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Abstract

This thesis presents a Web-based 3D Visualization Prototype System

(W3VPS) for high-resolution satellite stereo images. The W3VPS automatically

generates 3D colour images using stereoscopic techniques for Web-based

applications; it uses IKONOS images as source data, but is capable of using any

other form of high-resolution satellite stereo images.

The W3VPS uses a well-established 2D affine orientation model for

automatic re-sampling of epipolar images and then forms 3D anaglyph images. The

W3VPS does not require rigorous orientation parameters, DTMs, or GCPs as inputs

for 3D generation. A new image-matching algorithm is developed for the automatic

matching of correspondences. It modifies Zhang’s [1995] SM method and

introduces a new algorithm for eliminating outliers that is based on the regression

diagnostic approach. This matching algorithm successfully and efficiently finds a set

of correspondences and eliminates the majority of reported correspondence outliers.

For refinement of the 3D effect, a new method is developed based on the Quadtree

technique. Finally, a one-tier Web client/server architecture is implemented for 3D

Web visualization and provides ready access and exchange of files and full

functionality to a dispersed user community.

Research results demonstrate the possibility of visualizing a natural

environment in colour 3D using high-resolution satellite images and presenting this

on the Web through a fast, cost-effective system. Further, the successful

implementation of the W3VPS shows that the integration of photogrammetric

principles with Web technologies is available for further development of Web-based

satellite stereo image applications.
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Chapter 1

Introduction

Three-dimensional (3D) visualization of aerial and satellite stereo images has

been used for obtaining 3D information about the earth’s surface for decades

[Toutin, 2001]. In the fields of cartography, Geographic Information System (GIS),

remote sensing (RS), and other geo-spatial applications, effective 3D visualization

has remained a topic of active research. 3D visualization helps to enhance the

analyst’s ability to interpret two-dimensional imagery. Geo-scientists, environmental

planners, engineers, mapping experts, and military personnel benefit from 3D

information, in terms of an improved understanding of local environments and

ability to interpret spatial details; furthermore, under certain conditions, 3D

information may be crucial for mission success.

The World Wide Web (WWW) provides a powerful communication

paradigm for image exchange and display based on multimediality and browsing,

and their open architectural standards, which make all kinds of data and information

available publicly and privately [Fraternali, 1999]. Several research studies

demonstrated that the Web access to spatial data is more efficient [Abel et al., 1998;

Doyle et al., 1998; Landes, 1999; Sugumaran et al., 2000; Morrison and Purves,

2002]. Therefore, 3D information distributed over the Web will facilitate decision-
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making. However, through a review of the literature and a search of the Web, a

system for automatic colour 3D generation and Web-based colour 3D visualization

using high-resolution satellite colour stereo images has not been found by the

author. In this thesis, a prototype system is presented that achieves a very effective

Web-based 3D visualization using an anaglyph mode based on human binocular

matching sensitivity.

Building a Web-based 3D Visualization Prototype System (W3VPS)

involves several research areas and techniques: stereoscopy; techniques for

producing terrain simulation in 3D with satellite stereo images; the potential of high-

resolution satellite images for 3D; and, Web-based Internet and distributed

programming. The next four sections briefly describe the respective research areas

and techniques.

1.1 Stereoscopy

Stereoscopy is defined as the perception of depth through human binocular

vision. The most important feature of binocular vision is that two images merge into

one spatial impression by simultaneously channelling two separate left and right

views to the respective eyes. Binocular disparity (parallax) and convergence are the

two psychological cues for stereoscopy. Binocular disparity is an interocular

difference between the positions of corresponding images in each retina. The degree

of the disparity depends on the angle of convergence. Convergence is the ability to

converge the two axes of the eyes. Binocular disparity is the most important cue for

depth perception and reproduces the natural process of human binocular vision.
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In established photogrammetric theory, stereoscopy is defined as “the

science and art that deals with the use of images to produce a three-dimensional

visual model with characteristics analogous to that of actual features viewed using

true binocular vision” [Prade et al., 1966]. Stereoscopic viewing of images has been

the most common method for obtaining 3D information of the earth’s surface over

the last fifty years [Toutin, 2001]. The principle of stereoscopy is usefully applied to

the interpretation of aerial photographs and satellite imagery and to the computation

of terrain elevation. During this period, many different optical-mechanical,

analytical, and digital 3D photogrammetric systems have been developed for both

aerial and satellite stereo photogrammetry based on cues, binocular disparity and

convergence [Toutin, 2001].

1.2 Existing Techniques with Satellite Stereoscopic Images

In the last few years, the generation of a digital elevation model (DEM) has

become one of the most important studies in 3D information generation with

satellite stereoscopic images [Al-Rousan et al., 1997; Petrie, 1999; Toutin, 2001].

