposed in this thesis are 

generated as the corresponding points among a sufficient number of multi-

temporal images to integrate abundant positioning information for 

intersection. 

Although the number of “sufficient” images cannot be specified for multi-

sensor images12, intuitively, this definition requires more than two images. 

Alternatively, the proposed methods in this thesis are initially developed on 

the assumption that a sufficient number of multi-temporal images 

corresponding to one PTP is five, based on the previous study by Ozcanli et 

al. (2014), which conducted automatic geometric correction by integrating the 

positioning information from at least five single-sensor images. Nonetheless, 

the principles of the proposed methods can be applied for cases when more 

than two images corresponding to a PTP are acquired. 

If a PTP exists in a multi-temporal dataset, it can be related to multiple 

TPs extracted from the individual bi-temporal pairs of the multi-temporal 

 

 
12 The sufficient number of images is changeable according to the characteristics of the multi-

temporal dataset. The number of VHR satellite images for which positioning information 

is to be integrated increases if the VHR images with low positioning accuracy are collected. 

However, the positioning accuracy of multi-sensor imagery varies, as presented in Table 

1-2. Thus, it is challenging to select the specific number of the multi-sensor images to 

assure the improvement of the positioning accuracy after integration. 



 

 32 

VHR optical satellite dataset. The proposed PTP extraction method in this 

thesis detects these correlated TPs, which belong to separate multiple bi-

temporal pairs, and concatenates them into one PTP. The proposed method 

consists of two stages, as depicted in Figure 3-3: TP extraction from bi-

temporal pairs and TP concatenation into one PTP. 

 

 

Figure 3-3. Proposed PTP extraction method 

 

3.1.1. TP Extraction from Bi-Temporal Pairs 

The multi-temporal VHR optical satellite dataset used in this thesis is 

assumed to be composed of multi-sensor images. The spatial resolutions and 

image orientations of multi-sensor images differ due to their dissimilar sensor 

characteristics, acquisition attitudes, and image processing levels. The 

proposed PTP extraction method is based on SIFT (Lowe, 2004), the most 

popular approach for image registration of VHR satellite images due to the 
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SIFT’s robustness to the scale and rotation changes of multiple images. 

The SIFT method is composed of three steps: (1) keypoint extraction, (2) 

keypoint description, and (3) keypoint matching. A detailed description of 

each step is presented in previous studies (Lowe, 2004; Han, 2013). In this 

thesis, the first and second steps of the conventional SIFT method (Lowe, 

2004) are performed in 𝑁 individual, multi-temporal images over the entire 

scene, which is defined as the overlapped region of all the multiple images. 

In contrast, the last step is performed separately in individual small regions 

due to two problems that occur when applying SIFT to remotely-sensed 

images: increased computational cost and omission errors due to keypoints 

with similar descriptors. The entire process corresponding to the first stage of 

the proposed PTP extraction method is depicted in Figure 3-4. 

In the keypoint matching step of SIFT, Euclidean distances (EDs) between 

each keypoint’s descriptor in the reference image and all keypoint descriptors 

in the sensed image are calculated and compared. The keypoint pair with the 

minimum ED is extracted as a correct match when the minimum ED is less 

than a specific ratio of the second minimum ED. This procedure rapidly 

increases the computational cost for remotely-sensed images because the 

SIFT method tends to extract many keypoints from those images.  

Furthermore, SIFT produces keypoints with similar descriptors in 

remotely-sensed images due to numerous identical objects on the ground, 

such as similar buildings in an apartment complex. The keypoints with similar 

descriptors are removed from the correct matching pairs as the ratio between 

the minimum and the second minimum ED approaches, although the keypoint 

pair with the minimum value may be correct. Consequently, SIFT should be 

applied to reasonably small remotely-sensed images to prevent the increase 

in computational cost and keypoints with similar descriptors. 
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Figure 3-4. TP extraction of bi-temporal image pairs using SIFT. KP is the 

keypoint, 𝑁 is the number of multi-sensor images, and 𝑀 is the number 

of grids in the entire region. 
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The entire scene is divided into small grids using longitude and latitude, 

as depicted in Figure 3-5 (a), to determine the small regions for conducting 

separate keypoint matching. The corresponding image coordinates of each 

grid are calculated approximately using the individual satellite images’ RFMs 

and the arbitrary ground height (Eq. (1)-(3)). In consideration of the RFM 

errors and the height value’s errors, each corresponding image is expanded 

with a particular buffer area (Figure 3-5 (b)). One method of determining the 

buffer area size is to adopt the disclosed RFM errors of the satellite images, 

as depicted in Table 1-2. In this thesis, the grid and buffer area sizes are set to 

200 and 20 m, respectively, and the arbitrary height for each grid image 

coordinate calculation is 50 m. 

 

 

(a) (b) 

Figure 3-5. Grid-based keypoint matching: (a) a grid; (b) corresponding 

small area in each image (𝑖1 and 𝑖2) of the grid. × indicates the extracted 

keypoints. Keypoint matching is performed between the red × in the two 

images. 

 

According to each grid’s calculated individual image coordinates, the 

SIFT keypoints and their descriptors from individual images are divided. 

Then, the keypoint matching step is performed on the divided keypoints in 

each grid. This grid-based keypoint matching is similar to the coarse-to-fine 
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registration scheme (Gong et al., 2014) that several image registration 

methods have applied. Figure 3-5 (b) illustrates examples of the divided SIFT 

keypoints of two multi-temporal images, 𝑖1 and 𝑖2, according to a grid. As 

depicted in Figure 3-5, the assigned small areas of two multi-temporal images 

cover the same area of the grid. Limiting the spatial extent for keypoint 

matching should improve the completeness and correctness of the results. 

The last step of the SIFT method is performed on all available bi-temporal 

image pairs derived from the multi-temporal dataset to attain an abundant 

number of TPs13. The threshold for the ratio of the minimum ED to the second 

minimum ED is set as 0.8, as suggested for the original SIFT method (Lowe, 

2004). This number empirically eliminated 90% of the false matches while 

removing 5% of the correct matches. Finally, the grid-based matched 

keypoint pairs are arranged according to the individual bi-temporal pairs, as 

depicted at the bottom of Figure 3-4. If the number of the multi-temporal 

images is 𝑁, the number of the TP sets is 𝑁(𝑁 − 1)/2. 

 

3.1.2. TP Concatenation 

The TP sets and their image coordinates are extracted from bi-temporal 

pairs in the previous stage. In the next stage, the correlated TPs extracted from 

different bi-temporal pairs are detected and concatenated into a PTP. These 

procedures are challenging because it is difficult to automatically pinpoint the 

exact image coordinates of the PTP as a permanent object on the ground in 

all multi-temporal images. The permanent object appears dissimilar in each 

of the multi-temporal images due to various factors, such as the presence of 

 

 
13 The keypoint matching can be conducted in only N-1 bi-temporal pairs once one specific 

image is defined as the reference image to reduce computational cost. However, it is 

challenging to define the reference image because it is unclear which image among the 

multi-temporal images has the largest number of correct matching points with all the other 

images. 



 

 37 

shadows or changes in neighboring objects seasonal variations of street trees.  

In such cases, the SIFT method cannot extract the keypoints of identical 

locations in the multi-temporal imagery nor match keypoints on the same 

positions of a bi-temporal pair due to the difference in their descriptors. The 

former problem is challenging to solve due to the nature of SIFT, whereas the 

latter problem can be solved via TP concatenation, as described in this section. 

For efficient detection and concatenation of the correlated TPs from bi-

temporal image pairs, this thesis proposes using a matching vector and a 

matching matrix. The process of concatenating the TPs of bi-temporal pairs 

into a PTP is composed of three steps: (1) generate matching matrices, (2) 

compare the matching matrices, and (3) integrate correlated matching vectors. 

 

(1) Generation of Matching Matrices of Bi-temporal TPs 

Because the number of extracted keypoints is constant within the 

individual multi-temporal images, the matching results from the previous 

stage according to one keypoint can be vectorized once the keypoints of the 

individual images are indexed by number. Figure 3-6 illustrates examples of 

a matching vector and a matching matrix. Given four multi-temporal images, 

and if the 𝑝th keypoint in the 𝑖th image is matched with the 𝑞th keypoint in 

the first image and the 𝑟th keypoint in the (𝑁 − 1)th image, but not matched 

with the keypoint in the last image, the matching results of the 𝑝th keypoints 

can be vectorized as [KP𝑞
(1)
 ⋯  KP𝑝

(𝑖)
  ⋯  KP𝑟

(𝑁−1)
    0] (Figure 3-6 (b)). In 

this thesis, this vector is denoted as the matching vector, with a size of 1 × 𝑁 

if there are 𝑁 images in the multi-temporal VHR optical satellite dataset. 
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(a) 

 

(b) (c) 

Figure 3-6. A matching vector and a matching matrix: (a) extracted TPs of the 

bi-temporal pairs regarding the ith image; (b) matching vector of the pth 

keypoint of the ith image according to (a); (c) matching matrix of ith image. 

 

For creating matching matrices, matching vectors of the keypoints for 

each image are allocated to the corresponding row of the matching matrix. If 

there are 𝑀𝑖 keypoints extracted from the 𝑖th image using SIFT, the size of 

the matching matrix of the 𝑖th image is 𝑀𝑖 × 𝑁, as depicted in Figure 3-6 (c). 

The 𝑖th column is filled with a continuous set of numbers ranging from 1 to 

𝑀𝑖. A number located at the (𝑝, 𝑞)th cell in the 𝑖th matching matrix indicates 

the keypoint of 𝑞 th image matched with 𝑝 th keypoint of the 𝑖 th images. A 

value of zero indicates that there is no matched keypoint in the 𝑞th image with 
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the 𝑝th keypoint of the 𝑖th image. For example, the 42nd keypoint of the first 

image is matched to the 24th keypoint of the third image according to the 

matching matrix of the first image in Figure 3-7 (a). With a matching vector 

and matrix, the connectivity of the multi-temporal images becomes easy to 

recognize, as demonstrated by the example exhibiting how the 42nd keypoint 

in the first image connects to the third, fourth, and last images from a multi-

temporal dataset. In the first step of TP concatenation, the matching matrices 

of all multi-temporal images are generated according to the extracted TPs of 

bi-temporal pairs arranged by grids as described above. 

 

(2) Comparison of Matching Matrices 

Despite using a threshold of 0.8 for keypoint matching of SIFT, previous 

studies on VHR image registration noted a considerable number of 

mismatched TPs. The current registration methods tend to conduct an 

additional process to eliminate the number of incorrect TPs by the random 

sampling consensus (RANSAC) (Wong and Clausi, 2007; Feng et al., 2019) 

or the root mean square error (RMSE)-based approach (Han et al., 2013). 

These elimination methods can be employed for PTP extraction. They 

improve the computational efficiency as the number of incorrect TPs and 

sizes of the matching matrices decrease, which are to be compared to generate 

PTPs. 

However, such methods are effective when the correct matches are 

abundant in the initial matched TPs. Once the proportion of mismatched TPs 

increases, the representative outlier elimination approach, RANSAC, 

inadequately extracts the incorrect TPs as the correct TPs (Ling et al., 2020). 

This can be a problem for the TPs extracted from the multi-temporal and 

multi-sensor images of particular interest in this thesis. For bi-temporal pairs 

in which there are unpredictable changes and severe dissimilarity induced by 

various factors, the incorrect TPs overwhelm the correct TPs extracted using 
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SIFT. 

Furthermore, computational efficiency is not always improved because 

the elimination methods are usually iterative and require additional 

parameters that are usually dependent on the images’ properties. In this thesis, 

instead of relying on the conventional elimination methods, the incorrect TPs 

are removed naturally during the TP concatenation procedure to generate 

PTPs. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

Figure 3-7. Example omission errors (blue numbers) and commission 

errors (red numbers) in five matching matrices. Matching matrices of (a) 

first image; (b) second image; (c) third image; (d) fourth image; and (e) 

last Nth image. 

 

Before describing the remaining two steps of TP concatenation in detail, 

the principle behind improving the correctness and the completeness of the 

extracted two images’ TPs via the proposed concatenation process is 

presented. Figure 3-7 illustrates examples of the matching matrices; the 

matching vectors enclosed within the red boxes are the correlated TPs. Even 

though some numbers are on the same dimensions in the marked matching 

vectors, they were from the different bi-temporal pairs. For example, given 

[24 50] in Figure 3-7 (a) and (b), those numbers in Figure 3-7 (a) indicate 

that the 42nd keypoint of the first image are matched with the 24th keypoint 

of the third keypoint and the 50th keypoint of the fourth image. The same 

numbers in Figure 3-7(b) indicate that the 10th keypoint of the second image 

are matched with them. 
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The different numbers in the correlated matching vectors are caused by 

inevitable omission and commission errors of the grid-based SIFT method in 

the previous stage. The blue numbers of the second components in the vectors 

are examples of the omission errors in the extracted TPs with relation to the 

first images. According to the extracted TPs of the third and fourth images, 

the 10th keypoint of the second image is supposed to be matched with the 

42nd keypoint in the first images. However, this TP between the two 

keypoints was not extracted from the first and second image pair. The 

omission error unexpectedly occurs in all possible bi-temporal pairs—they 

can be overcome by comparing the matching matrices. 

Likewise, the red numbers 209 and 1 of the last components in the 

correlated matching vectors in Figure 3-7 indicate commission errors. 

According to the correlated matching vectors in Figure 3-7, the four keypoints 

[42 10     24 50] of the first to the fourth images are likely to indicate one 

PTP (if the omission error of the first image, as mentioned above, is true). 

However, these keypoints were matched to different keypoints of the last 

image. The 42nd keypoint of the first image and the 10th keypoint of the 

second image were matched to the 209th keypoint of the last image, whereas 

the 50th keypoint of the fourth image was matched to the first keypoint of the 

last image. Thus, it is unclear that which keypoint between the first and 209th 

keypoints is integrated into the PTP composed of the four keypoints 

[42 10     24 50], even both keypoints can be the commission errors. The 

additional correlated matching vectors from other multi-temporal images, 

which contain the keypoints presented in the above five correlated matching 

vectors, must be compared to select one of them as the correct matches or 

remove both as the commission errors (e.g., the matching vectors including 

the 7th keypoint in the 𝑛th image as depicted in Figure 3-7 (c)). 

The omission and commission errors in Figure 3-7 are simple examples 

of five matching matrices. It is difficult to find the actual errors in the 
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matching matrix due to a large number of all possible combinations from the 

N multi-temporal images. The best method of finding the correlated TPs of 

the bi-temporal pairs and concatenating them into a PTP with the minimum 

number of errors is to gradually generate the matching matrices composed of 

the identical matching vectors of different image combinations. 

The generated matching matrices in the previous step represent the 

matching results of two images. Once the identical matching vectors between 

two of these matching matrices are extracted through comparison, these 

vectors can be regarded as matching points from three images. For example, 

if [42 10     24 50] in Figure 3-7 is the identical matching vector of the 

third and fourth images in a multi-temporal dataset composed of four images, 

the 42nd keypoint on the first column is regarded as correct based on the first, 

third, and fourth images, and the 10th keypoint on the second column is based 

on the second, third and, fourth images. Moreover, if this matching vector 

identically exists in the matching matrix of the first image, the 10th keypoint 

of the second image is regarded as correct based on all four images. Intuitively, 

it is expected that the correctness of an identical matching vector increases as 

the matching vector identically exists in other matching matrices. 

The proposed method first calculates all possible combinations of from 

two to four images derived from the multi-temporal dataset to extract the 

identical matching vectors extracted from the five images. The number of the 

calculated combinations for each number of images are calculated by Eq. (5). 

 𝑛C𝑘 =
𝑛!

𝑘! (𝑛 − 𝑘)!
 (5) 

 

where 𝑛 is the number of elements in a set and 𝑘 is the number of distinct 

elements in a subset. 

For extracting the identical matching vectors of three images, the 

matching matrices generated based on the bi-temporal pairs in the previous 

step are compared according to the calculated combinations of two images. 
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The extracted identical matching vectors based on three images are 

accumulated to a new matching matrix. This matching matrix is indexed by 

the corresponding combinations. For example, the (1, 2)th matching matrix 

comprises identical matching vectors between the first and second matching 

matrices. The number of newly generated matching matrices for three images 

is 𝑛(𝑛 − 1)/2. These generated matching matrices are sequentially used in 

the subsequent comparison. 

For extracting the identical matching vectors of four images, the matching 

matrices are compared according to the calculated combinations of three 

images. For effective comparison, the matching matrices generated in the 

previous comparison are used. If the first, second, and third matching results 

must be compared, the (1, 2)th  matching matrix and the third image’s 

matching matrix are compared. The identical matching vectors between them 

comprise a new matching matrix indexed as (1, 2, 3)th . This comparison 

procedure is conducted according to all the calculated combinations of up to 

four images to extract the identical matching vectors of five multi-temporal 

images. The commission errors in the extracted TP sets from bi-temporal pairs 

can be naturally reduced through this gradual comparison. The independently 

extracted and correlated TPs are ready to be integrated into a PTP. 

 

(3) Integration of Correlated Matching Vectors 

In the previous step, the correctness is naturally improved by a gradual 

and thorough comparison of matching matrices. In contrast, completeness is 

not considered because commission errors must be minimized to extract the 

omission errors. 

The extracted matching vectors in the previous method have at least five 

image locations with high correctness. As a result, the extracted matching 

vectors can be regarded as the initial PTPs with five image locations. Since 
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the initial PTPs are placed separately in different combinations of five images, 

the duplicated initial PTPs exist. Furthermore, slightly different initial PTPs 

exist due to the omission and remaining commission errors. 

In this step, the correlated initial PTPs are integrated into one PTP to 

improve the completeness and correctness of the final PTPs. The following 

steps are processed to concatenate correlated initial PTPs into the 

corresponding PTPs with as many image locations as possible. 

(1) Select one PTP in the initial PTPs. 

(2) Extract related PTPs, which contain the same keypoints. 

(3) If there are new keypoints in the additionally extracted PTPs, extract 

the PTPs containing the new keypoints. 

(4) Repeat step (3) until no new keypoints can be detected. 

(5) Arrange the extracted matching vectors into matrix-form, as presented 

in Figure 3-8 (a). 

(6) Find the keypoint occurring with the most frequency for each column 

and determine this keypoint’s location in terms of the final PTP’s 

image coordinates of the associated multi-temporal image. 

(7) Remove all compared PTPs in step (6) from the initial PTPs. 

(8) Repeat steps (1)–(7) until every initial PTP is compared. 

 

Figure 3-8 illustrates that the completeness and correctness of the 

individual initial PTPs increase when integrating the correlated initial PTPs. 

The omission errors (blue numbers) and commission errors (red numbers) are 

reduced by integration. Consequently, the finally extracted PTPs have 

accurate image locations, a prerequisite for successful BA implementation. 
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(a) 

 

(b) 

Figure 3-8. Integration of correlated matching vectors: (a) 

correlated matching vectors existing identically in different 

five image combinations (initial PTPs); and (b) final 

concatenated matching vector (PTP). Blue and red numbers 

indicate omission and commission errors in initial PTPs. 
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3.2. PTP Intersection 

One method of precise implementation for BA of multiple mono images 

is to use the independently estimated ground coordinates of TPs, as 

demonstrated in previous studies (Teo et al., 2010; Zhang et al., 2016). This 

thesis proposes a novel PTP intersection method and uses the intersection 

results for BA of multiple mono images. The proposed intersection method is 

developed based on the extracted PTPs’ image coordinates from the proposed 

PTP extraction method. 

Calculating the 3D ground coordinates of a point requires the point’s 

image coordinates and the corresponding RFMs of at least two different 

multi-temporal images because an RFM converts the 3D ground coordinates 

to the image coordinates of a point based on Eqs. (1)–(3). The PTP 

automatically extracted using the proposed extraction method has the image 

coordinates in more than five multi-temporal images. Thus, abundant 

positioning information can be used for PTP intersection, and the calculated 

PTP’s ground coordinates should be accurate once the abundant positioning 

information is properly integrated. This thesis focuses on developing the 

proper integration method of the abundant positioning information of the PTP 

based on the positioning error characteristics of VHR satellite imagery. 

 

3.2.1. Characteristics of Positioning Error 

RFMs include various inevitable errors that stem from the reference 

physical sensor models. The errors from RFMs are propagated to all types of 

RFM-based processes, including intersection. For the development of an 

accurate method to estimate the ground coordinates of PTPs, the 

characteristics of the RFM’s error and error propagation models in the multi-

temporal VHR optical satellite dataset must be analyzed. 
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(1) Characteristics of RFM Error 

RFM errors related to VHR satellite imagery are categorized into two 

types: systematic and random. The Sensor Geopositioning Center (SGC) 

defined that systematic errors are associated with the errors with respect to 

the interior and exterior orientations of satellites (Dolloff, 2012). Systematic 

errors can be removed by various refinement methods. In contrast, random 

errors are unmodeled—they randomly occur over a single image and remain 

after refinement. One noticeable error source of the RFM’s random errors 

arises from polynomial fit error. 

The RFM’s positioning error of a point in a single satellite image 𝑖 is 

described as 

TP⃗⃗⃗⃗  ⃗(𝑖) = TP⃗⃗⃗⃗  ⃗𝑠𝑦𝑠𝑡𝑒𝑚
(𝑖)

+ TP⃗⃗⃗⃗  ⃗𝑟𝑎𝑛𝑑𝑜𝑚
(𝑖)

 (6) 

 

where T is the true position and P is the estimated position of the point by 

the RFM of the image 𝑖. Errors related to an interior orientation, such as focal 

length errors and lens distortions, are not considered because most current 

VHR satellites contain well-calibrated equipment due to rigorous geometric 

calibration before launch and constant maintenance by the satellite image 

vendors. Therefore, the systematic errors of the RFM, TP⃗⃗⃗⃗  ⃗𝑠𝑦𝑠𝑡𝑒𝑚
(𝑖)

, are induced 

primarily by exterior orientation errors such as those from orbit and attitude 

measurement. 

Even though the exterior orientation parameters of a VHR satellite image 

change as functions of the sampling time in a push-broom sensor, the changes 

are usually insignificant. The exterior orientation parameters are generalized 

as values in the metadata provided by the satellite image vendor. Likewise, 

the errors of the exterior orientations can be generalized as constant, 

deterministic values of individual images. The errors related to exterior 

orientations are the main sources of the errors in RFMs (Wang et al., 2014a; 

Wang et al., 2016; Wang et al., 2017; Yang et al., 2017) and are larger than 
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random errors, TP⃗⃗⃗⃗  ⃗𝑟𝑎𝑛𝑑𝑜𝑚
(𝑖)

. As a result, positioning errors appear to be similar 

within single images (Figure 3-9 (a)), as demonstrated by previous studies on 

RPC refinement (Fraser and Hanley, 2003; Grodecki and Dial, 2003; Teo, 

2011; Choi and Kang, 2012; Jeong et al., 2014; Oh and Jung, 2016). 

 

 
(a) 

 
(b) 

Figure 3-9. RFM errors: (a) positioning error vectors of 𝑁 multi-temporal 

images; and (b) sum of error vectors of a given point A. 

 

Suppose a corresponding point A  exists over the 𝑁  multi-temporal 

satellite imagery. In that case, the point’s positioning errors exhibit 

randomness in its behavior in the time-domain, as depicted in Figure 3-9 (a). 

Figure 3-9 (b) shows that the estimated position A′ becomes close to the true 

position of A  by the sum of the random positioning error vectors of the 

individual multi-temporal images when the positioning errors exhibit 

completely random behavior over a large number of multi-temporal images. 

The random positioning errors of the multi-temporal imagery can cancel each 

other out; the positioning accuracy of the corresponding point is improved 

once an appropriate integration method is employed. 

 

(2) Characteristics of Intersection Error 

Since an RFM converts 3D ground coordinates to 2D image coordinates, 

the RFM error vectors depicted in Figure 3-9 are horizontal. Therefore, it is 

necessary to analyze the effects of the RFM errors on 3D positioning. The 

error propagation models in Jeong and Kim (2016)—of a stereo pair 
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composed of any two satellite images—are briefly reviewed to analyze these 

effects. If there are two satellite images, 𝑖1 and 𝑖2, the horizontal and vertical 

positioning errors, |he| and |ve|, of the intersection result are expressed by 

Eqs. (7)–(9). 

|he| ≈ |
TP⃗⃗⃗⃗  ⃗(𝑖1) + TP⃗⃗⃗⃗  ⃗(𝑖2)

2
+ BIE 𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + Asym.  𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| (7) 

 

|ve| ≈
|TP⃗⃗⃗⃗  ⃗(𝑖1) − TP⃗⃗⃗⃗  ⃗(𝑖2)| × cos𝜃

2tan(𝛼 / 2)
× sin𝛽 × cos𝛾 (8) 

 

|BIE 𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| ≈
|TP⃗⃗⃗⃗  ⃗(𝑖1) − TP⃗⃗⃗⃗  ⃗(𝑖2)| × cos𝜃

2 tan(𝛼 / 2)
× cos𝛽 

|Asym.  𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| ≈
|TP⃗⃗⃗⃗  ⃗(𝑖1) − TP⃗⃗⃗⃗  ⃗(𝑖2)| × cos𝜃

2 tan(𝛼 / 2)
× sin𝛾 

(9) 

 

where TP⃗⃗⃗⃗  ⃗(𝑖1) and TP⃗⃗⃗⃗  ⃗(𝑖2) are the positioning error vectors of the two images 

related to the RFM’s errors expressed by Eq. (6). 𝛼 , 𝛽 , and 𝛾  are the 

convergence, BIE, and asymmetry angles, respectively. 𝜃  is the angle 

between the vector TP⃗⃗⃗⃗  ⃗(𝑖1) − TP⃗⃗⃗⃗  ⃗(𝑖2) and the baseline vector projected on the 

horizontal plane. Their detailed depictions are presented in Jeong and Kim 

(2016). 

According to Eqs. (7)–(9), the positioning errors of the stereo pair are 

determined by the individual RFM errors of the two images and the three 

angles related to the stereo image geometry of the images: convergence, BIE, 

and asymmetry angles. If these variables in Eqs. (7)–(9) are identified, the 

results from intersection can be improved by calculating and eliminating the 

horizontal and vertical errors of the stereo pair. However, the RFMs’ error 

vectors cannot be precisely predicted because of the unmodeled random 

errors, TP⃗⃗⃗⃗  ⃗𝑟𝑎𝑛𝑑𝑜𝑚
(𝑖)

; however, the systematic errors, TP⃗⃗⃗⃗  ⃗𝑠𝑦𝑠𝑡𝑒𝑚
(𝑖)

, can be estimated 

by reference data such as GCPs. Moreover, because the sensor attitude of 

many satellites is not disclosed due to the confidentiality of satellite sensor 
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information, it is difficult to predict the convergence, BIE, and asymmetry 

angles in Eqs. (7)–(9). 

Although their exact values are unpredictable, all variables in Eqs. (7)–(9) 

are steady with respect to single stereo pair because each image in a pair has 

constant RFM errors and exterior orientation parameters. Therefore, the 3D 

positioning errors exhibit consistency within one stereo pair, as empirically 

demonstrated in Choi and Kang (2012) (Figure 3-10). In contrast, in the multi-

temporal dataset, the RFM errors and the exterior parameters of each image 

change randomly. In consequence, the horizontal and vertical positioning 

errors exhibit randomness within the multiple stereo pairs derived from the 

multi-temporal dataset. 

 

 

Figure 3-10. Positioning error vectors in 3D ground coordinates of multiple 

stereo pairs 

 

According to Eqs. (7)–(9), a stereo pair becomes unsuitable for 

intersection as the convergence angle approaches zero and the BIE and 

asymmetric angles diverge from 0 and 90° , respectively. The positioning 

accuracy is significantly affected by the convergence angle, 𝛼. In particular, 

if the convergence angle of a stereo pair is less than 5°, the vertical error is 

exaggerated by more than tenfold, according to Eq. (8). The horizontal 

accuracy also decreases considering that |BIE 𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| and |Asym.  𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| 
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are also affected by the convergence angle as indicated by Eqs. (7) and (9). 

Consequently, the intersection results in height from stereo pairs with 

extremely unstable geometry should be removed before integrating of 

positioning information from different multi-temporal images. 

The positioning error of a stereo pair also depends on the similarity of 

their positioning error vectors, TP⃗⃗⃗⃗  ⃗(𝑖1) and TP⃗⃗⃗⃗  ⃗(𝑖2). If two vectors of a point 

are identical under ideal circumstances, the vertical error is zero, even though 

the three angles are unsuitable for intersection. These error vectors obviously 

reflect the extent of RFM errors and seem random in the time-domain of the 

multi-temporal dataset. As a result, the multi-temporal dataset has the 

potential to improve the vertical accuracy by chance. The potential to improve 

the horizontal positioning accuracy also exists when the two error vectors are 

opposite, but this is relatively difficult to achieve due to the effects of the BIE 

angle and the asymmetric angle, |BIE 𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| and |Asym.  𝑒𝑓𝑓𝑒𝑐𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗|, which 

are related to the vertical accuracy. 

 

3.2.2. Ground Coordinate Estimation Methods for PTPs 

(1) Possible Ground Coordinate Estimate Methods for PTPs 

Since a PTP possesses the same position on the ground across different 

multi-temporal images, the positioning information from the PTP’s multiple 

image coordinates and their corresponding RFMs can be integrated to 

precisely estimate the PTP’s ground coordinates. One simple way to integrate 

the positioning information from the different multi-temporal images is to use 

the PTP’s image coordinates with their corresponding RFMs to form the 

intersection formulas as conducted in Jiao et al. (2018) (Figure 3-11). 

However, this integration is achievable when stereo geometry of the multi-

temporal images is typically suitable for intersection, as in Jiao et al. (2018). 

Consequently, this approach is infeasible for a multi-temporal VHR optical 
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satellite dataset. An alternative approach applicable for multi-temporal 

images with weak geometry is thus required. 

 

 

Figure 3-11. Intersection method from Jiao et al. (2018). Image(i) coor. and 

RFM(i) refer the PTP’s image coordinates and the RFM of the 𝑖 th image, 

respectively. 

 

The ray-tracing-based method (Teo et al., 2010) can be applied to the 

multi-temporal VHR optical satellite dataset. The original ray-tracing-based 

method estimates the ground coordinates of a TP from two images. The TP’s 

ground coordinates are determined as the mean value of the two ground 

coordinates estimated independently by iteratively solving the RFM of each 

image with a height value derived from a DEM. With the PTP proposed in 

this thesis, the number of these independently estimated ground coordinates 

increases. Thus, the PTP’s ground coordinates should be more accurate than 

that of TPs from two images considering the randomness of RFM errors in 

the time-domain of the multi-temporal dataset, as presented in Section 3.2.1. 

Figure 3-12 shows the expanded version of the ray-tracing-based (ERT) 

method (initially proposed in Teo et al. (2010)) for the PTP. In contrast to the 

original method, ERT determines the ground coordinates of the PTP as the 

median value of the independently estimated ground coordinates from ray-

tracing. The number of the independently estimated ground coordinates 
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corresponds to the number of multi-temporal images on which the PTP is 

located. 

 

 

Figure 3-12. Expanded version of the ray-tracing-based (ERT) method (Teo 

et al., 2010) for PTP 

 

(2) Proposed Ground Coordinate Estimation Method for PTPs 

The use of height information such as DEMs in the ERT method is usually 

justified because the multi-temporal VHR images are generally orthorectified 

using refined RFMs for various subsequent applications such as landcover 
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monitoring (Teo et al., 2010). However, the ERT method is directly affected 

by the inherent errors associated with the used DEM. The automatically 

extracted PTPs are sometimes not located on the plane, where the DEMs can 

guarantee their accuracy. For this reason, a novel estimation method of PTP 

ground coordinates is developed without DEMs in this thesis. 

As demonstrated in the previous studies (Li et al., 2007; Zhu et al., 2008; 

Choi et al., 2012), the 3D position of a TP can be calculated by intersection 

of a binocular stereo pair composed of multi-sensor and mono images. For a 

PTP with 𝑛  image coordinates, 𝑛(𝑛 − 1)/2  ground coordinates are 

calculated. These calculated ground coordinates for the PTP are different from 

each other according to their positioning errors determined by Eqs. (7)–(9). 

Precise estimation of the PTP’s ground coordinates requires selecting the 

most accurate observations (the 𝑛(𝑛 − 1)/2 calculated ground coordinates). 

However, because the positioning error of each stereo pair is 

unpredictable, as presented in Section 3.2.1, it is difficult to determine the 

most accurate observations. Alternatively, the proposed PTP intersection 

method selects the center of the distributed estimations based on the 

randomness of the positioning errors in the time-domain of a multi-temporal 

dataset. The proposed PTP intersection method consists of two steps, as 

depicted in Figure 3-13: (1) independent binocular stereo intersection and (2) 

estimation of distance using the spatial differential technique. 
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Figure 3-13. Proposed PTP intersection method 

 

Independent Binocular Stereo Intersection 

The proposed PTP intersection method first calculates the ground 

coordinates of each extracted PTP using all available binocular stereo pairs 

with the RFM-based intersection method (Tao and Hu, 2002). Tao and Hu 

(2002) described the RFM-based intersection method in detail. They defined 

the four error equations for the corresponding image point using the binocular 

stereo pair, (𝑟(𝑙), 𝑐(𝑙)) and (𝑟(𝑟), 𝑐(𝑟)), as shown in Eq. (10). This expression 

is the first-order approximation of the Taylor expansion from the observation 

residuals, 𝑣𝑟
(𝑙)

, 𝑣𝑐
(𝑙)

, 𝑣𝑟
(𝑟)

, and 𝑣𝑐
(𝑟)

, toward the three variables (𝑋𝑛, 𝑌𝑛, 𝑍𝑛). 



 

 57 

[
𝑣𝑟
(𝑙)

⋮

𝑣𝑐
(𝑟)
] =

[
 
 
 
 
 
 𝜕𝑟𝑛

(𝑙)

𝑋𝑠
(𝑙)
𝜕𝑋𝑛

𝜕𝑟𝑛
(𝑙)

𝑌𝑠
(𝑙)
𝜕𝑌𝑛

𝜕𝑟𝑛
(𝑙)

𝑍𝑠
(𝑙)
𝜕𝑍𝑛

⋮ ⋮ ⋮

𝜕𝑐𝑛
(𝑟)

𝑋𝑠
(𝑟)
𝜕𝑋𝑛

𝜕𝑐𝑛
(𝑟)

𝑌𝑠
(𝑟)
𝜕𝑌𝑛

𝜕𝑐𝑛
(𝑟)

𝑍𝑠
(𝑟)
𝜕𝑍𝑛]

 
 
 
 
 
 

∙ [
∆𝑋
∆𝑌
∆𝑍
] − [

𝑟𝑛
(𝑙)
− �̂�𝑛

(𝑙)

⋮

𝑐𝑛
(𝑟)
− �̂�𝑛

(𝑟)
] (10) 

 

where the superscripts  (𝑙)  and  (𝑟)  denote the left and right images of the 

stereo pair. (�̂�𝑛
(𝑙)
, �̂�𝑛
(𝑙)
) and (�̂�𝑛

(𝑟)
, �̂�𝑛
(𝑟)
) are the image coordinates calculated 

by the RFMs. The least-square solution to Eq. (10) and additions of 

(∆𝑋, ∆𝑌, ∆𝑍 ) to (𝑋, 𝑌, 𝑍 ) are iteratively conducted until convergence. The 

detailed description was presented in Tao and Hu (2002), including the initial 

value for (𝑋, 𝑌, 𝑍). 

The 3D positioning errors of points from different binocular stereo pairs 

in a multi-temporal VHR dataset exhibit random behavior in multi-temporal 

VHR datasets. The ground coordinates of the point can be determined as the 

mean or median value of these random observations. For instance, a PTP with 

𝑛 multiple image locations has 𝑛(𝑛 − 1)/2 ground coordinate observations 

from different binocular stereo pairs. The mean or median of the observations 

can be regarded as the ground coordinates of the PTP. However, the RFM 

errors of the current VHR satellite imagery are relatively large (Table 1-2), 

thus generating sparsely-distributed (less precise) random observations of the 

point’s ground coordinates. Consequently, the proposed PTP intersection 

method focuses on increasing the precision of these random observations 

because the ground coordinates of the point calculated from the sparsely-

distributed random values are unreliable. 

 

Estimation of Distance by Spatial Differential Technique 

When determining the center of the 𝑛(𝑛 − 1)/2  distributed ground 

coordinate observations of the PTP accurately, the outliers should be removed. 

In this thesis, the outliers are detected based on the principle of a boxplot 
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(Tukey, 1977). The boxplot is a popular technique for presenting a robust 

summary of the distribution of a dataset and has been widely used for more 

than 40 years (Wickham and Stryjewski, 2011). The outliers of the boxplot 

are defined as values greater than or less than 1.5 times the inter-quartile range 

from the first and third quartiles. The inter-quartile range is the difference 

between the first and third quartiles of the dataset. Based on the boxplot, the 

outliers can be quickly detected without tuning parameters. The outliers are 

excluded by the boxplot, and the median value of the inlier PTP’s ground 

coordinate estimations from binocular stereo pairs can be finally determined 

as the PTP’s ground coordinates. 

However, this approach results in erroneous ground coordinates when the 

number of outliers increases. The outliers from binocular stereo intersection 

results are caused primarily by the two factors related to Eqs. (7)–(9): the 

unstable geometry of a stereo pair and the extreme similarity or dissimilarity 

between the stereo images’ RFM errors. Moreover, actual PTPs may include 

image location errors because they are automatically extracted in this thesis. 

The image location errors can also result in the outliers of the intersected 

PTP’s ground coordinates. Due to these factors, the binocular stereo 

intersection results are not appropriate to the boxplot-based approach unless 

the number of multi-temporal VHR images is high. 

Outliers from the unstable geometry and extreme similarity or 

dissimilarity can be reduced by the spatial differential technique developed 

and employed in this thesis. The spatial differential technique exploits the fact 

that the intersection errors of different TPs in one binocular stereo pair are 

systematic errors (Oh and Jung, 2016) and exhibit consistency within a local 

region. These consistent, systematic errors can be reduced once the 

intersected ground coordinates of two different points from one binocular 

stereo pair are subtracted for each. The outliers by the two factors are 

systematic errors because the two factors are constant in a stereo pair. 
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The number of outliers is expected to decrease, and the boxplot-based 

approach becomes effective via subtraction. For example, given two points A 

and B in Figure 3-10, their intersected ground coordinates vary throughout 

different binocular stereo pairs, whereas the distances between two points are 

relatively constant. The subtraction of two estimated ground coordinates is 

equivalent to calculating the ground distance between the two points. Hence, 

the proposed spatial differential technique estimates the actual distance 

between two points, of which image coordinates are determined from the 

multiple 𝑛 images, rather than estimating their actual ground coordinates. 

The procedures of the spatial differential technique are depicted in detail in 

Figure 3-14. 
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Figure 3-14. Estimation of distance using spatial differential technique 

 

The proposed spatial differential technique assumes that the actual ground 

coordinates and correct image locations of at least one point in the multi-

temporal images are available. In this thesis, this particular point is referred 

to as the reference point (RP). One example of the RP is a GCP used in the 

following BA process. The spatial differential technique implements 

independent binocular stereo intersection using the image coordinates of the 

RP. Furthermore, the intersected ground coordinates of the RP for each stereo 
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pair contain systematic errors. These systematic errors can be significantly 

reduced by computing the difference between the intersected ground 

coordinates of the RP and the extracted PTPs belonging to each binocular pair. 

By subtracting for each stereo pair, 𝑛(𝑛 − 1)/2 values can be obtained for 

one PTP as approximated distance values from the RP. 

Although the systematic errors are reduced, the random errors remain in 

𝑛(𝑛 − 1)/2 distance approximations, which display a random distribution 

around the actual distance value. However, because the random error is 

smaller than the systematic error, the distribution of the distance 

approximation tends to be closer to the true value than the ground coordinate 

approximation obtained from binocular intersection. Consequently, the 

boxplot-based approach can be successfully applied to these densely 

distributed values. 

For each direction of the ground coordinates (latitude, longitude, and 

height), the outliers of the distance approximations are independently 

determined based on the boxplot approach. The median value of the inliers 

(remaining distance approximations) is the estimated distance between RP 

and PTP. The ground coordinate value of the PTP can be estimated by adding 

the estimated distance to the actual ground coordinates of the RP. 

The proposed PTP intersection method based on the spatial differential 

technique is expected to generate a more stable value than the ERT method 

because ground positioning information of the GCP for BA is used in advance 

to minimize the systematic errors through differencing. Furthermore, the 

precision of the observations increases by reducing large and constant 

systematic errors in each stereo pair. Thus, the proposed method can produce 

a more stable result than that of the ERT method. 
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3.3. PTP Refinement 

Although PTP image locations are expected to be detected with high 

precision following a thorough comparison of matching matrices, some errors 

inevitably arise. The PTP intersection results are affected by image location 

errors. These errors included in PTP intersection results are removed in this 

step to achieve an accurate BA process. The proposed PTP refinement method 

eliminates relatively unreliable PTPs from the PTPs extracted and intersected 

during the previous steps, as shown in Figure 3-15. The proposed method first 

eliminates the unreliable PTPs in the context of their estimated ground 

coordinates. Then, the inevitable image location errors in the remaining PTPs 

are eliminated in individual PTPs using their reliable ground coordinates. 

 

 

Figure 3-15. PTP refinement workflow 

 

Usually, because the number of PTPs extracted from a multi-temporal 

dataset is abundant, it is desirable to select the relatively reliable PTPs and 

use them for BA. During this step, it is assumed that the reliability of the 

estimated PTP’s ground coordinates is related to the standard deviation of the 

inliers of the distance approximations between a PTP and an RP—calculated 

using the proposed PTP intersection method. 

The median value of the distance approximations close to each other is 

more reliable than the sparsely-distributed distance approximations. The 

density of the approximations can be estimated by the standard deviations of 

the inlier approximations. If the standard deviation value of an approximation 

group is considerable, the corresponding group of the approximations is 

unreliable and inappropriate for determining a representative value, such as a 
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median or mean value, for the group. The PTPs with large standard deviations 

calculated using the spatial differential technique are therefore excluded from 

the final PTPs for BA. The intersected ground coordinates for some PTPs 

with large standard deviations can be accurate by chance. However, abundant 

PTPs are extracted from a multi-temporal dataset. These PTPs can be 

discarded. 

The proposed PTP refinement method regards the estimated PTP’s ground 

coordinates. All three standard deviations for longitude, latitude, and height 

directions are less than the 90th percentile value of each direction, as reliable 

in terms of their ground coordinates. The criterion for reliability is changeable 

according to the number of the extracted PTPs. If the number of the extracted 

PTPs is substantial, more strict criteria (e.g., the 50th percentile value of the 

standard deviations) can be established. 

Reliable PTPs (in terms of their estimated ground coordinates) can still 

include image location errors. After the proposed spatial differential 

technique regards the erroneous distance approximations from mismatched 

image locations as outliers, the effect of these mismatched image locations is 

not reflected in the estimated ground coordinates. Because accurate image 

coordinates are required for successful BA implementation, the remaining 

image location errors should be eliminated by applying positioning 

information. The proposed PTP refinement method utilizes the RFM error 

characteristic–the RFM errors are similar within a single image. The ground 

coordinate values of the PTPs estimated in the process outlined in Section 

3.2.2 is used. 

Several PTPs, with reliable ground coordinates, exist within one image of 

a multi-temporal dataset. The image coordinates of each reliable PTP can be 

calculated using the estimated ground coordinate values from the proposed 

PTP intersection method because RFMs convert ground coordinates to image 

coordinates (Eqs. (1)–(3)). The image coordinates calculated by the RFM 
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differs from the corresponding image coordinates extracted using SIFT of 

PTP extraction due to the inherent errors in RFMs. 

The image coordinates of the PTPs are generally correct after a thorough 

comparison of matching matrices. Thus, the differences between the extracted 

and calculated image coordinates display a constant trend in each image due 

to the constant RFM error within a single image. A few mismatched image 

coordinates exhibit distinct differences between the extracted and calculated 

image coordinates (Figure 3-16). 

 

 

Figure 3-16. Principle of image location error elimination. 

×  and +  indicate the correct and incorrect PTP’s image 

coordinates measured using proposed PTP extraction 

method. Vectors indicate differences between PTPs’ image 

coordinates measured using PTP extraction method and 

calculated using RFMs. 

 

Based on this principle, the image coordinates of the reliable PTPs in one 

image and the differences with the extracted image coordinates are calculated. 

The image coordinates with the dissimilar differences compared with those 

of other PTPs are discarded from the corresponding PTPs. A standard 

deviation for the calculated differences between the image coordinates over 

the PTPs in one image is used as the mismatch determination criterion, and 

any image locations with a larger image coordinate difference than the 

Image
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standard deviation are removed from the corresponding PTP. 

This process enhances the precision of image locations belonging to PTPs 

and reduces BA errors stemming from PTP image location errors. Because 

the mismatched image locations are removed, the number of image locations 

of PTPs is reduced. In this thesis, the PTPs with as many image locations as 

possible are used for BA. 
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3.4. Proposed PTP-Based Block Adjustment (BA) 

Method 

3.4.1. BA Equations Construction 

The previous sequence steps related to the PTPs focus on improving 

precise image and ground coordinates of PTPs. These precise results are used 

to implement the BA method in this section. As mentioned in Section 2.4, this 

thesis employs the popular RFM-based BA with the image-space adjustable 

model (Eq. (4)) proposed by Grodecki and Dial (2003) with a multi-temporal 

VHR dataset composed of multiple multi-sensor and mono images. The 

RFM-based BA method finds the adjustment parameters in Eq. (4) and the 

precise ground coordinates of the image points that minimize the weighted 

sum of the squared residual errors. Eq. (11) presents the observation equations 

of an image point, 𝑗, on an image, 𝑖. The image point is a control point (CP) 

or a TP. 

F𝑟𝑖𝑗 = −�̂�𝑗
(𝑖) + ∆𝑟(𝑖) + RFM𝑟

(𝑖)(𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗) + 𝜀𝑟𝑗 = 0 

F𝑐𝑖𝑗 = −�̂�𝑗
(𝑖) + ∆𝑐(𝑖) + RFM𝑐

(𝑖)(𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗) + 𝜀𝑐𝑗 = 0 
(11) 

 

where �̂�𝑗
(𝑖)

 and �̂�𝑗
(𝑖)

 are the measured image coordinates of the image point 

𝑗, and ∆𝑟(𝑖) and ∆𝑐(𝑖) are the adjustable models of the image 𝑖 in Eq. (4). 

RFM(𝑖)(𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗) are the calculated image coordinates of the point 𝑗 in the 

image 𝑖 using the associated RFM (Eqs. (1)–(3)) and ground coordinates. 

𝜀𝑟𝑗 and 𝜀𝑐𝑗 are random unobservable errors. The observation equations for 

CPs and the refined PTPs in Section 3.4 are constructed using their image and 

ground coordinates. Because these observation equations are nonlinear, the 

Taylor series expansion is applied to the equations to generate their linearized 

model. 

Determining the required adjustment parameters for in ∆𝑟(𝑖) and ∆𝑐(𝑖) 

in Eq. (11) is a controversial topic in RPC refinement because the required 
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parameters can be different for each sensor. Because this thesis uses a multi-

temporal VHR dataset consisting of multi-sensor data, the raw images do not 

have isotropic scales. Accordingly, the use of only offset parameters is 

insufficient and limited in coping with the geometric consistency of multi-

sensor images. Consequently, it is assumed that all six adjustment parameters 

must be estimated via BA in this thesis. 

Considering that the conventional BA method cannot use TPs for the 

mono image block as described in Section 2.3.2, at least three GCPs are 

required to adjust the six parameters by the conventional BA method for 

multi-temporal VHR datasets. In contrast, because the BA method developed 

in this thesis can use the specific TPs—PTPs—the number of the required 

GCPs can be reduced. Furthermore, the PTPs are expected to increase the 

spatial consistency of the multi-temporal image instead of several well-

distributed GCPs that are usually unavailable. 

If the observation equations are represented in a vector form as 𝐅𝑖𝑗 =

[F𝑟𝑖𝑗 F𝑐𝑖𝑗  ]
T
, the Taylor expansions to these equations are represented by the 

following linearized model: 

𝐅𝑖𝑗𝑜 + 𝑑𝐅𝑖𝑗 + 𝜺 = 𝟎 (12) 

 

where 𝐅𝑖𝑗𝑜 is the sub-vector of misclosures for the image-space coordinates 

of the image point 𝑗 on the image 𝑖, −𝒘P𝑗. 

𝒘P𝑗 = [
�̂�𝑗
(𝑖) − ∆𝑟0

(𝑖) − RFM𝑟
(𝑖)(𝑋𝑗0 , 𝑌𝑗0 , 𝑍𝑗0)

�̂�𝑗
(𝑖) − ∆𝑐0

(𝑖) − RFM𝑐
(𝑖)(𝑋𝑗0 , 𝑌𝑗0 , 𝑍𝑗0)

] (13) 

 

The subscript  0  indicates the approximate model parameters. 𝑑𝐅𝑖𝑗  is the 

partial derivation of the observation equations to the unknown parameters. 

𝑑𝑭𝑖𝑗 = [𝐀𝐴𝑖𝑗 𝐀𝐺𝑖𝑗] [
𝑑𝐱A
𝑑𝐱G

] (14) 

 

where 𝑑𝐱𝐴 = [𝑑𝑒0
(𝑖)  𝑑𝑒𝑐

(𝑖)  𝑑𝑒𝑟
(𝑖)  𝑑𝑓0

(𝑖)  𝑑𝑓𝑐
(𝑖)  𝑑𝑓𝑟

(𝑖)]T  is the vector of the 
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corrections to the approximate adjustment parameters of the image 𝑖 , and 

𝑑𝐱𝐺 = [𝑑𝑋𝑗   𝑑𝑌𝑗  𝑑𝑍𝑗]
T
  is the vector of the corrections for ground 

coordinates of the point 𝑗 . 𝐀𝐴𝑖𝑗  and 𝐀𝐺𝑖𝑗  are calculations of the partial 

derivation function of the observation equations to the unknown parameters 

with the approximate model parameters (Grodecki and Dial, 2003). The BA 

model of all points and adjustment parameters in compact matrix form for all 

observation equations is represented as 

[
𝐀A 𝐀G
𝐈 𝟎
𝟎 𝐈

] [
𝑑𝐱A
𝑑𝐱G

] + 𝛆 = [

𝐰P
𝐰A
𝐰C
] (15) 

 

𝐰A = 𝟎  and 𝐰C = 𝟎  are the vectors of misclosures for the image 

adjustment parameters and the object-space coordinates, respectively. The BA 

models in Eq. (15) can be solved using the iterative least-square solution with 

the appropriate weight matrix for the misclosures to estimate the adjustment 

parameters and the precise ground coordinates. 

A suitable weight strategy is required to solve the observation equations 

stated above via the least-squares method. The weights with regards to the 

ground and image coordinates of the points (TPs and GCPs) and the 

adjustment parameters are required. These weights depend on the satellite 

images and data used for the BA method. Prudent selection of the weights is 

vital since incorrect weights can propagate over multiple iterations and lead 

to erroneous solutions. In consequence, the proposed BA method uses the 

verified weights in previous studies for the GCP and adjustment parameters 

while introducing new weights for the proposed PTPs. The weight values for 

BA are the squared of the subsequent standard error 𝜎 for each component. 

This thesis uses the RFM error to select the weights associated with the 

adjustment parameters related to satellite attitude and ephemeris, as presented 

in the previous studies (Zhang et al., 2016; Jiao et al., 2018). The standard 

errors (𝜎𝐴) of the adjustment parameters are calculated using Eq. (16). 
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𝜎A
(𝑖)
=

{
  
 

  
 

𝜎(𝑖)

GSD(𝑖)
, for 𝑒0

(𝑖)and 𝑓0
(𝑖)

𝜎(𝑖)

GSD(𝑖) ∙ W(𝑖)
, for 𝑒𝑐

(𝑖)and 𝑓𝑐
(𝑖)

𝜎(𝑖)

GSD(𝑖) ∙ H(𝑖)
, for 𝑒𝑟

(𝑖)and 𝑓𝑟
(𝑖)    

    (16) 

 

where 𝜎(𝑖) is the RFM error of the image 𝑖. One way to select the RFM error 

uses the revealed CE90 of the RFMs as presented in Table 1-2. GSD(𝑖) 

indicates the ground sampling distance, and W(𝑖)  and H(𝑖)  are the width 

and height in pixels of the image 𝑖, respectively. 

The weights for the ground and image coordinates of a point are related 

to the measurement precision of the coordinate acquisition. The weights for 

the image and ground coordinates of CPs are selected based on the standard 

errors (𝜎P_CP  and 𝜎G_CP ) of image coordinate interpretation and ground 

coordinate measurement. In contrast, for the image coordinate value for the 

newly proposed PTP in this thesis, the standard error of the PTP (𝜎P_PTP) is 

set as 0.25, considering that the SIFT method computes very precise image 

coordinate values using the second-order Taylor expansion. Because the 

ground coordinates of PTPs are derived from random values as described in 

Section 3.3.2, the standard deviations of the distance approximations after 

filtering outliers are the standard errors (𝜎G_PTP) for determining the wights 

for the ground coordinates of the PTPs. 

The least-square for the BA observation equations is iteratively performed 

using these weights. The iteration is terminated when BA is converged, and 

the refined RFMs of the multi-temporal VHR dataset can be obtained. The 

convergence depends on both the change in the misclosures 𝐰  and the 

RMSE of CPs. The BA iteration is terminated when both are smaller than 

their given thresholds. The iteration is also terminated if the maximum 

iteration number is reached. In this thesis, the thresholds for the changes of 

the misclosures and the CPs are set as 10−5  and 10−5  m (Zhang et al., 
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2016), respectively, and the maximum iteration number is set as 100. 

 

3.4.2. BA with Virtual Control Point (VCP) 

Because the ground coordinates of PTPs in the proposed BA method are 

independently calculated using the proposed intersection method, 

implementing BA using only PTP can be achieved. This approach is effective 

when GCPs are not available and enhances the relative accuracy of a multi-

temporal dataset, as Zhang et al. (2016) demonstrated by BA using only TPs. 

Since the proposed PTP intersection method requires an RP, of which the 

ground and image coordinates of all images in a multi-temporal dataset are 

defined, the ground coordinates of at least one of the extracted PTPs should 

be estimated. This thesis proposes to select one of the PTPs, of which image 

locations are defined in all multi-temporal images, as the RP. With this type 

of PTP as the RP, an additional effort to acquire the RP’s image coordinates 

is unnecessary. 

The selected PTP used as the RP is referred to as a virtual control point 

(VCP). It is expected that the use of a large number of images can reduce their 

respective 3D positioning errors, as empirically shown in terms of height by 

Facciolo et al. (2017). Thus, the intersection accuracy of the PTP with the 

maximum image locations tends to be relatively high compared with that of 

a PTP with fewer image locations. Consequently, the ground coordinates of 

the VCP can be accurately estimated. 

The ground coordinates of the VCP are estimated using the ERT method 

(Figure 3-12) with a widely used DEM, SRTM. The ERT method determines 

the height of a point as the value derived from the used DEM. As opposed to 

DSMs, DEMs do not contain height information on buildings; they only 

provide terrain elevation. Given this characteristic, the PTPs on buildings or 

steep-sloped land are excluded for VCP candidates to increase the accuracy 
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of the estimated VCP ground coordinates by the ERT method. The VCP 

served as the RP as well as the CP for BA. 

The overall workflow related to VCP is presented in Figure 3-17. In this 

thesis, the VCP is manually selected among the PTPs with the maximum 

number of correct image locations on the plane. Selection and intersection of 

VCP are conducted after PTP extraction (between Sections 3.2 and 3.3 in 

Figure 3-2). The intersected ground coordinates of PTPs using the VCP are 

also refined as presented in Section 3.4. 

 

 

Figure 3-17. Preparation for BA using VCP 

 

For determining the weight of the image coordinates of the VCP for BA, 

the standard error, 𝜎P_VCP, is equal to the standard error of the PTP image 

coordinates, 𝜎P_PTP as described in Section 3.4.1. The standard error for the 

ground coordinates 𝜎G_VCP is set as 1 m. 

Even though the ERT method estimates the VCP’s ground coordinates 

relatively accurately compared with the individual RFMs’ accuracy of a 
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multi-temporal dataset, the estimation includes some errors. These errors 

result in overall bias in the PTP intersection because the PTP’s ground 

coordinates are determined by adding the RP’s ground coordinates to the 

estimated ground distance. Consequentially, the refined RFM based on the 

BA method using only PTP may include the overall bias derived from the 

error in VCP using the ERT method. However, the geometric consistency of 

the multi-temporal VHR optical satellite imagery is improved by the BA 

process without GCP using VCP and PTP. 
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Chapter 4. Experimental Results 

4.1. Description of Data 

4.1.1. Multi-Temporal VHR Optical Satellite Dataset 

This thesis focuses on improving the geometric consistency of multi-

temporal VHR optical satellite imagery over urban areas. This improvement 

is essential to fully realizing the potential of VHR sensors, given their high 

spatial resolution and detection of fine-grained detail—particularly 

advantageous for complex areas. For the validation of the proposed methods 

in this thesis, a total of 12 multi-temporal VHR images from different sensors 

were collected over the northern part of Daejeon, South Korea. The number 

of the collected images should be sufficient to ensure the RFM errors’ random 

behavior because the number of the maximum observations to be integrated 

during PTP intersection is 66. 

The majority of images were acquired from the last five years with 

minimal haze or clouds. Only several images were covered with small 

coverage of clouds. The oldest VHR image was acquired on March 24, 2015, 

while the most recent was acquired on June 09, 2020. One image acquired on 

June 13, 2009, was used to validate the robustness of the proposed PTP 

extraction method for changes on the ground surface. The longest time 

interval between the oldest and most recent images is approximately 11 years. 

Table 4-1 presents the properties of the images used in this thesis. These 

images were acquired by five different sensors: GeoEye-1 (GE), KOMPSAT-

3/3A (K3/3A), Pléiades (PHR), and WorldView-2 (WV2). The spatial 

resolutions of the acquired images differed—even images from the same 

sensor can have different spatial resolutions due to varied sensor attitudes at 

the time of acquisition. The different processing levels for the collected 

images were used according to the standards set by the satellite image vendors 

(Airbus, Maxar Technologies, and KARI). Although the terminology differs, 



 

 74 

the processing levels of the collected images commonly include positioning 

information provided as an RFM, used for binocular stereo intersection in this 

thesis. 

 

Table 4-1. Properties of multi-temporal images used in this thesis 

 
Acquisition 

Date 
Sensor 

Spatial 

Resolution* 

(m) 

Incidence 

Angle (°) 
Processing 

Level*** 

1 2009.06.13 GE 0.5** 68.70 OR2A 

2 2015.03.24 WV2 0.5** 63.90 OR2A 

3 2015.03.25 K3 0.75 72.10 1R 

4 2015.10.28 K3A 0.65 63.73 1R 

5 2016.02.07 K3 0.79 67.55 1R 

6 2017.06.15 WV2 0.5** 59.20 OR2A 

7 2018.07.07 K3A 0.55 79.42 1R 

8 2019.01.02 K3A 0.62 67.20 1R 

9 2019.01.20 K3A 0.62 65.57 1R 

10 2019.05.16 K3A 0.68 58.11 1R 

11 2020.03.25 PHR 0.73 73.37 Primary 

12 2020.06.09 WV2 0.5** 61.90 OR2A 

* Average of spatial resolutions in the row and column direction. 

** Resampled spatial resolutions as provided by the satellite image vendors. 

*** Can be any image level containing the terrain-independent RFM. 

 

The coverages of the collected images vary, as shown in Figure 4-1. The 

study site is limited to the intersected areas of all the collected images. The 

study site area is approximately 13 km2 (3.3 km width × 3.9 km length). The 

oldest and newest images for the study site are depicted in Figure 4-2. While 

a small subregion and several ground objects were found to have drastically 

changed over 11 years, multiple permanent objects have not changed over 

time. Therefore, PTPs can be extracted from these objects. Because the height 

does not impact the accuracy of RFM-based ground point determination 
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(Fraser et al., 2006), the study site is usually flat with an elevation range of 

33 to 176 m. 

 

 

Figure 4-1. Coverages of multi-temporal images and study site 

 

 
2009.06.13 (GE) 

 
2020.06.09 (WV2) 

Figure 4-2. Two VHR images displaying the study site, which is the 

overlapping area of all the images from the multi-temporal VHR dataset. 

The other ten multi-temporal images are in Appendix A.1. 
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4.1.2. Data for Validation 

Both qualitative and quantitative assessments were conducted in this 

thesis to validate the proposed BA method. The GCPs required for 

quantitative assessment were first attained via GPS-measurements, with a 

ground positioning accuracy of less than 0.1 m. The image coordinates of 

these GCPs were manually identified for each multi-temporal image. 

However, the locations of some GCPs in several images were difficult to 

detect due to blurred appearance and changes in the ground surface. 

For resolving unreliable GCPs, additional GCPs were carefully sampled 

using the digital topographic maps and 5-m DEM14 produced by NGII. The 

distribution of 28 GCPs is depicted in Figure 4-3. Some GCPs located outside 

of the study site (yellow box in Figure 4-3) are usable for the quantitative 

assessment since the study site is the region in which the PTPs are extracted. 

In contrast, the BA process affects the entire region of each image. 

Only one GCP has the precise image coordinates corresponding to every 

multi-temporal image, as shown by the red rectangle in Figure 4-3. This GCP 

was used as the RP for the spatial differential technique and the CP for the BA 

method. The weight values of this GCP for BA are set as a half pixel for the 

image coordinates and 0.1 m for the ground coordinates. The remaining GCPs 

were used as independent check-points (ICPs) to evaluate the accuracy of the 

BA result. 

 

 

 
14 NGII establishes DEMs on 1×1, 5×5, or 10×10 square-meters grids using aerial imagery, 

light detection and ranging (LiDAR), and a digital topographic map. 
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Figure 4-3. GCP layout. Red square indicates model GCP, white circles 

are GCPs used as ICPs, and yellow box indicates study site. Numbers 

indicate ICPs for which intersected observations are verified in Section 

4.2.2 (Figure 4-15–17, and Table 4-6). 

 

For the qualitative assessment, the multi-temporal images used in this 

thesis were orthorectified using the refined RFM via the proposed BA method 

and the 5-m DEM by NGII. The orthorectified images were compared with 

the national digital topographic map produced by NGII. Furthermore, 

checkerboard images were generated for the orthorectified images to verify 

the geometric consistency of the multi-temporal VHR images. 

 

4.1.3. Positioning Accuracy of Vendor-Provided RFM 

The proposed PTP intersection and refinement methods were developed 

based on the error characteristics of the multi-temporal VHR dataset. 

Positioning errors are consistent within single images or stereo pairs but 

randomly different in the dataset’s time-domain, as described in Section 3.2.1. 
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The positioning errors of the 12 collected multi-temporal VHR images were 

examined using the 28 GCPs to validate these error characteristics. 

 

(1) Positioning Accuracy of Single Image 

Table 4-2 shows the RMSE of each VHR image’s vendor-provided RFM 

using all of the GCPs in Figure 4-3. Compared with the CE90 of each sensor 

presented in Table 1-2, the calculated positioning accuracy is reasonable. As 

expected, the GE image has the highest positioning accuracy, whereas the K3 

images return the lowest. Moreover, an unexpectedly large RMSE may occur 

in such a case as 20200609-WV2, whose RMSE value is approximately two 

times larger than the other two WV2 images. The detailed statistics are 

presented in Table A. 2 (Appendix A.3). 

The error vectors of each image are presented in Figure 4-4. The RFM’s 

error characteristics in multi-temporal VHR datasets are also presented. 

Consistent RFM errors occur within single images except for 20180707-K3A 

and 20190102-K3A. In contrast, the consistent RFM errors of individual 

multi-temporal images differ randomly. 

 

Table 4-2. RMSEs of the vendor-provided RFM of each multi-temporal VHR 

image used in this thesis (unit: meter) 

Image ID* Sample Line Planar 

20090613-GE 0.86  1.60  1.82 

20150324-WV2 4.74  4.56  6.57 

20150325-K3 13.09  33.46  35.93 

20151028-K3A 3.38  5.22  6.22 

20160207-K3 12.78  49.83  51.44 

20170615-WV2 3.57  2.92  4.61 

20180707-K3A 3.60  7.50  8.32 

20190102-K3A 2.57  2.40  3.52 
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20190120-K3A 9.06  2.29  9.34 

20190516-K3A 1.25  8.53  8.62 

20200325-PHR 2.50  4.76  5.37 

20200609-WV2 11.99  0.91  12.02 

* Image ID denotes acquisition date-sensor. 

 

 
20090613-GE 

 
20150324-WV2 

 
20150325-K3 

 
20151028-K3A 

 
20160207-K3 

 
20170615-WV02 
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20180707-K3A 

 
20190102-K3A 

 
20190120-K3A 

 
20190516-K3A 

 
20200325-PHR 

 
20200609-WV2 

Figure 4-4. Error vectors of vendor-provided RFMs. Triangle and circles 

indicate model GCP and ICPs, respectively. 

 

(2) Positioning Accuracy of Binocular Stereo Pair 

The positioning errors and error vectors of 66 binocular stereo pairs 

composed of the images used in this thesis were calculated as Figure A. 2 
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(Appendix A.3). Two images for each stereo pair are shown in Table A. 3. 

Based on the 3D positioning accuracy and the error vectors, the practical 

difficulty of selecting the desirable stereo pair for intersection among the 

possible pairs of a multi-temporal dataset is demonstrated. The 3D 

positioning accuracy is affected by the RFM error magnitude because stereo 

pairs with small RFM errors usually bring accurate intersection results. 

However, the intersection results of the stereo pair #7 composed of 

20090613-GE and 20190102-K3A, for which RFM errors are the smallest 

among the 12 images (Table 4-2), are not the most accurate because the 

positioning errors are determined by Eqs. (7)–(9). Remarkably, the significant 

difference in the positioning accuracy between stereo pairs #1 (20090613-GE 

and 20150324-WV2) and #3 (20090613-GE and 20151028-K3A), which 

have a similar amount of RFM errors, reveals the difficulties in predicting the 

positioning accuracy of each pair unless its stereo geometry, and their RFM 

errors, are defined. Consequently, this thesis proposed a novel PTP 

intersection method based on the spatial differential technique without 

predicting the positioning error of each stereo pair. 

The proposed method was developed based on the 3D positioning 

characteristic that the positioning errors are consistent within individual 

stereo pairs. As a result, the estimated PTP’s ground coordinates are 

inaccurate when the 3D positioning errors are not constant in a stereo pair. 

The error vectors in Figure A. 2 and the standard deviations in Figure 4-5 

were analyzed to verify this characteristic in the current VHR imagery. The 

similar error vectors within each stereo pair indicate the consistent positioning 

errors. The standard deviations of each pair’s positioning errors marked in 

Figure 4-5 are related to their consistency. A considerable standard deviation 

value implies inconsistent positioning errors within a stereo pair. 

The error vectors in Figure A. 2 and the standard deviations in Figure 4-5 

demonstrate that the positioning errors are consistent within individual stereo 
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pairs composed of the current VHR satellite imagery. Thus, the proposed PTP 

intersection method should estimate the PTP’s ground coordinates (distance 

between RP and PTP) accurately. It is noticed that the proposed PTP 

intersection method can calculate planar ground coordinates because 

horizontal errors are relatively constant compared with vertical errors within 

individual stereo pairs, according to Figure 4-5. 

The relatively inconsistent vertical errors are induced by the convergence 

angle. Because the convergence angle exaggerates the vertical errors based 

on Eq. (8), a small difference in RFM random errors between two points in a 

stereo pair results in large different vertical errors. The convergence angles 

affecting the positioning error consistency are presented for stereo pair #57 

(20190102-K3A and 20190120-K3A). Even though the consistency of pair 

#57’s RFM errors is comparable to that of pair #58 (20190102-K3A and 

20190516-K3A) with small standard deviations15, the standard deviations of 

pair #57 are larger due to its unstable geometry. 

 

 
15 The convergence angles of stereo pairs #57 and #58 are approximately calculated as 2.9° 

and 12.8°, respectively, by the formula presented in Li et al. (2007) using the nominal 

azimuth and elevation angles in the K3A metadata. 
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Figure 4-5. Standard deviations of positioning errors for 66 binocular stereo pairs. Two images for each pair are presented in 

Table A. 3. 
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The proposed PTP intersection method is expected effective because most 

stereo pairs in this thesis exhibit consistent positioning errors (Figure 4-6). 

However, it cannot be applied to some PTPs, of which image coordinates are 

defined only in multi-temporal images with unreliable RFMs, such as K3 and 

K3A images. According to Figure 4-5, stereo pairs related to K3 images, such 

as pairs #22–30, are relatively inconsistent due to their large RFM errors. 

Stereo pairs #23 and #45 present extreme inconsistency (Figure 4-7 (a)). The 

spatial differential technique is not adequate for these pairs. 

 

 
Stereo Pair #1 

 
Stereo Pair #58 

 
Stereo Pair #48 

 
Stereo Pair #66 

Figure 4-6. Examples of consistent 3D positioning error vectors. Triangle and 

circles indicate model GCP and ICPs, respectively. x- and y-axes represent 

Universal Transverse Mercator (UTM) 52N coordinates. Because the vertical 

errors are relatively large compared to those in horizontal, the horizontal 

errors are exaggerated ten times. Two images for each pair are presented in 

Table A. 3. Error vectors for all 66 stereo pairs are illustrated in Figure A. 2. 
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Furthermore, the error vectors are inconsistent within several stereo pairs 

containing 20180707-K3A, such as stereo pairs #52–54 (Figure 4-7 (b)). 

These inconsistent 3D positioning errors are caused by the unpredictably and 

markedly inconsistent RFM errors, as depicted in Figure 4-4. However, the 

proposed PTP intersection method is still applicable to subregions of these 

stereo pairs because the close positioning errors are similar, as depicted in 

Figure 4-7 (b). The practical usefulness of the proposed PTP intersection 

method for the multi-temporal dataset used in this thesis is analyzed as 

follows. 

 

 
(a) Stereo Pairs #23 and #45 

 
(b) Stereo Pairs #16 and #52 

Figure 4-7. Examples of inconsistent 3D positioning error vectors: (a) two 

stereo pairs related to K3 images; and (b) two stereo pairs related to 

20180707-K3A. Detailed description of this figure is in Figure 4-6. 
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4.2. Results of PTP Methods 

4.2.1. Results of PTP Extraction Method 

(1) Correctness of PTP Using Matching Matrix Comparison 

The correctness of image coordinates of the PTPs is relevant for ensuring 

the high-precision ground coordinates of the extracted PTPs. Thus, the 

correctness of image locations of the extracted PTPs was assessed. First, the 

bi-temporal TPs extracted using SIFT was analyzed. Because the number of 

the bi-temporal TPs is massive (149,603 TPs from the 66 bi-temporal pairs), 

as presented in Appendix A.2, their correctness was indirectly verified by the 

similarity of the lines connecting the extracted bi-temporal TPs, as depicted 

in Figure 4-8. Because the study site is too large to effectively present the 

extracted TPs, the extracted bi-temporal TPs from a subregion of the study 

site are presented. As the proportion of the correct matches increases, the 

number of similar yellow lines increase in Figure 4-8. 

The bi-temporal pair between 20190102-K3A and 20190120-K3A 

exhibits the highest correctness of the extracted TPs, as depicted in Figure 4-8 

(a). Moreover, the number of TPs extracted from this pair is the largest among 

the 66 pairs (Appendix A.2). The high correctness and large number of TPs 

extracted from this pair is reasonable because the two images of this pair were 

acquired in the same month by the same sensors. Furthermore, their sensor’s 

acquisition attitudes are expected to be similar through the comparable relief 

displacements of the buildings between images. Based on these 

characteristics, the similarity between these two images is relatively high 

compared with the other bi-temporal pairs. 
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(a) 

 

(b) 

  

(c) 

 

Figure 4-8. Extracted bi-temporal TPs: (a) 20190102-K3A and 20190120-

K3A pair, which have the highest correctness and largest number of bi-

temporal TPs; (b) 20160207-K3 and 20190102-K3A pair, which have the 

smallest number of bi-temporal TPs; and (c) 20090613-GE and 20200609-

WV02 pair, which has the largest time interval. 
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However, the extracted TPs from most bi-temporal pairs contain a severe 

number of mismatches, as depicted in Figure 4-8 (b) and (c). Figure 4-8 (b) 

presents the extracted TPs of the bi-temporal pair between 20160207-K3 and 

20190102-K3A, with the minimum number of TPs. No correct TP of this pair 

was found in the subregion. Likewise, it is difficult to find the correct TPs in 

Figure 4-8 (c), which presents the TPs of the bi-temporal pair with the longest 

time interval (20090613-GE and 20200609-WV02). From the visual 

inspection of the bi-temporal TPs, the correctness of the bi-temporal pairs 

depends on the characteristics of two images, as demonstrated in Qin (2019). 

Due to the numerous unpredictable mismatches in some bi-temporal TPs, 

it is difficult to employ an outlier elimination process such as RANSAC. 

Suppose the matching quality of bi-temporal pairs can be predicted. In that 

case, the conventional outlier elimination process can be selectively applied 

to the bi-temporal pairs with high matching quality to improve the efficiency 

of the matching matrix comparison method. However, this additional process 

is beyond the scope of this thesis because developing a matching quality 

prediction model is a challenging and on-going research topic (Qin, 2019). 

The matching matrices were sequentially generated as the number of 

images providing the confidence to corresponding the matrices increased 

from two to five. The correctness of each group’s matching vectors (the 

number of images from three to five) was calculated using Eq. (17). The 

matching vectors are regarded as the PTPs in this section for simplicity. 

correctness =
# of the correct image locations in a PTP

# of the total image locations in a PTP
× 100 (17) 

 

Table 4-3 presents the calculated correctness of the extracted PTPs. 

Because verifying all image locations of the PTPs is unrealistic, the randomly 

sampled PTPs were examined. The correctness continually increases, while 

the number of the extracted PTPs decreases as the number of compared 

matrices increases. The correctness of 90.53% for the PTPs based on five 
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images demonstrates the usefulness of the proposed matching matrix 

comparison, given that this correctness was achieved without any 

conventional outlier elimination methods using the location information of 

the extracted TPs. 

 

Table 4-3. Correctness of PTPs based on the number of compared matrices 

# of compared 

matrices (*) 

# of extracted 

TPs 

# of examined 

PTPs 

Correctness 

(%) 

(bi-temporal pair) 149,063 - - 

2 (3 images) 54,057 600 33.62 

3 (4 images) 7,293 300 76.40 

4 (5 images) 3,989 150 90.53 

* The number of images provides confidence for PTP. 

 

(2) Concatenated TPs 

The extracted PTPs based on five multi-temporal images were finally 

integrated into the corresponding PTPs. After TP concatenation, 669 PTPs 

with 4,238 image locations were extracted from the 12 multi-temporal images 

of the study site; 150 PTPs with 1,087 image locations were randomly 

sampled and examined from all the finally extracted PTPs. Of the examined 

image locations, 93.05% were correctly extracted using the proposed method. 

The correctness was improved from 90.53% (Table 4-3) to 93.05% as the 

remaining commission errors were eliminated while integrating the PTPs 

based on five images into the corresponding PTPs. The extracted PTPs are 

well distributed over the study site, as depicted in Figure 4-9. 
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(a) (b) 

Figure 4-9. Distribution of PTPs extracted by proposed PTP extraction 

method: (a) 364 PTPs from 20150324-WV2; and (b) 470 PTPs from 

20190120-K3A. 

 

Because this thesis extracted a PTP as the corresponding point of more 

than five multi-temporal images, it is difficult to directly compare the 

calculated correctness value to those of other conventional methods whose 

matching points (TPs) are generated from only two images. Nevertheless, in 

consideration of the correctness values demonstrated in previous studies (Han, 

2013; He et al., 2018)16, the calculated correctness is remarkably high. Based 

on the high correctness recorded for the image locations, the ground 

coordinates of the extracted PTP are expected to be precisely estimated. 

  

 

 
16 Two previous studies successfully matched two HR satellite images and generated high-

quality image registration results. The registration method proposed in Han (2013), which 

reduced the relative errors to approximately 1 m RMSE between VHR satellite images, 

extracted the matching points with 87.91% correctness. Furthermore, a deep learning-

based image matching method (He et al., 2018) was found to match HR satellite images 

with approximately 80% correctness. 
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(a) 

    
20090613-GE 20150324-WV2 20150325-K3 20151028-K3A 

    
20160207-K3 20170615-WV2 20180707-K3A 20190102-K3A 

    
20190120-K3A 20190516-K3A 20200325-PHR 20200609-WV2 

(b) 

   

 

 
20090613-GE 20150324-WV2 20150325-K3 20151028-K3A 

    
20160207-K3 20170615-WV2 20180707-K3A 20190102-K3A 

    
20190120-K3A 20190516-K3A 20200325-PHR 20200609-WV2 

Figure 4-10. Examples of extracted PTP, for which image locations are 

defined in all 12 multi-temporal images (yellow crosses): PTP (a) without 

any incorrect image locations; and (b) with an incorrect image location 

(enclosed in red box). 
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Figure 4-10 displays examples of the PTPs that are the VCP candidates, 

of which image locations are defined in all multi-temporal images. Only nine 

PTPs with 12 image locations were extracted. Seven image coordinates out 

of 108 (12× 9) were incorrectly allocated to the PTPs. Figure 4-10 (b) 

illustrates that the image location in the first image (20090613-GE) was 

incorrectly matched with other image locations. 

Due to the noticeable changes on the ground surface, the PTP extraction 

method was expected to be unable to extract a sufficient number of PTP’s 

correct image locations from the oldest image (20090613-GE). Figure 4-11 

illustrates the number of extracted PTPs and correctness of the PTPs’ image 

locations for each multi-temporal image. The correctness was examined with 

the 150 sampled PTPs used above. The proposed extraction method extracted 

164 of the PTPs with 72.13% of the correctness from the oldest image. This 

number is nearly half of those in other multi-temporal images but still 

sufficient for BA, as presented in Section 4.3.2. The low correctness of the 

TPs will be increased by the refinement method described in Section 3.3 

toward a successful implementation of BA based on PTP. 
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Figure 4-11. Number of extracted PTPs and correctness of their image 

locations according to the multi-temporal images in this thesis. 

 

Improvement of the completeness using the proposed PTP extraction 

method is presented in Figure 4-12, showing the connectivity of 

representative PTPs extracted in this thesis. The numbers indicate the image 

number as presented in Table 4-1. When the bi-temporal TP related to the 

corresponding PTP was extracted by the grid-based SIFT method between 

two images, these two images are linked with the solid black line. Figure 4-12 

(b) distinctly demonstrates how well omitted TPs can be concatenated to a 

PTP using the proposed PTP concatenation method. The images linked with 

a relatively large number of solid black lines (the 5th, 7th, 9th, and 11th 

images) are essential to reducing the omission errors. Based on the keypoints 

of these images, multiple omitted matches in the bi-temporal TPs, such as 

omitted TPs between the second and third images, the second and fourth 



 

 94 

images, and the second and eighth images, are concatenated in the PTP. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4-12. Connectivity of the extracted PTPs: PTPs in (a) Figure 4-10 (a); 

(b) Figure 4-10 (b); and (c) another PTP and its connectivity. 
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(3) VCP Selection 

Among the nine PTPs with 12 image locations, one VCP was manually 

selected. Excluding the PTPs with image location errors, four candidates for 

a VCP remained, as depicted in Figure 4-13. In consideration of the use of 

SRTM for the ERT method as presented in Section 3.4.2, the PTP on the 

building (Figure 4-13 (a)) and the inclined ground surface (Figure 4-13 (b)) 

were inappropriate for the VCP. The PTP surrounded by high buildings 

(Figure 4-13 (c)) was also excluded. Consequentially, the VCP in this study 

site was determined as Figure 4-13 (d). The individual image subset for the 

selected VCP is displayed in Figure 4-10 (a). 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4-13. VCP candidates and locations 
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4.2.2. Results of PTP Intersection Method 

The ground coordinates of the extracted PTPs presented in the previous 

Section 4.2.1 were estimated using the proposed intersection method. As 

demonstrated in Figures 4-10 and 13, most of the extracted PTPs are not 

located on prominent positions such as corners due to the nature of SIFT. 

Consequently, it is challenging to acquire the exact ground coordinates of the 

PTPs extracted using the proposed PTP extraction method. 

Alternatively, the GCPs for validation were used as the PTPs to assess the 

proposed PTP intersection method quantitatively. The model GCP, whose 

location was precisely determined in all images used in this thesis, was 

regarded as the RP (red square in Figure 4-3). Twenty-seven remaining GCPs 

(ICPs) were considered PTPs. The accuracy of the proposed PTP intersection 

method was calculated by comparing the estimated ICPs’ ground coordinates 

with their actual ground coordinates. 

Because the image coordinates of the ICPs do not include errors, the effect 

of the image location errors on the proposed PTP intersection method could 

not be analyzed. However, the actual PTPs have few image location errors, as 

presented in Section 4.2.1. Hence, the proposed PTP intersection method was 

also applied to the ICPs, which artificially include random image location 

errors ranging from -30 to 30 pixels. The accuracy of the estimated ICPs’ 

ground coordinates using the ERT method was also evaluated, considering 

the ERT method was applied to a VCP. 

Table 4-4 presents the differences between the ICPs’ actual and estimated 

positions using the proposed PTP intersection method and the ERT method 

with or without image coordinate errors. The proposed method can estimate 

the ICPs’ ground coordinates with RMSEs of 2.47, 0.92, and 0.83 m for 

vertical, east, and north directions. The low RMSE values in Table 4-4 

demonstrate the usefulness of the proposed method for estimating distances 

between the RP and the PTPs. Furthermore, the proposed method calculates 
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planar ground coordinates relatively accurately compared with heights, as 

expected based on the planar consistency of 3D positioning errors being 

higher than the vertical consistency (Figure 4-5). 

 

Table 4-4. Accuracy of 27 ICPs’ ground coordinates estimated using proposed 

PTP intersection method and ERT method. Minimum (Min) and maximum 

(Max) are based on absolute values. Detailed estimation result of each ICP is 

presented in Appendix A.4. 

Method 
Image location 

error 
 Height East North 

Proposed × 

Min 0.07 0.06 0.03 

Max 4.70 2.62 2.17 

RMSE 2.47 0.92 0.83 

ERT × 

Min 0.09 0.03 0.95 

Max 6.77 6.62 6.54 

RMSE 3.54 2.62 3.49 

Proposed ○ 

Min 0.03 0.00 0.02 

Max 8.85 3.88 2.44 

RMSE 3.07 1.35 0.93 

ERT ○ 

Min 0.09 0.03 0.50 

Max 6.77 8.90 7.05 

RMSE 3.40 3.27 3.99 

 

The ERT method can estimate the ground coordinates of the ICPs with 

RMSE values of 3.54, 2.62, and 3.49 m for height, east, and north directions. 

Despite its lower accuracy than that of the proposed PTP intersection method, 

the ERT method effectively integrates positioning information of the multi-

temporal dataset. Table 4-5 presents the accuracy of independently ray-traced 

results for each sensor image. The RMSE values of each sensor were 

confirmed to be similar to the verified vendor-provided accuracy in Table 4-2, 

considering the SRTM error17. The error related to the north direction of K3 

was significant to the extent that using mean values as the original ray tracing-

 

 
17 The SRTM is provided at an accuracy of LE90 (Linear error with 90% confidence) 10 m. 
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based method would be difficult. 

Nevertheless, the ERT method did not lead to significant improvement, 

comparing its RMSE values were similar to the minimum RMSE value from 

the independent ray-tracing-based method because the ERT method uses 

median values of the independently ray-traced results. Based on the ERT 

results, the results of the BA method using only PTP, as presented in Section 

3.4.2, are predictable; the refined RFMs via this type of BA inherently include 

some bias similar to the ERT method’s RMSE values. 

 

Table 4-5. Comparison of positioning accuracy between ERT method and 

independent ray-tracing technique for each image. Bolded numbers in 

independently ray-traced results are minimum values for three directions. 

 
RMSE (m) 

Height East North Planar 

Integrated using the ERT 

method 
3.54 2.62 3.49 4.37 

Independent 

ray-traced 

GE 4.53 3.61 3.45 4.99 

K3 4.60 6.21 35.28 35.79 

K3A 4.05 5.65 6.54 8.88 

PHR 4.07 3.05 3.46 6.93 

WV2 4.12 5.78 4.53 7.52 

Average 4.27 4.86 10.65 13.21 

 

The RMSE values of the estimated ground coordinates with artificial 

image coordinate errors demonstrate both methods’ robustness because the 

RMSE values did not change significantly. The effects of the image 

coordinate errors on intersection are graphically presented through the 

boxplots of Figure 4-14. The proposed PTP intersection method based on the 

spatial differential method cannot accurately estimate the ground height 

coordinates of the point with a small number of image locations, including 

image location errors. 
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The maximum absolute error in height for the proposed method with 

image location errors is 8.85 m, which is twice that without image location 

errors. This error is from the ICP with seven image locations. Three of them 

are defined within two K3 images with huge positioning errors and 

20180707-K3A with unstable RFM errors. The proposed spatial differential 

technique is not appropriate for this data composition. In contrast, the ERT 

method is stable for the image location errors in terms of height direction due 

to the SRTM, although it is still inefficient compared with the errors of the 

proposed intersection results. 

 

 

Figure 4-14. Boxplots for the estimated ground coordinate errors using 

proposed PTP intersection method and ERT method 

 

The spatial differential technique assumes that large systematic errors 

within a stereo pair are reduced by subtracting independent binocular 

intersection results due to systematic errors’ consistencies. The consistent 

positioning errors within a stereo pair have already been validated throughout 

Figures 4-5 and A. 2. In this section, the effects of the spatial differential 

technique are investigated by comparing the distributions of the ground 

coordinate estimations (binocular intersection results) and the ground 

distance estimations (subtracted binocular intersection results between RP 

and PTP). 
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Although the values in Table 4-4 were calculated according to the ICPs’ 

ground coordinates, the low planar RMSE values reveal that estimating the 

distance between two points (the RP and a PTP) is more effective than 

estimating the PTP’s ground coordinates. This remarkable accuracy is derived 

from the spatial differential technique as reducing consistent, systematic 

errors. 

Figures 4-15–17 illustrate the change in the distributions of ground 

coordinate and ground distance observations. The randomly distributed 

ground coordinate observations (×) from multiple stereo pairs are arranged 

close to each other (△) once the spatial differential technique is applied. Two 

upper and lower extremes, which determine the outliers of distributions, are 

reduced from (-42.92, 48.57), (-10.06, 11.65), and (-23.11, 17.85) to (-12.52, 

10.58), (-2.51, 3.25), and (-1.75, 1.97), for height, east, and north directions. 

The distance observations in the planar direction tend to be relatively densely 

distributed; thus, the precision of ground distance in the planar direction is 

higher than that of height. The difference between the precision of rearranged 

observations in vertical and horizontal directions is related to the different 

estimation accuracy in corresponding directions in Table 4-4. 
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Figure 4-15. Distribution of ICP #1’s observations for height calculated using 

proposed intersection method. ICP#1 is located close to the RP (Figure 4-3). 

× indicates ground coordinate estimations by independent binocular stereo 

intersection, and triangles indicate the ground distance estimations. For an 

effective comparison of two distributions, estimations are subtracted by 

corresponding median values of inliers. Dots are outliers according to upper 

and lower extremes (dotted dashed lines). Blue and red are related to ground 

coordinates and distance, respectively. 
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Figure 4-16. Distribution of ICP #1’s observations for east direction 

calculated using proposed intersection method. Detailed description is 

presented in Figure 4-15. 
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Figure 4-17. Distribution of ICP #1’s observations for north direction 

calculated using proposed intersection method. The detailed description is 

presented in Figure 4-15. 

 

The standard deviations of the ground coordinate observations and the 

ground distance observations for six ICPs are calculated, as depicted in Table 

4-6, to verify the improved precision using the quantitative spatial differential 

techniques. The locations of the six verified ICPs are displayed in Figure 4-3. 
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Because the 3D positioning errors are sometimes not consistent in distant 

points such as 20180707-K3A, the selected six ICPs are gradually far away 

from the RP (the model GCP). 

As the distance between the verified ICP and the RP increases, the 

standard deviations are less reduced by the spatial differential technique 

(Table 4-6). Therefore, the PTP intersection method is effective for a limited 

area. Because the consistency of 3D positioning accuracy is affected by 

various factors such as sensor characteristics, image acquisition attitude, and 

the geometric configuration of stereo pairs, the available area of the proposed 

PTP method varies according to the characteristics of a multi-temporal dataset. 

For example, the standard deviation values of ICP #6 were less reduced than 

those of ICP #2 by the spatial differential method, although the distances from 

the RP were similar. The differences were caused by their image locations 

were defined in different multi-temporal images, of which the RFM error 

consistencies were dissimilar. 

 

Table 4-6. Change in standard deviations of inlier. Location of each ICP is 

displayed in Figure 4-3. 

ICP# 1 2 3 4 5 6 

Height 
SI* 14.41 33.55 16.96 20.59 25.41 19.43 

SD** 3.93 3.74 8.23 24.94 22.08 10.54 

East 
SI* 3.05 5.35 4.35 4.95 4.22 4.20 

SD** 0.91 0.57 2.47 5.11 6.22 1.78 

North 
SI* 5.74 11.10 7.99 8.81 9.13 8.73 

SD** 0.59 1.78 1.73 3.95 3.95 2.39 

* SI: Independent binocular stereo intersection result 

** SD: Spatial differential technique result 

 

Although the proposed PTP intersection method is limited by some 

images with inconsistent RFM errors, the reliability of the estimated ground 

coordinates is evaluated by its standard deviation, as assumed by the proposed 
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refinement method. Figure 4-18 presents the relationship between the errors 

of estimated ICPs’ ground coordinates using the proposed method and the 

corresponding standard deviations of the inliers. The errors of the estimated 

PTPs’ ground coordinates are related to the standard deviation of inliers. 

Consequently, it is reasonable to use standard deviations as the criteria for 

unreliable ground coordinates in following the PTP refinement method. 

 

 

Figure 4-18. Relationship between standard deviation of 

inliers and errors in estimated ground coordinates using 

proposed method. 

 

4.2.3. Results of PTP Refinement Method 

The previous experiment using GCPs for validation as PTPs empirically 

demonstrates that the accuracy of the estimated PTPs’ ground coordinates is 

related to the standard deviations of the inliers of the distance estimates, 

particularly in terms of the height values, which was difficult to estimate (as 

presented in the previous section). Thus, the proposed refinement method 
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based on the standard deviations of the inliers can reduce unreliable PTPs. 

With the reliable PTPs in terms of the ground coordinates, the image location 

errors are reduced. After the image location error elimination, the number of 

image locations for each reliable PTP was changed. In this thesis, the PTPs 

with more than seven image locations were used for BA. 

Table 4-7 presents the number of PTPs when the proposed refinement 

method was applied. Because the BA method using only PTPs is also 

proposed in this thesis, the number of refined PTPs based on the selected VCP 

is also presented. A total of 669 initial PTPs were reduced to approximately 

150 PTPs in both cases. The correctness of image locations in all 314 (154 + 

159) refined PTPs was verified. There are no mismatched image locations in 

the refined PTPs. The image location errors, such as those in Figure 4-10 (b), 

were successfully eliminated. This result can be attributed to the generally 

accurate ground coordinate values of the PTPs determined as reliable based 

on the standard deviations of the inliers. If the majority of ground coordinate 

estimates were incorrect, the difference between the computed and extracted 

image locations would not be constant, leading to mismatched image 

locations. 

 

Table 4-7. Number of extracted PTPs according to GCP and VCP used as RPs 

for proposed intersection method. 

 GCP VCP 

PTP extraction 

method 
669 669 

Refinement based on 

ground coordinates 
552 548 

Refinement of image 

location error 
155 159 

 

Figure 4-19 displays the extracted PTP after refinement. Compared with 

the initial PTP in Figure 4-9, there was a significant decrease in the number 
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of PTPs. The refined PTP’s distributions are similar in both cases. One 

notable point is that the proposed PTP extraction method is vulnerable to areas 

with high-rise buildings. In VHR images, identifying a common keypoint 

between multi-temporal images taken from various angles is especially 

difficult due to the severe distortion from high-rise buildings. Based on these 

results, the proposed method is challenging to implement in areas with dense 

high-rise buildings because not enough PTPs can be identified to process BA. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4-19. Distribution of refined PTPs according to 20150324-WV2 with 

maximum number of refined PTPs: (a) and (c) after refinement based on the 

reliability of the ground coordinate; (b) and (d) after elimination of image 

locations errors. (a) and (b) based on GCP, (c) and (d) based on VCP. 
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In this thesis, the proposed method was applied to an experimental area 

comprising various land covers to obtain a sufficient number of PTPs and 

establish observation equations for BA. Because the extracted PTP is 

distributed for the entire study area, a certain level of geometric consistency 

can be expected by processing BA for the entire study site. Furthermore, given 

the high precision of a point’s image measurements following PTP refinement, 

this thesis expects no problems with the image measurement precision of 

PTPs in the BA process. The final number of PTPs by each image for the BA 

process is presented in Table 4-8. 

 

Table 4-8. Number of refined PTPs by image 

 1 GCP 1 VCP  1 GCP 1 VCP 

20090613-GE 58 59 20180707-K3A 100 103 

20150324-WV2 131 139 20190102-K3A 97 100 

20150325-K3 119 119 20190120-K3A 104 106 

20151028-K3A 114 117 20190516-K3A 120 123 

20160207-K3 89 94 20200325-PHR 117 119 

20170615-WV2 114 116 20200609-WV2 122 124 
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4.3. Results of the Proposed PTP-Based BA Method 

4.3.1. Experimental Design for BA 

Three different BA scenarios were designed to validate the usefulness of 

the BA method using the PTP proposed in this thesis (Table 4-9). The first BA 

scenario uses GCPs without PTPs. Because only one GPS-measured GCP 

with precise image coordinates for all 12 images is available for the study site, 

the adjustment parameters estimated via BA are only offset parameters. For 

the remaining two scenarios, the extracted and refined PTPs were used in BA 

(Figure 4-19 and Table 4-8). The ground coordinates of the PTPs were 

estimated using the proposed PTP intersection method based on the spatial 

differential technique (Figure 3-13). 

 

Table 4-9. Three scenarios of BA implementation conducted in this thesis 

Type 

Ground 

coordinates 

measurement 

PTP 

Adjustment 

parameters 

(# of parameters) 

1 GCP GPS - Only offset (2) 

1 GCP+PTP GPS 
* 

(155 PTPs) 
All (6) 

1 VCP+PTP ERT 
* 

(159 PTPs) 
All (6) 

* Proposed PTP intersection method using the spatial differential technique was applied. 

 

Because the proposed PTP methods extracted a large number of PTPs 

(Table 4-7), the proposed BA using the PTP method can employ a sufficient 

number of observation equations to estimate all adjustment parameters. The 

adjustable model with all six parameters can resolve the geometric 

consistency of multi-sensor images. Consequently, the proposed BA using the 

PTP method was expected to refine the RFMs of the multi-temporal images 

more accurately. 
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The last scenario for BA was the most practical approach because BA is 

implemented without GCPs. All input data for BA were derived by the 

methods presented in this thesis, considering that precise GCPs (GPS-

measured GCPs), are sometimes unavailable. Instead of using such GCP, a 

VCP selected from the extracted PTPs was used. Consequently, the last BA 

scenario demonstrates the possibility of implementing a BA process without 

GCP to improve the relative accuracy of the multi-temporal VHR optical 

satellite dataset. 

 

4.3.2. Quantitative Assessment 

The positioning accuracies of the refined RFMs via different BA scenarios 

were assessed with 27 ICPs. Each ICP’s image coordinates for each multi-

temporal image was calculated using the refined RFMs and actual ground 

coordinates of the ICP. A large difference between the calculated and the 

actual image coordinates indicates the corresponding RFM is inaccurately 

refined via BA. 

The RMSE values of the refined RFMs produced by the different BA 

scenarios and accuracies of the vendor-provided RFMs of each image are 

presented in Figure 4-20. The averages of all images’ RMSEs refined for each 

scenario are presented in Table 4-10 for interpreting the results. The exact 

values of the quantitative assessment results and the error vectors of each 

refined RFM are in the Appendix. A.5. 

 

Table 4-10. Average of planar RMSEs of absolute geometric errors for all 

images used in this thesis for each BA scenario (unit: meter) 

Type 
Vendor-

provided 
1 GCP 

1 GCP+ 

PTP 

1 VCP+ 

PTP 

Average 

RMSE 
12.82 3.47 1.70 2.74 
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Figure 4-20. Planar RMSEs of different RFMs for each image used in this thesis. Range of y-axis is compressed to display K3 

examples. 

 

:

:

:



 

 112 

As expected, BA using one GCP (first scenario) can reduce significant 

positioning errors of the vendor-provided RFMs. BA using one GCP 

improved the positioning accuracy, as depicted by the decrease in average 

RMSE from 12.82 to 3.47 m. The effect of the GCP is dominant for the WV2 

images, whereas the positioning accuracy of the K3 and K3A images’ refined 

RFMs remains unsatisfactory. Because the GCP’s image coordinates were 

carefully measured, the remaining errors indicate that the use of one GCP is 

not appropriate, and additional adjustment parameters are required to process 

the multi-temporal images. Furthermore, this thesis found that the positioning 

accuracy of GE’s RFM did not significantly increase when using BA with one 

GCP because the positioning accuracy of the vendor-provided RFM was 

already sufficiently high due to GE’s high-quality geo-positioning equipment. 

The necessity of additional adjustment parameters for several images of 

K3 and K3A was revealed based on the results of the second scenario of BA 

with one GCP and the extracted PTPs, whose ground coordinates were 

estimated using the proposed PTP intersection method based on the spatial 

differential technique. BA using one GCP and the refined PTPs also improved 

the positioning accuracy, as demonstrated by the decrease in average RMSE 

from 3.47 to 1.70 m. The positioning accuracies of these K3 and K3A images 

were not sufficiently improved when using one GCP, but their RMSEs were 

dramatically reduced to values similar to other, more accurate sensors 

(20150325-K3, 20180707-K3A, and 20190102-K3A). 

The geometric accuracies of the other images remained consistent, such 

as WV2 images, which already produced satisfactory results in the first 

scenario. For these sensors, two offset parameters considered in the first 

scenario are enough to attain a reasonable accuracy level. One concern was 

that the second scenario generated an unnecessary increase in adjustment 

parameters, which could adversely affect accuracy. However, results 

demonstrated that this was not the case, implying that the influence of these 
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additional parameters was smaller than those of the offsets. Hence, the 

successful results of the second scenario demonstrate the usefulness of the 

PTPs and the high-precision of their ground coordinates estimated using the 

proposed PTP intersection method. Furthermore, in consideration of the 

laborious task of acquiring well-distributed GCPs, the use of the PTP with a 

minimum number of GCPs (as in the second scenario) is the most practical 

and efficient approach for improving the geometric consistency of the multi-

temporal dataset. 

The most efficient BA method (last scenario) demonstrates meaningful 

results. This scenario reduced the mean RMSE of all multi-temporal images 

from 12.82 to 2.74 m (Table 4-10). The minimum RMSE of the 20190516-

K3A image was 2.07 m, while the maximum RMSE for the 20200325-PHR 

image was 4.02 m (Figure 4-20). In this scenario, the errors included in the 

ground coordinates of the VCP estimated using the ERT method affected the 

ground coordinate accuracies of all PTPs, due to the nature of the proposed 

PTP intersection method using the spatial differential technique. The typically 

constant RMSE values near 2.5 m indicate the effects of the inaccurately 

estimated ground coordinates of the VCP. 

One factor inducing geometric inconsistency between multiple VHR 

images is the insufficient positioning accuracy of the current VHR satellites 

described in Section 1 with Figure 1-1 and Table 1-2. Thus, the proposed PTP-

based BA method is expected to improve the geometric consistency as the 

absolute positioning accuracy of the refined RFM improves. The discrepancy 

between multi-temporal orthorectified images using the refined RFMs and the 

NGII DEM was calculated as the relative error to clearly validate the 

usefulness of the proposed method for improving geometric consistency 

between images. Using orthorectified images to validate the improvement of 

geometric consistency via the refined RFMs is justified because the 

georeferenced images are basically used for many applications using multi-
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temporal datasets. Moreover, height information is more accessible, with 

recent studies using public DEMs (Cao et al., 2019). 

Table 4-11 presents the average RMSEs of the relative errors between 66 

bi-temporal orthorectified image pairs in this thesis. The discrepancy is 

reduced by the three BA scenarios. In particular, both BA based on the PTPs 

(1 GCP+PTP and 1 VCP+PTP scenario) achieved average RMSEs of 1.55 

and 1.97 m, respectively. Approximately 2 m of relative errors of the BA 

scenario without GCPs is less than those of BA with 1 GCP. This remarkable 

achievement illustrates the usefulness of the proposed PTP-based BA method. 

 

Table 4-11. Average of planar RMSEs of relative errors (geometric 

consistency) of 66 orthorectified image pairs in this thesis for each BA 

scenario (unit: meter) 

Type 
Vendor-

provided 
1 GCP 

1 GCP+ 

PTP 

1 VCP+ 

PTP 

Average 

RMSE 
18.10 4.93 1.55 1.97 

 

According to Figure 4-21, the relative errors between 1 GCP+PTP and 1 

VCP+PTP are similar. This similarity indicates that the refined RFMs by the 

third scenario’s BA process have a consistent bias caused by the intersection 

error of the ERT method for VCP. Even though the 1 VCP+PTP BA process 

includes overall bias, the relative accuracy is comparable to that of the 1 

GCP+PTP. The improvement in geometric consistency of the multi-temporal 

images with their RFMs refined by the BA methods for all scenarios is 

analyzed in the next section. 
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Figure 4-21. Planar RMSEs of relative errors (geometric inconsistency) of 66 binocular stereo pairs. RMSEs greater than 40 m 

(related to 20160207-K3) are omitted. Two images for each stereo pair are presented in Table A. 3. The RMSE values are presented 

in Table A. 9. 
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4.3.3. Qualitative Assessment 

For further investigation of the geometric consistency of all the images 

used in this thesis, the orthorectified images are generated with the refined 

RFMs for each BA scenario, and inconsistencies between the orthorectified 

images were verified visually. Because the study site is too large to inspect 

the entire site with one orthorectified image, separately enlarged 

orthorectified images are presented in this section. The orthorectified images 

of three subregions are used concerning the GCP’s location, as depicted in 

Figure 4-22. The 12 orthorectified images of each subregion are integrated 

into one checkerboard image to help recognize the spatial consistency of the 

images. The checkerboard images derived from the vendor-provided RFMs 

are also presented in this section. 

 

 

Figure 4-22. Locations of three subregions, GCP (red 

square), and VCP (yellow circle) 
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The generated orthoimages demonstrate that the geometric consistencies 

of the 12 images used in this thesis improved via the three BA scenarios in 

Table 4-9. Figures 4-23 and 24 illustrate the checkerboard image of the 

generated orthorectified images. As expected with the quantitative assessment, 

the geometric consistencies of the 12 images from the first and second BA 

scenarios are significantly high. This thesis found that the orthorectified 

images of the second image (results of 1 GCP+PTP BA) demonstrated 

excellent geometric consistency among the 12 images, as the geometric 

accuracy of K3/K3A had improved using the additional adjustment 

parameters when comparing the second subregion orthorectified images 

(Figure 4-24 (c)) to the other images (Figure 4-24 (b) and (d)). 

One notable finding is that the fully automatic BA approach (1 VCP+PTP 

BA) can improve the geometric consistency of the 12 images. As depicted in 

Figures 4-23 (d) and 24 (d), the geometric consistencies of the 12 images 

increased compared with the orthorectified images derived from the vendor-

provided RFMs (Figures 4-23 (a) and 24 (a)). Moreover, their geometric 

consistency in Figure 4-24 (d) is higher than the orthorectified image with the 

RFMs refined by BA using one GCP, as depicted in Figure 4-24 (b), for the 

20150325-K3 and 20180707-K3A images. 
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(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 4-23. Checkerboard image of first subregion near GCP used in BA: 

orthorectified images (a) with vendor-provided RFMs; (b) with refined RFM 

by 1 GCP scenario; (c) with refined RFM by 1 GCP+PTP scenario; and (d) 

with refined RFM by 1 VCP+PTP scenario. Acquisition dates of multi-

temporal images range from oldest to most recent from upper-left to bottom-

right (Table 4-1). 
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(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 4-24. Checkerboard image of second subregion second farthest from 

GCP used in BA: orthorectified images (a) with vendor-provided RFMs; (b) 

with refined RFM by 1 GCP scenario; (c) with refined RFM by 1 GCP+PTP 

scenario; and (d) with refined RFM by 1 VCP+PTP scenario. Acquisition 

dates of multi-temporal images range from oldest to most recent from upper-

left to bottom-right (Table 4-1). 
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The last subregion is the farthest subregion from the GCP used in the first 

and second BA scenarios (Figure 4-22). The necessity of the TPs (PTPs in 

this thesis) is emphasized through the qualitative assessment of the last 

subregion. Inevitably, the study site does not contain any subregions, which 

are far from the used GCP, with a size large enough to generate meaningful 

checkerboard images of the 12 orthorectified images simultaneously. 

Alternatively, individual orthorectified images of the small subregion with 

fewer buildings were generated and compared with the digital topographic 

map produced by NGII. By comparing the digital topographic map, the 

absolute geometric accuracy of the images can be determined indirectly. The 

two representative orthorectified images from each scenario are presented in 

this section, while the other results are presented in Appendix A.6. The two 

images were selected as the best and worst cases in terms of the absolute 

geometric accuracy, as presented in Figure 4-20. 

Based on the orthorectified images of the last subregion, images with high 

positioning accuracy found through the quantitative assessment demonstrated 

strong agreement with the digital topographic map. Therefore, the several K3 

and K3A images with poor quantitative assessment results for the 1 GCP BA 

scenario exhibit considerable disagreement with the digital topographic map. 

The improvement in the geometric accuracy of these images was found using 

additional parameters due to the use of the PTPs (Figure 4-25 (c)). All 

orthorectified images of the last subregion with the RFMs refined by the 1 

GCP+PTP BA method demonstrate high correlation with each another and 

with the digital topographic map (Figure A. 8). 
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(a) 

 
20150324-WV2 

 
20160207-K3 

(b) 

 
20180707-K3A 

 
20160207-K3 

(c) 

 
20190516-K3A 

 
20200325-PHR 

Figure 4-25. Orthorectified images with digital topographic map over 

third subregion far from GCP used in BA: orthorectified images (a) 

with refined RFM by 1 GCP scenario; (b) with refined RFM by 1 

GCP+PTP scenario; and (c) with refined RFM by 1 VCP+PTP 

scenario. Yellow dotted lines indicate digital topographic map. Images 

in first and second columns indicate best and worst cases according to 

the quantitative assessment. 
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The orthorectified images generated using the RFMs refined by 1 

VCP+PTP BA graphically demonstrate the potential of the proposed methods 

in this thesis (PTP extraction, intersection, and refinement) for improving the 

geometric consistency of the multi-temporal VHR images without GCPs. The 

orthorectified images exhibit greater correspondence with the digital 

topographic map than those generated from the vendor-provided RFMs. 

Based on the quantitative and qualitative assessments of the BA methods 

with four different scenarios, the usefulness of the proposed BA using the PTP 

method was demonstrated. The superior experimental results stem from the 

accurately estimated image and ground coordinates of the PTP using the 

proposed extraction, intersection, and refinement methods. Therefore, the 

proposed BA using the PTP method can be the ideal solution for improving 

the geometric accuracy of massive multi-temporal image datasets and can be 

applied to regions within any accumulated multi-temporal image set in the 

multi-temporal set. 

 

4.3.4. Discussion for Future Research 

This thesis focuses on proposing novel methods related to PTP and using 

extracted PTPs for BA to improve the geometric consistency of multi-

temporal and multi-sensor VHR images over the same scene. The PTP-based 

BA was conducted as the conventional BA method (Grodecki and Dial, 2003), 

although BA can be modified from various perspectives, as previous studies 

have demonstrated. Thus, comprehensive studies on PTP-based BA can be 

conducted in the near future. Moreover, the proposed methods (PTP 

extraction and intersection) can be independently applied to various 

applications using multi-temporal and multi-sensor VHR images. In this 

section, examples of future research related to the proposed method in this 

thesis are presented. 
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First, given the superior advancement of the second BA scenario (1 

GCP+PTP), it is desirable to use the proposed PTP-based BA with the 

existing GCPs. For South Korea, unified control points (UCPs) can be used 

as the precise GCPs for BA (Lee et al., 2014), and the GCP chips have recently 

been deployed (Park et al., 2019). Future research should integrate the 

proposed PTP-based BA method with these GCP resources to fully exploit its 

advantages. 

Furthermore, the study site was limited to overlapped coverage because 

the proposed BA method in this thesis focuses on simultaneously refining the 

sensor model of multi-temporal VHR optical satellite images to achieve 

consistently mapping results over the same areas (Figure 2-1 (b)). The 

usefulness of BA based on PTP was revealed through the experiment results, 

but the proposed method must be assessed for a large area to consider the 

purpose of the conventional BA (Figure 2-1 (a)). Computational cost may 

increase considerably as an area becomes large. This challenge should be 

addressed for the development and practical implementation of the proposed 

BA methods. The proposed method can be developed using the techniques 

used in several large-scale BA studies (Zheng and Zhang, 2016; Cao et al., 

2019) to become more efficient at processing massive datasets. Consequently, 

the PTP-based BA method proposed in this study should be improved to a 

comprehensive system with these required technologies to realize its potential 

fully. 

Based on the third BA scenario (1 VCP+PTP), orthorectified images 

generated using the proposed BA with the PTP method are expected to have 

a relative error of approximated 2 m RMSE (Table 4-11). Additional image 

registration processes are required for future applications, such as change 

detection, where more precise relative accuracy is required. The additional 

image registration can be developed using the extracted PTPs as the matching 

points for image registration. The use of PTPs as matching points for 
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registration is superior to the use of TPs from two images extracted using 

conventional registration methods. 

For the efficient registration of more than two images, the reference image 

should have sufficient correct TPs (matching points) with respect to all other 

images in a multi-temporal dataset. However, this process is challenging 

when using the TPs from two images. The PTPs can resolve this issue because 

these points can function as a guide for the optimal reference image. The 

reference images can be selected based on the connectivity of the PTPs 

extracted in this thesis, as shown in Figure 4-12. For example, the sixth image 

(20170615-WV2) is not suitable as a reference image because it is connected 

to few images used in this thesis. After all connectivity information from the 

extracted PTPs is gathered, the optimal reference image can be found easily. 

Therefore, it is promising that the PTP extraction method can be applied to 

additional image registration and reduce the remaining geometric errors of 

the multi-temporal orthorectified images. 
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Chapter 5. Conclusion 

This thesis presented a novel BA method using multi-temporal VHR 

optical satellite imagery acquired over the same scene to increase the 

geometric consistency of the satellite image dataset. The proposed BA 

method was established under the assumption that integrating abundant 

positioning information from RFMs for each VHR satellite image can reduce 

their respective positioning errors. This thesis facilitates this integration by 

introducing a new type of TP called PTP, which was suggested and used in 

the BA process to improve the geometric consistency of multi-temporal 

images. The proposed BA approach is accomplished based on the precise 

image and ground coordinates of PTPs resulting from three sequential 

methods outlined in this thesis: extraction, intersection, and refinement of 

PTPs. The precise image and ground coordinates of PTPs are fundamental 

prerequisites to implementing BA for the multi-temporal VHR optical dataset. 

Each sequential method was developed to solve the technological 

limitations of the conventional methods when applied to the multi-temporal 

VHR satellite dataset. The limitations stem from the inclusion of multi-sensor 

and mono images in the multi-temporal dataset. This thesis evaluated the 

usefulness of the developed three sequential methods and the BA method by 

conducting experiments with 12 multi-temporal VHR images. The 

quantitative and qualitative assessments of the experimental results were 

performed from three perspectives: (1) accuracy of the proposed PTP 

extraction method, (2) accuracy of the PTP’s ground coordinates estimate, 

and (3) improvement in geometric consistency between multi-temporal VHR 

images following BA. 

The generated precise image coordinates and ground coordinates of PTPs 

confirmed the first two perspectives. The proposed methods extracted PTPs 

for which 93.05% of the image locations were correct and estimated PTPs’ 
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ground coordinates with RMSE values of 2.47, 0.92, and 0.83 m for height, 

east, and north directions. Based on the high precision of PTPs, these points 

were then applied to BA of the multi-temporal VHR satellite dataset to 

investigate the third aspect. 

Three different BA scenarios implementation using GCP and PTPs were 

conducted. The BA scenarios using PTP improved the absolute geometric 

accuracy and geometric consistency of the refined RFMs of 12 multi-

temporal VHR images. The BA scenario without GCP demonstrated superior 

results: the average planar RMSE of the relative errors between 12 multi-

temporal orthorectified images was 1.97 m, a significant improvement in 

geometric consistency because the average RMSE of the vendor-provided 

RFMs is 18.10 m. Based on the RFMs accurately refined by the PTP-based 

method, the geometric consistency of the multi-temporal images was also 

qualitatively demonstrated as decreasing the discrepancies between the 

orthorectified images generated by the refined RFMs and NGII DEMs. The 

proposed method successfully improved the geometric consistency of the 

multi-temporal VHR satellite dataset, composed of multi-sensor and mono 

images, which was a crucial limitation in previous studies. 

The proposed methods in this thesis can be applied to any VHR optical 

satellite dataset, regardless of the sensor or acquisition time. As a result, these 

methods can be applied to a diversity of further applications, including 3D 

modeling. Based on the superior results generated from this thesis and the 

novel PTP concept and BA methods, this thesis can serve as a preliminary 

benchmark for these future applications. Future research should integrate the 

proposed methods into a comprehensive and robust system that can manage 

the massive amount of VHR satellite data available. With these advancements, 

the proposed methods could influence a vast array of remote sensing-based 

applications—the PTP and proposed BA methods are versatile and applicable 

for any composition of multi-temporal, multi-sensor VHR satellite datasets.  
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Appendix 

A.1. Individual Multi-Temporal Images of Study Site 

  

20150324-WV2 20150325-K3 

  

20151028-K3A 20160207-K3 
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20170615-WV2 20180707-K3A 

  

20190102-K3A 20190120-K3A 

  

20200325-PHR1A 20200609-WV2 

Figure A.1. Ten VHR images displaying study site. Another two VHR images 

are presented in Figure 4-2. 
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A.2. Extracted TPs from Bi-Temporal Pairs 

Table A. 1. Number of the extracted TPs from bi-temporal pairs. Bold numbers are maximum and minimum. 

 
20090613

-GE 

20150324

-WV2 

20150325

-K3 

20151028

-K3A 

20160207

-K3 

20170615

-WV2 

20180707

-K3A 

20190102

-K3A 

20190120

-K3A 

20190516

-K3A 

20200325

-PHR 

20200609

-WV2 

20090613

-GE 
- 3,456 1,820 2,433 1,259 3,249 2,576 1,289 1,269 2,293 3,208 4,384 

20150324

-WV2 
3,456 - 3,209 3,075 1,665 4,190 3,053 1,642 1,692 2,615 9,828 4,235 

20150325

-K3 
1,820 3,209 - 1,170 1,619 947 893 447 447 817 1,059 936 

20151028

-K3A 
2,433 3,075 1,170 - 1,341 1,889 1,795 1,065 1,183 1,626 1,866 1,822 

20160207

-K3 
1,259 1,665 1,619 1,341 - 602 543 405 480 474 668 606 

20170615

-WV2 
3,249 4,190 947 1,889 602 - 2,882 1,126 1,096 2,121 3,171 4,868 

20180707

-K3A 
2,576 3,053 893 1,795 543 2,882 - 987 1,009 2,511 2,577 2,850 

20190102

-K3A 
1,289 1,642 447 1,065 405 1,126 987 - 21,272 808 1,211 1,217 

20190120

-K3A 
1,269 1,692 447 1,183 480 1,096 1,009 21,272 - 876 1,178 1,159 

20190516

-K3A 
2,293 2,615 817 1,626 474 2,121 2,511 808 876 - 1,738 1,864 

20200325

-PHR 
3,208 9,828 1,059 1,866 668 3,171 2,577 1,211 1,178 1,738 - 5,402 

20200609

-WV2 
4,384 4,235 936 1,822 606 4,868 2,850 1,217 1,159 1,864 5,402 - 

Total 27,236 35,204 11,544 16,832 8,403 22,892 19,100 30,180 30,392 15,450 28,698 24,959 
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A.3. Positioning Error Characteristics of Vendor-Provided RFM 

(a) Positioning Accuracy of Single Image 

Table A. 2. Mean, standard deviation (STD), minimum (Min), and maximum (Max) values of each vendor-provided RFM’s 

positioning errors. Minimum and maximum errors are based on absolute values (unit: meter). 

 (1) 20090613-GE (2) 20150324-WV2 (3) 20150325-K3 (4) 20151028-K3A 

 Sample Line Sample Line Sample Line Sample Line 

Mean 0.40  1.49  -4.70  -4.47  -12.29  33.33  2.94  5.15  

STD 0.01  0.71  3.43  2.99  1.85  27.78  0.43  2.91  

Min 1.31  2.68  5.65  7.48  21.34  39.98  7.97  6.56  

Max 0.79  0.63  0.56  0.88  4.62  3.00  1.71  0.83  

 (5) 20160207-K3 (6) 20170615-WV2 (7) 20180707-K3A (8) 20190102-K3A 

 Sample Line Sample Line Sample Line Sample Line 

Mean -10.10  49.81  3.51  2.77  1.45  7.27  1.41  2.20  

STD 0.21  48.04  2.23  0.25  0.13  3.18  0.29  0.74  

Min 31.43  53.70  4.65  5.22  7.16  10.06  5.76  4.77  

Max 8.02  1.37  0.68  0.95  3.37  1.89  2.19  0.97  

 (9) 20190120-K3A (10) 20190516-K3A (11) 20200325-PHR (12) 20200609-WV2 

 Sample Line Sample Line Sample Line Sample Line 

Mean 8.96  2.19  -0.21  8.47  2.14  -4.68  11.94  0.28  

STD 6.46  0.92  0.01  6.46  0.01  2.56  8.46  0.04  

Min 11.63  3.72  2.79  9.93  4.33  6.33  13.65  2.35  

Max 1.33  0.67  1.26  1.01  1.31  0.87  1.12  0.89  
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(b) Positioning Accuracy of Binocular Stereo Pair 

Table A. 3. Binocular stereo pair number of experiment in this thesis 

# Image 1 Image 2 # Image 1 Image 2 

1 

20090613-GE 

20150324-WV2 34 

20151028-

K3A 

20190102-K3A 

2 20150325-K3 35 20190120-K3A 

3 20151028-K3A 36 20190516-K3A 

4 20160207-K3 37 20200325-PHR 

5 20170615-WV2 38 20200609-WV2 

6 20180707-K3A 39 

20160207-K3 

20170615-WV2 

7 20190102-K3A 40 20180707-K3A 

8 20190120-K3A 41 20190102-K3A 

9 20190516-K3A 42 20190120-K3A 

10 20200325-PHR 43 20190516-K3A 

11 20200609-WV2 44 20200325-PHR 

12 

20150324-

WV2 

20150325-K3 45 20200609-WV2 

13 20151028-K3A 46 

20170615-

WV2 

20180707-K3A 

14 20160207-K3 47 20190102-K3A 

15 20170615-WV2 48 20190120-K3A 

16 20180707-K3A 49 20190516-K3A 

17 20190102-K3A 50 20200325-PHR 

18 20190120-K3A 51 20200609-WV2 

19 20190516-K3A 52 

20180707-

K3A 

20190102-K3A 

20 20200325-PHR 53 20190120-K3A 

21 20200609-WV2 54 20190516-K3A 

22 

20150325-K3 

20151028-K3A 55 20200325-PHR 

23 20160207-K3 56 20200609-WV2 

24 20170615-WV2 57 

20190102-

K3A 

20190120-K3A 

25 20180707-K3A 58 20190516-K3A 

26 20190102-K3A 59 20200325-PHR1A 

27 20190120-K3A 60 20200609-WV2 

28 20190516-K3A 61 
20190120-

K3A 

20190516-K3A 

29 20200325-PHR 62 20200325-PHR 

30 20200609-WV2 63 20200609-WV2 

31 

20151028-

K3A 

20160207-K3 64 20190516-

K3A 

20200325-PHR 

32 20170615-WV2 65 20200609-WV2 

33 20180707-K3A 66 
20200325-

PHR 
20200609-WV2 
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 10.93 10.22 12.09 H 113.07 91.09 124.85 H 41.47 25.90 52.71 

E 0.48  0.02  1.04  E 9.30  7.38  10.58  E 1.70  0.37  2.51  

N 3.35  2.72  3.88  N 47.31  37.70  51.83  N 14.99  7.50  19.54  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 99.42 71.61 141.28 H 2.18 0.65 4.13 H 16.32 5.06 23.49 

E 8.95  6.09  11.33  E 1.80  1.20  2.38  E 1.87  0.65  2.94  

N 44.35  34.49  61.31  N 2.03  1.56  2.93  N 7.51  4.10  9.74  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 14.02 1.96 26.37 H 79.49 62.66 98.85 H 31.78 28.70 36.39 

E 1.45  0.30  2.68  E 6.06  5.23  6.75  E 1.85  0.74  3.29  

N 6.25  1.86  12.31  N 32.86  27.11  39.87  N 10.82  8.47  12.45  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 5.30 3.76 8.19 H 25.60 22.36 28.69 H 23.09 13.37 28.79 

E 1.81  0.01  2.64  E 1.03  0.02  2.37  E 5.45  0.41  8.04  

N 1.44  0.19  2.26  N 7.30  5.56  8.42  N 1.44  0.34  2.88  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 15.22  12.90  17.16  H 33.83  23.44  42.07  H 7.69  6.18  9.56  

E 2.66  1.31  3.50  E 10.42  4.10  14.36  E 1.11  0.03  2.05  

N 3.27  1.94  5.91  N 3.50  0.64  4.81  N 0.84  0.01  2.79  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 35.55  3.73  54.09  H 14.27  11.51  19.09  H 17.47  13.54  21.14  

E 12.51  0.97  21.29  E 2.49  0.45  4.52  E 4.39  3.10  5.54  

N 1.18  0.06  2.14  N 3.48  2.09  5.70  N 3.79  2.46  6.12  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 15.61  12.40  18.43  H 22.85  18.65  26.76  H 17.19  15.18  19.44  

E 2.55  1.27  3.67  E 6.77  4.66  8.49  E 3.75  3.20  4.70  

N 3.05  1.60  5.64  N 1.54  0.73  2.24  N 3.42  2.55  3.89  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 104.78  83.60  126.64  H 83.19  3.01  164.57  H 64.54  45.18  84.14  

E 17.04  14.16  20.52  E 24.10  0.87  50.04  E 33.64  23.04  45.08  

N 55.50  45.31  66.97  N 35.45  10.96  67.16  N 9.47  7.85  12.05  



 

 145 

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 18.46  0.75  33.70  H 73.07  44.06  104.14  H 101.41  78.90  124.80  

E 2.94  0.08  6.73  E 3.34  0.11  5.70  E 11.81  9.94  14.61  

N 17.03  14.18  19.52  N 39.15  27.37  52.15  N 49.59  39.53  59.17  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 65.47  51.11  78.58  H 35.41  30.21  40.50  H 49.28  20.49  67.09  

E 10.11  6.27  12.33  E 8.33  4.96  11.49  E 12.90  2.12  20.92  

N 47.84  38.90  55.74  N 7.01  4.97  8.23  N 5.58  0.37  9.47  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 105.27  82.37  148.21  H 2.66  0.03  4.44  H 6.15  0.18  10.20  

E 23.70  21.18  28.42  E 2.59  0.36  3.94  E 3.80  0.25  8.24  

N 61.41  52.17  79.86  N 3.04  0.62  4.11  N 6.56  2.75  9.20  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 20.70  1.12  47.85  H 28.84  8.67  47.52  H 29.23  12.76  40.46  

E 2.89  0.57  4.33  E 7.79  5.28  10.13  E 1.09  0.00  3.17  

N 7.44  0.07  19.53  N 15.50  5.00  23.58  N 9.76  1.32  14.91  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 10.93  8.90  13.01  H 20.20  11.19  24.60  H 113.55  90.99  132.57  

E 4.22  1.70  6.02  E 3.08  0.10  7.39  E 62.11  48.04  75.36  

N 1.40  0.02  2.21  N 4.83  2.98  6.84  N 13.49  11.75  17.26  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 35.51  8.97  54.23  H 56.68  34.87  99.63  H 85.01  59.68  113.90  

E 3.62  0.03  7.94  E 6.18  1.23  10.16  E 15.73  14.05  18.12  

N 21.14  16.94  25.88  N 39.92  31.26  55.56  N 49.66  39.65  61.28  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 85.89  67.31  107.36  H 47.97  31.30  55.78  H 64.64  5.68  139.98  

E 18.86  14.71  21.16  E 11.01  3.71  14.36  E 36.73  4.85  57.89  

N 63.18  53.28  75.76  N 11.37  10.13  13.50  N 20.68  2.38  30.80  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 4.92  0.07  10.73  H 1.85  0.16  3.81  H 7.45  4.48  11.79  

E 3.34  0.15  6.96  E 3.39  0.49  5.78  E 7.93  6.05  9.45  

N 3.62  1.29  5.53  N 2.74  0.69  4.69  N 2.45  0.27  4.29  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 7.04  1.88  8.88  H 2.72  1.54  4.39  H 17.32  13.35  20.30  

E 0.73  0.06  1.39  E 2.24  1.28  3.28  E 16.30  13.98  17.35  

N 3.52  1.12  5.60  N 1.06  0.16  1.90  N 2.38  0.67  3.57  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 14.09  0.05  21.99  H 10.40  1.19  15.43  H 4.12  0.07  9.30  

E 1.14  0.02  2.26  E 5.10  0.76  8.11  E 3.09  0.45  5.16  

N 7.16  2.58  9.81  N 5.95  2.11  8.45  N 7.63  4.45  10.08  



 

 150 

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 56.80  36.93  69.58  H 8.77  1.38  16.10  H 79.64  3.67  121.66  

E 15.20  10.71  19.76  E 8.29  5.07  11.36  E 8.64  6.23  11.12  

N 6.34  3.27  8.64  N 1.05  0.16  1.96  N 33.55  2.43  51.93  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 19.67  12.97  25.70  H 7.68  5.80  10.03  H 19.08  11.79  23.04  

E 1.73  0.10  3.49  E 3.39  0.97  5.18  E 3.31  0.19  5.53  

N 5.07  1.17  7.87  N 1.95  0.14  2.61  N 4.78  2.64  6.33  
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 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 11.50  1.24  24.91  H 9.19  6.40  12.61  H 5.38  0.52  8.93  

E 5.24  3.78  6.71  E 4.71  3.42  5.99  E 9.93  8.54  11.73  

N 2.95  0.04  8.32  N 2.29  1.10  3.02  N 1.50  0.26  2.63  

   
 RMSE Min Max  RMSE Min Max  RMSE Min Max 

H 12.30  9.19  14.65  H 25.73  21.76  28.67  H 13.81  11.80  16.05  

E 4.08  1.67  5.40  E 1.07  0.02  2.92  E 5.13  3.10  6.76  

N 0.90  0.08  1.76  N 6.21  3.87  7.63  N 2.06  0.21  2.86  
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Figure A. 2. Error vectors and statistics of 66 binocular stereo pairs. Detailed description is in Figure 4-6. Minimum and maximum 

errors are based on absolute values (unit: meter). 
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A.4. Detailed Experimental Results for PTP Intersection 

Table A. 4. Estimated ground coordinates for GCPs as PTPs without image coordinate errors 

 Proposed SD method ERT method 

ICP 
Error Standard Deviation 

ICP 
Error 

Height East North Height East North Height East North 

1 2.45 -0.56 -1.64 7.94 2.19 2.17 1 1.55 2.05 -6.54 

2 -1.29 0.10 0.41 4.05 1.17 1.14 2 4.62 0.70 -2.73 

3 -1.91 -1.62 -1.88 5.24 1.19 1.79 3 0.38 0.03 -3.99 

4 0.46 -0.95 -1.06 8.35 1.92 4.21 4 3.79 0.21 -5.17 

5 -4.21 -2.62 0.72 11.57 1.05 4.70 5 5.50 0.20 -4.18 

6 -2.95 -0.12 0.08 6.13 1.86 1.52 6 -0.62 1.98 -2.10 

7 -1.67 -0.27 -0.65 5.03 1.74 0.85 7 -1.76 2.08 -3.44 

8 -2.01 0.96 0.66 6.60 2.39 1.62 8 3.63 4.07 -2.01 

9 -0.16 -0.06 0.70 5.92 1.94 1.94 9 0.09 2.42 -0.95 

10 -4.23 0.32 0.51 14.23 3.10 5.27 10 2.89 3.59 -5.38 

11 -3.20 1.26 0.10 12.72 2.65 3.28 11 5.07 3.25 -4.91 

12 -4.47 0.55 -0.96 21.71 3.97 4.90 12 6.22 3.54 -5.48 

13 -3.21 0.56 -0.08 9.26 2.35 2.53 13 4.33 2.70 -3.50 

14 -3.36 0.92 0.22 11.43 2.62 2.56 14 4.71 2.80 -4.12 

15 -3.60 -0.91 0.34 23.05 4.81 6.11 15 2.22 3.75 -3.45 

16 -0.42 -0.08 0.47 3.74 1.28 1.12 16 -1.41 2.17 -2.37 

17 0.15 0.12 0.39 1.75 0.78 0.36 17 0.31 2.17 -1.88 
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18 -4.70 2.11 1.29 13.13 2.04 5.66 18 -2.12 6.62 -2.25 

19 -0.82 0.14 0.36 3.89 1.60 1.31 19 6.77 1.97 -3.95 

20 -1.49 -0.17 0.09 4.22 1.45 0.78 20 -1.95 1.95 -2.07 

21 -1.78 0.63 -0.56 4.64 1.77 1.29 21 -2.73 2.66 -1.23 

22 0.07 0.64 -0.03 2.35 0.84 0.76 22 1.35 1.50 -2.29 

23 -1.51 0.13 -0.28 4.06 1.48 1.25 23 3.43 1.59 -3.36 

24 0.27 0.40 0.26 2.18 0.78 0.53 24 -6.58 1.96 1.45 

25 -0.37 1.07 0.36 5.38 1.34 1.47 25 2.38 2.24 -2.04 

26 -2.35 -0.51 2.17 5.36 1.61 1.21 26 0.63 1.20 -3.22 

27 -0.84 0.57 0.42 3.06 1.30 0.68 27 2.73 1.27 -2.22 

Min 0.07  0.06  0.03     Min 0.09  0.03  0.95  

Max 4.70  2.62  2.17     Max 6.77  6.62  6.54  

RMSE 2.47  0.92  0.83     RMSE 3.54  2.62  3.49  
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Table A. 5. Estimated ground coordinates for GCPs as PTPs with image coordinate errors 

 Proposed SD method ERT method 

ICP 
Error Standard Deviation 

ICP 
Error 

Height East North Height East North Height East North 

1 2.45  0.21  -1.77  8.97 3.73 2.3 1 1.55  2.05  -6.54  

2 -1.06  -0.09  0.39  3.24 1.03 1.29 2 4.62  0.70  -2.73  

3 -2.12  -1.62  -1.98  9.43 3.22 3.4 3 0.38  0.03  -3.99  

4 -0.37  -0.84  -1.02  9.66 2.34 3.53 4 3.79  0.21  -5.17  

5 0.61  -3.01  0.02  35.67 1.68 11.82 5 3.50  -0.99  -4.12  

6 -3.82  -0.37  0.05  7.36 1.91 1.66 6 -0.62 1.98 -3.76 

7 -1.43  -0.30  -0.60  4.54 1.82 0.75 7 -1.76 2.56 -3.44 

8 -4.21  1.06  0.64  10.19 2.42 1.66 8 3.63  4.61  -2.01  

9 1.49  0.00  -0.35  8.49 1.74 2.25 9 0.09  2.06  -4.15  

10 -8.05  0.46  -1.09  16.85 3.91 8.4 10 2.89  3.59  -6.65  

11 -3.29  0.48  -0.02  15.42 3.54 3.29 11 5.07  3.25  -6.20  

12 -8.85  3.88  -0.96  25.78 9.69 5.28 12 6.22  3.79  -5.48  

13 -2.20  0.76  -0.03  10.79 2.43 2.68 13 4.33  2.70  -3.50  

14 -3.36  1.29  0.37  14.38 3.52 2.72 14 4.71  2.80  -2.97  

15 -2.08  -0.52  -1.05  24.24 6.68 6.98 15 2.22  3.75  -3.45  

16 0.53  -0.12  0.35  6.8 1.83 2.2 16 -1.41  0.65  -3.88  

17 0.07  0.08  0.38  1.88 0.9 0.38 17 0.31  2.17  -0.50  

18 -3.33  3.55  2.44  14.06 3.22 4.51 18 -2.12  6.62  -2.25  

19 -2.31  -0.28  0.40  5.55 1.76 1.35 19 6.77  1.76  -3.95  
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20 -1.99  -0.81  0.10  8.16 2.36 1.33 20 -1.95  1.95  -1.60  

21 -1.22  0.74  -0.66  10.71 2.15 1.76 21 -2.73  2.66  -1.23  

22 -0.16  0.84  -0.06  6.41 1.34 0.79 22 0.35  4.58  -2.29  

23 -1.24  0.13  -0.29  4.62 1.5 1.5 23 3.43  2.36  -3.36  

24 -0.03  0.30  0.26  2.73 0.79 0.58 24 -6.58  3.00  1.45  

25 -0.37  1.53  0.25  8.21 3.47 1.65 25 0.38  8.90  -3.69  

26 -2.08  -0.28  1.93  9.61 1.96 2.71 26 0.63  1.20  -7.05  

27 -1.58  0.38  0.42  7.39 1.47 1.2 27 2.73  1.27  -2.28  

Min 0.03  0.00  0.02     Min 0.09  0.03  0.50  

Max 8.85  3.88  2.44     Max 6.77  8.90  7.05  

RMSE 3.07  1.35  0.93     RMSE 3.40  3.27  3.99  
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A.5. Quantitative Assessment of Refined RFM by BA Scenario 

(1) Detailed Statistics for Refined RFM’s Accuracy 

Table A. 6. Positioning accuracy of refined RFM by BA using one GCP (unit: meter). STD refers to standard deviation. 

 (1) 20090613-GE (2) 20150324-WV2 (3) 20150325-K3 (4) 20151028-K3A 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 1.03  0.99  0.87  0.99  5.40  3.81  2.53  0.84  

Mean -0.69  0.79  0.67  0.47  2.86  2.39  1.90  -0.10  

STD 0.80  0.62  0.55  0.90  4.68  3.03  1.70  0.85  

Min 0.07  0.03  0.15  0.03  0.76  0.17  0.06  0.03  

Max 2.35  1.93  1.92  2.56  13.19  8.94  6.86  2.34  

 (5) 20160207-K3 (6) 20170615-WV2 (7) 20180707-K3A (8) 20190102-K3A 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 11.75  1.45  1.12  1.10  5.41  2.74  2.97  1.01  

Mean 8.80  -0.49  0.91  -0.58  -4.33  -2.02  2.04  0.29  

STD 7.99  1.40  0.67  0.96  3.32  1.89  2.20  0.99  

Min 1.58  0.17  0.07  0.03  0.39  0.08  0.24  0.03  

Max 19.56  3.43  2.02  3.07  10.99  6.02  6.32  2.85  

 (9) 20190120-K3A (10) 20190516-K3A (11) 20200325-PHR (12) 20200609-WV2 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 1.62  0.69  1.37  1.48  1.49  0.90  1.13  0.95  

Mean -0.94  0.16  -0.56  1.10  0.72  0.25  0.14  0.35  

STD 1.35  0.69  1.28  1.01  1.34  0.89  1.15  0.91  

Min 0.13  0.00  0.20  0.03  0.20  0.02  0.00  0.06  

Max 3.40  1.69  3.12  2.52  2.87  2.37  3.34  2.40  
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Table A. 7. Positioning accuracy of refined RFM by BA using one GCP and 155 refined PTPs (unit: meter) 

 (1) 20090613-GE (2) 20150324-WV2 (3) 20150325-K3 (4) 20151028-K3A 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 1.22  1.05  1.18  0.89  1.26  0.94  0.96  1.17  

Mean 0.96  0.58  -0.71  -0.33  0.32  0.47  0.27  0.71  

STD 0.77  0.91  0.96  0.85  1.25  0.83  0.94  0.95  

Min 0.11  0.12  0.19  0.00  0.14  0.01  0.05  0.15  

Max 2.76  1.76  2.88  3.28  3.34  2.50  2.18  2.35  

 (5) 20160207-K3 (6) 20170615-WV2 (7) 20180707-K3A (8) 20190102-K3A 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 2.67  1.31  1.64  1.00  0.86  0.70  1.12  1.42  

Mean -0.22  0.58  1.43  -0.31  0.17  -0.30  0.30  0.89  

STD 2.73  1.20  0.83  0.98  0.86  0.65  1.10  1.13  

Min 0.01  0.04  0.19  0.03  0.06  0.01  0.13  0.01  

Max 7.96  4.61  2.52  2.91  2.10  1.88  3.18  3.63  

 (9) 20190120-K3A (10) 20190516-K3A (11) 20200325-PHR (12) 20200609-WV2 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 0.87  1.16  0.98  1.40  1.03  1.00  1.46  1.02  

Mean 0.31  0.69  0.32  0.86  0.08  -0.41  1.05  0.47  

STD 0.83  0.96  0.95  1.12  1.05  0.93  1.04  0.93  

Min 0.06  0.20  0.03  0.06  0.09  0.02  0.03  0.06  

Max 3.40  1.69  3.12  2.52  2.87  2.37  3.34  2.40  
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Table A. 8. Positioning accuracy of refined RFM by BA using one VCP and 159 extracted PTPs (unit: meter) 

 (1) 20090613-GE (2) 20150324-WV2 (3) 20150325-K3 (4) 20151028-K3A 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 1.56  2.10  1.40  2.29  1.27  2.28  0.96  1.97  

Mean 1.32  1.91  1.17  2.13  -0.30  2.13  0.30  1.72  

STD 0.86  0.89  0.80  0.85  1.26  0.84  0.93  0.97  

Min 0.20  0.80  0.10  0.92  0.14  0.63  0.01  0.02  

Max 3.29  3.17  2.39  3.60  2.94  4.23  2.43  3.29  

 (5) 20160207-K3 (6) 20170615-WV2 (7) 20180707-K3A (8) 20190102-K3A 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 2.96  2.64  0.96  2.39  1.21  2.24  1.35  2.44  

Mean -1.12  2.33  0.36  2.20  0.81  2.15  0.77  2.19  

STD 2.81  1.27  0.91  0.96  0.91  0.64  1.13  1.10  

Min 0.22  0.18  0.11  0.11  0.09  0.65  0.04  0.29  

Max 9.23  6.40  2.10  5.24  2.34  4.16  3.19  5.19  

 (9) 20190120-K3A (10) 20190516-K3A (11) 20200325-PHR (12) 20200609-WV2 

 Sample Line Sample Line Sample Line Sample Line 

RMSE 1.12  1.99  1.02  1.80  2.09  3.43  1.10  2.31  

Mean 0.73  1.78  0.39  1.47  1.73  3.31  0.33  2.13  

STD 0.87  0.90  0.97  1.07  1.20  0.93  1.07  0.92  

Min 0.13  0.05  0.10  0.01  0.34  1.99  0.04  0.60  

Max 2.49  3.58  2.99  2.97  4.33  5.95  2.59  4.09  

 



 

 160 

(2) Error Vectors of Refined RFMs 
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Figure A. 3. Error vectors of refined RFMs by BA using one GCP. Triangle 

and circles represent GCP and ICPs, respectively. 
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Figure A. 4. Error vectors of refined RFMs by BA using one GCP and 155 

refined PTPs. Triangle and circles represent GCP and ICPs, respectively. 
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Figure A. 5. Error vectors of refined RFMs by BA using one VCP and 159 

extracted PTPs. Triangle represents GCP used for the first and second BA 

scenario. Circles represent ICPs. 

 

(3) Planar RMSE Values for Relative Accuracy of Bi-Temporal Pairs 

Table A. 9. Planar RMSE of relative errors (geometric inconsistency) for each 

BA scenario (unit: meter). Two images for each stereo pair are presented in 

Table A. 3. 

Stereo 

Pair # 

Vendor-provided 1 GCP 

East North Planar East North Planar 

1 4.69  5.42  7.17  1.81  0.38  1.85  

2 5.25  32.09  32.52  5.27  2.65  5.89  

3 4.12  2.78  4.97  3.12  1.60  3.51  

4 3.84  48.63  48.78  9.40  2.89  9.83  

5 2.55  1.97  3.22  1.07  0.80  1.33  

6 4.80  6.24  7.87  4.27  1.65  4.57  

7 1.83  0.73  1.97  2.74  1.19  2.99  

8 9.10  1.29  9.19  1.54  0.56  1.64  

9 1.12  6.78  6.87  0.85  0.56  1.02  

10 1.56  4.18  4.46  1.48  0.47  1.55  

11 11.37  0.98  11.41  0.78  0.29  0.83  

12 4.19  39.21  39.43  4.30  3.47  5.52  

13 7.68  8.49  11.45  1.14  1.57  1.94  

14 8.77  53.60  54.31  9.99  3.83  10.70  

15 6.94  7.24  10.03  1.52  1.22  1.95  

16 7.29  11.18  13.34  7.08  2.54  7.52  
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17 6.73  5.70  8.82  2.13  1.87  2.84  

18 13.09  4.14  13.73  2.74  1.38  3.07  

19 5.89  11.99  13.35  1.96  1.33  2.37  

20 6.11  1.47  6.29  0.71  0.45  0.84  

21 15.64  4.38  16.25  1.75  0.94  1.98  

22 8.47  30.69  31.84  3.44  4.01  5.28  

23 9.74  14.82  17.73  9.06  6.90  11.39  

24 8.79  32.05  33.24  4.57  4.14  6.16  

25 8.93  28.60  29.96  8.78  5.36  10.28  

26 8.79  33.51  34.65  5.16  4.11  6.59  

27 14.32  34.91  37.73  5.74  3.42  6.68  

28 7.92  26.58  27.74  6.25  2.85  6.87  

29 6.51  36.55  37.13  4.96  2.49  5.55  

30 15.20  33.24  36.55  5.83  2.17  6.22  

31 5.25  44.90  45.21  10.18  2.74  10.54  

32 1.30  1.54  2.02  1.57  0.86  1.79  

33 3.12  3.37  4.59  6.81  1.90  7.07  

34 3.33  2.90  4.42  3.02  1.06  3.20  

35 5.28  4.39  6.87  2.98  1.38  3.29  

36 3.39  3.90  5.17  3.14  1.81  3.62  

37 2.50  6.90  7.34  1.75  1.68  2.42  

38 7.48  4.03  8.50  2.72  1.29  3.01  

39 5.66  46.46  46.80  10.64  2.80  11.00  

40 8.31  42.40  43.21  17.83  1.91  17.93  

41 5.21  48.01  48.29  8.54  2.68  8.95  

42 9.49  49.88  50.78  11.94  3.15  12.34  

43 6.42  42.09  42.58  10.98  3.57  11.55  

44 4.43  52.08  52.27  10.00  3.62  10.64  

45 10.18  49.71  50.74  10.12  2.77  10.49  

46 3.63  4.19  5.54  6.23  1.77  6.48  

47 1.74  2.07  2.70  2.93  1.30  3.20  

48 6.41  3.51  7.31  2.04  1.31  2.42  

49 1.90  4.85  5.21  1.51  1.53  2.15  

50 1.08  5.87  5.96  0.86  1.19  1.47  

51 8.70  2.91  9.18  0.57  0.71  0.92  

52 5.06  5.89  7.77  8.68  1.62  8.83  
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53 6.29  7.58  9.85  3.96  1.91  4.39  

54 3.85  1.65  4.19  4.91  2.08  5.33  

55 3.38  10.12  10.67  5.49  1.80  5.77  

56 7.92  7.52  10.93  3.98  1.31  4.19  

57 7.41  1.73  7.61  4.20  0.97  4.31  

58 1.66  6.41  6.62  2.90  1.56  3.29  

59 1.55  4.18  4.46  1.93  1.56  2.48  

60 10.06  1.42  10.16  2.56  1.19  2.82  

61 7.82  8.03  11.21  1.71  0.86  1.91  

62 7.28  2.70  7.77  2.19  0.94  2.39  

63 2.69  0.68  2.77  1.55  0.61  1.66  

64 1.32  10.68  10.77  1.83  1.03  2.10  

65 10.47  7.74  13.03  1.11  0.74  1.33  

66 9.63  3.01  10.09  1.18  0.87  1.47  

Average 6.25  15.68  18.10  4.45  1.93  4.93  

 
 1 GCP+PTP 1 VCP+PTP 

# East North Planar East North Planar 

1 0.76  1.05  1.29  1.24  1.14  1.68  

2 1.27  0.82  1.51  1.50  0.69  1.65  

3 0.96  1.09  1.45  0.99  1.24  1.59  

4 2.00  1.27  2.37  2.57  1.32  2.89  

5 0.95  0.97  1.35  1.42  1.15  1.83  

6 0.64  1.07  1.25  0.92  0.72  1.17  

7 0.91  0.79  1.21  0.92  0.85  1.26  

8 0.90  0.80  1.20  0.81  0.83  1.16  

9 0.79  0.44  0.90  0.96  0.93  1.34  

10 0.52  1.03  1.15  0.68  1.23  1.40  

11 0.85  0.36  0.93  1.25  0.53  1.36  

12 1.50  1.31  1.99  2.49  1.33  2.83  

13 1.26  0.95  1.57  1.74  1.31  2.18  

14 2.03  0.80  2.18  3.59  0.89  3.69  

15 1.92  0.65  2.03  2.81  0.64  2.88  

16 1.37  0.94  1.66  1.29  0.96  1.61  

17 1.53  1.51  2.15  1.65  1.56  2.26  

18 1.39  1.48  2.03  1.53  1.83  2.39  
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19 1.28  1.45  1.94  1.85  2.18  2.86  

20 0.71  0.44  0.83  0.95  0.52  1.08  

21 1.22  0.88  1.50  2.50  0.94  2.67  

22 0.95  1.05  1.41  1.09  1.29  1.69  

23 1.22  0.95  1.55  1.33  0.87  1.59  

24 1.46  1.43  2.04  1.30  1.46  1.95  

25 1.46  1.10  1.83  2.10  0.98  2.32  

26 1.31  0.74  1.50  1.79  0.79  1.96  

27 1.27  0.77  1.48  1.66  0.99  1.93  

28 0.90  0.94  1.30  1.06  1.44  1.78  

29 1.01  0.56  1.15  1.78  0.98  2.04  

30 1.05  0.72  1.27  1.03  0.67  1.23  

31 1.93  0.62  2.03  2.26  0.85  2.41  

32 1.09  0.99  1.47  0.94  1.31  1.61  

33 0.85  1.14  1.43  1.24  1.31  1.80  

34 1.13  1.17  1.63  1.29  1.20  1.76  

35 0.94  0.98  1.35  1.04  0.98  1.43  

36 0.84  1.04  1.33  0.81  1.15  1.40  

37 0.62  0.87  1.07  1.20  1.49  1.91  

38 0.81  0.92  1.23  0.85  1.02  1.33  

39 2.42  0.97  2.61  2.05  1.12  2.33  

40 2.56  0.82  2.69  3.37  0.93  3.49  

41 2.36  1.28  2.69  3.08  1.22  3.31  

42 2.40  1.08  2.63  2.99  1.26  3.25  

43 1.76  1.20  2.13  2.14  1.72  2.75  

44 1.79  0.63  1.90  2.78  0.77  2.89  

45 1.45  0.73  1.62  1.38  0.71  1.55  

46 0.98  0.99  1.39  1.97  1.01  2.22  

47 1.07  1.61  1.94  1.79  1.67  2.44  

48 1.30  1.60  2.07  1.91  1.97  2.75  

49 1.31  1.48  1.98  1.61  2.28  2.79  

50 1.02  0.75  1.26  1.74  0.80  1.92  

51 0.47  0.69  0.84  0.40  0.68  0.79  

52 0.71  1.36  1.54  0.80  1.19  1.44  

53 0.78  1.24  1.47  0.82  1.42  1.64  

54 0.96  1.23  1.56  1.21  1.81  2.17  
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55 0.74  0.61  0.96  0.75  0.85  1.13  

56 0.89  0.70  1.14  1.64  0.65  1.76  

57 0.64  0.65  0.92  0.62  0.70  0.94  

58 0.97  0.95  1.35  1.14  1.22  1.67  

59 1.01  0.95  1.39  0.97  1.52  1.81  

60 1.09  0.78  1.34  1.63  0.93  1.88  

61 0.66  0.73  0.98  0.79  0.90  1.20  

62 0.99  1.04  1.44  1.05  1.61  1.92  

63 1.16  0.77  1.39  1.48  0.94  1.76  

64 0.78  1.18  1.41  1.30  2.19  2.54  

65 1.02  0.71  1.24  1.04  1.32  1.68  

66 0.81  0.84  1.16  1.68  1.14  2.03  

Average 1.18  0.96  1.55  1.52  1.15  1.97  
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A.6. Orthorectified Image with Digital Topographic 

Map 

   

   

   

   

Figure A. 6. Digital topographic map and 12 multi-temporal images 

orthorectified using vendor-provided RFMs and 5-m DEM. Acquisition date 

of images ranges from oldest to most recent from upper-left to bottom-right, 

as presented in Table 4-1. 
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Figure A. 7. Digital topographic map and 12 multi-temporal images 

orthorectified using refined RFMs with one GCP and 5-m DEM. Acquisition 

date of images ranges from oldest to most recent from upper-left to bottom-

right, as presented in Table 4-1. 
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Figure A. 8. Digital topographic map and 12 multi-temporal images 

orthorectified using refined RFMs with one GCP, 155 PTPs, and 5-m DEM. 

Acquisition date of images ranges from oldest to most recent from upper-left 

to bottom-right, as presented in Table 4-1. 
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Figure A. 9. Digital topographic map and 12 multi-temporal images 

orthorectified using refined RFMs with one VCP, 159 PTPs, and 5-m DEM. 

Acquisition date of images ranges from oldest to most recent from upper-left 

to bottom-right, as presented in Table 4-1. 
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국문 초록 

지속결합점을 이용한 고해상도 

위성영상의 기하일치성 향상 
 

서울대학교 대학원 

공과대학 건설환경공학부 

정 민 영 
 

최근 1m 이하의 고해상도 광학위성의 수가 급증함에 따라 해당 영상

자원이 풍부해지고 있으며, 이를 활용해 고부가가치 산출물을 생산하는 

연구가 이어지고 있다. 기구축된 고해상도 광학위성영상자원을 효율적으

로 활용하기 위해서는 다시기 고해상도 위성영상의 기하일치성

(geometric consistency)을 향상시킬 수 있는 기술이 필요하다. 본 연

구는 동일한 지역에 대한 다시기 고해상도 광학위성 영상의 기하일치성

을 일괄적으로 향상시키고자 지속결합점(Persistent Tie Point, PTP) 기

반의 블록조정(block adjustment) 기술을 개발하였다. 

다시기 고해상도 광학위성영상 활용연구는 여러 고해상도 위성을 통

해 취득된 다중센서 영상을 사용하게 되는데, 이는 광학센서를 통한 영

상의 취득이 기상 상태와 광원의 유무에 의존적이고 고해상도 위성은 요

청에 따라 세워진 계획에 의해 영상을 취득하기 때문이다. 블록조정을 

통해 다시기 다중센서 영상 간의 기하일치성을 효과적으로 향상시키기 

위해서는 영상 간의 기하일치성을 향상시키는데 중요한 역할을 하는 결

합점(Tie Point, TP)의 영상 및 지상좌표를 정확하게 추정하여 이용해야 

한다. 그러나 대다수의 기존 연구는 두 장의 영상을 고려하여 개발되어 

있으므로, 기존 기술로는 여러 장의 다중센서 영상 간 기하일치성을 일

괄적으로 향상시키는데 한계가 존재한다. 더욱이, 다중센서 영상 간의 

불안정한 기하배치로 인해 블록조정에 필요한 결합점의 정확한 지상좌표
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를 추정하기 어렵다는 문제 또한 존재한다. 본 연구는 이러한 한계점을 

극복하기 위해 여러 장의 다시기 다중영상에서 공통적으로 추출되는 결

합점을 지속결합점으로 정의하고 이용하였는데, 이는 여러 영상에서 비

롯되는 위치정보를 통합할 수 있으므로 지속결합점의 지상좌표를 보다 

정확하게 추정할 수 있기 때문이다. 

구체적으로 본 연구는 지속결합점의 영상 및 지상좌표를 추정할 수 

있는 종합적인 기술을 개발하였다. 지속결합점과 관련된 기술은 (1) 지

속결합점 추출과 (2) 지속결합점 지상좌표 추정, (3) 지속결합점 정제의 

순차적인 세 단계로 구성되며, 각 단계는 다시기 다중센서 고해상도 광

학영상에 적용될 수 있는 다양한 세부 기술을 포함한다. 우선, 격자(grid) 

기반의 SIFT(Scale-Invariant Feature Transform) 기법과 정합행렬

(matching matrix) 기반의 비교 기술을 제안하여 지속결합점을 효율적

으로 추출하였다. 추출된 지속결합점의 지상좌표는 두 장의 영상을 전방

교회(intersection)한 여러 개의 관측값을 통합하여 더욱 정확하게 추정

하였다. 다음으로 불안정한 지상좌표를 가진 지속결합점과 지속결합점 

내에 포함된 영상 위치 오차를 제거하여 지속결합점의 영상 및 지상좌표

의 정밀성을 향상시켰다. 일련의 과정을 통해 성공적인 블록조정 수행을 

위한 전제조건인 지속결합점의 영상 및 지상좌표의 정밀성을 확보하였으

며, 최종적으로 지속결합점 기반 블록조정을 수행하여 다시기 다중영상

의 기하불일치성을 효과적으로 감소시켰다. 

제안된 지속결합점 관련 기술의 효율성은 12장의 다시기 다중센서 

고해상도 위성영상을 이용하여 검증되었으며, (1) 지속결합점 추출 기법

의 정확도와 (2) 지속결합점 지상좌표 추정의 정확도를 확인하였다. 실

험을 통해, 제안 기술은 다시기 다중센서 영상의 지속결합점을 93.05%

의 정확도로 추출할 수 있음을 확인하였다. 또한, 제안 기술은 불안정한 

기하배치의 영상 간 결합점의 지상좌표 추정에 지속적으로 적용된 광선

추적(ray-tracing-based) 기법보다 더욱 정확하게 지속결합점의 지상

좌표를 추정하였다. 마지막으로 검사점을 활용한 정량평가와 정사영상을 

이용한 정성평가를 진행하여 지속결합점 기반 블록조정 기법을 이용한 
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다시기 고해상도 위성영상의 기하일치성 향상을 확인하였다. 지상기준점

(Ground Control Point, GCP) 없이 지속결합점만을 이용하여 블록조정

된 RFM(Rational Function Model)과 수치표고모형(Digital Elevation 

Model, DEM)을 이용하여 생성된 12장의 다시기 정사영상(ortho-

image) 간 수평방향 상대오차의 평균제곱근오차(Root Mean Square 

Error, RMSE) 평균값이 1.97m로 감소되었으며, 이를 통해 제안된 지

속결합점 기반 블록조정 기법의 효용성을 정량적으로 확인하였다. 최종

적으로 정사영상의 비교영상을 제작하여 비교영상간 기하일치성을 검증

하고, 수치지도와의 비교를 통해 정사영상의 절대기하정확도 또한 검증

하였다. 이를 통해, 제안된 지속결합점 기반 블록조정의 효과를 정성적

으로 확인하였다. 

본 연구에서 제안된 지속결합점 기반 블록조정 기술은, 기존의 블록

조정 연구로 극복하기 어려운 동일지역에 대한 다시기 다중센서 영상 간 

부족한 기하일치성을 효과적으로 향상시킨다는 점에서 의의를 갖는다. 

제안된 기술을 통해 기하일치성이 향상된 활용성이 높은 다시기 고해상

도 영상자원의 생성이 가능하며, 기존에 구축된 고해상도 위성영상자원

과 향후 고해상도 위성 촬영계획에 따라 취득될 위성영상자원의 활용성

을 높임으로써 다양하고 심도 있는 고해상도 위성영상 활용연구를 촉진

할 것으로 기대된다. 뿐만 아니라, 제안 기술을 이루는 다양한 세부기술

들은 영상의 취득 시기 및 위성 종류에 관계없이 적용될 수 있으므로 원

격 탐사 기술을 활용하는 광범위한 분야에 이용될 수 있을 것이다. 
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