Existing techniques for producing a simulation of terrain in 3D are based on either

draping a 2D image over a DEM, or on the use of a DEM and an image through

computing a trigonometric distortion (or shift) of the imagery displayed in one of the

colour bands. These techniques are suitable for dynamically displaying 3D on a

computer screen. However, it is a long and expensive process to derive a DEM that

meets the accuracy requirements of user communities.
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On the other hand, in many digital photogrammetric workstations and 3D

satellite stereoscopic image systems, a 3D effect is achieved directly from a pair of

stereoscopic images by employing anaglyphic or polarization techniques. Amongst

anaglyphic techniques, the most common way is to display simultaneously or to

print a pair of white/black images on a screen or on paper. The resulting 3D image is

monocolor. Polarization techniques require an expensive polarization screen and

polarizing glasses for viewing. The expensive hardware requirement makes it

prohibitive as a Web application; in addition, this technique cannot provide a printed

image on paper. Very few systems have used the stereoscopic technique and

inexpensive complementary glasses to visualize colour 3D for high-resolution

satellite stereo images and for Web applications. The author found this information

through a review of the literature and a search of the Web.

1.3 Potential of High-resolution Satellite Images for 3D

The successful launches of high-resolution (up to 0.61m) satellites with high

revisit (1-4 days) capability such as EROS, IKONOS, and Quickbird have marked

the start of a new era of large scale and detailed 3D visualization and mapping of the

earth’s surface. The new generation of high-resolution imagery not only maintains

dominant spectral advantages such as including near infrared radiation spectrum, but

also shows a more important aspect: it provides strong geometric capabilities (high

resolution, photogrammetric stereoscopic capability, and revisit rate) [Li, 1998]. 3D

viewing and identification of 3D features with different details can be obtained from

different high-resolution images (panchromatic: 0.61m and 1m, multi-spectral:
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2.44m and 4m) in different stereo models (across track, adjacent track and along

track) [Fritz, 1996]. Cook et al. [2001] have reported that geometric accuracy has

met or exceeded the design specifications. Different 3D geometric correction

methods to generate orthorectified products have been examined and they can

produce high positioning accuracies [Toutin and Cheng, 2002; Toutin et al., 2002a;

Toutin et al., 2002b]. Li [1998] also concluded that high-resolution satellite imagery

could be used for the generation and updating of (US) national mapping products at

a map scale of 1:24,000.

1.4 Web-based Internet and Distributed Programming

1.4.1Web-based Internet Technologies

The Internet is a huge collection of inter-connected networks. A network is

the connection of computers and other devices, arranged to allow the sharing of

resources [Sebesta, 2002]. On the Internet, the data transmitted between devices

faithfully follow a protocol, which is a formal description of message formats and

rules for exchanging messages between devices. The Transmission Control

Protocol/Internet Protocol (TCP/IP) is a single low-level protocol that allows all

devices to communicate with each other.

The World Wide Web, known simply as “the Web”, is a hypermedia-based

system of Internet servers that use the Hypertext Transport Protocol (HTTP) to

transfer specially formatted documents. The documents are formatted by mark-up

languages such as Hypertext Mark-up Language (HTML) and eXtensible Mark-up

Language (XML) that support links between documents. These documents are
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accessed through Web browser, and are provided by Web server. Resources are

identified on the Web through Uniform Resource Locators (URLs). The World

Wide Web is increasing in popularity as a host to various kinds of applications. The

Web makes available point-and–click browsers, enhanced multimedia capabilities of

browsers and distributed multimedia applications in handling images, along with

open architectural standards [Fraternali, 1999]. The ubiquity of these capabilities,

and the fact that most Internet users are Web users, enable the full integration of

digital images with the Web in everyday computing.

1.4.2 Distributed Programming

A distributed system denotes a network of computer systems that are

dispersed in multiple locations, within which the activities of each component are

coordinated and the resources of the system are shared. The advantages of a

distributed system include resource sharing, improved performance as compared to

standalone systems, and extensibility. Because the distributed system possesses a

structure useful to modern organisations and exploits the pervasive nature of

communication technologies, distributed systems have been widely used in different

domains of applications such as e-business, e-government, and Web GIS. The Web

is a typical example of a distributed system. Web servers, which perform the

resource management role, are housed in various computers throughout the network.

Each Web server possesses full control over its contents at all times and holds a

wide range of documents and information on diverse topics.
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The programming models of distributed systems may be classified as either

based in distributing computing or parallel computing. In distributed computing,

processing occurs in many different places such as possible servers, Web sites,

personal computers, handheld devices, or other smart devices that are software-

hardware constructions within a network. Distributed computing may be modelled

using two different programming models: the client/server model and the object-

based model. In terms of computing tasks, parallel computing is typically applied to

the solution of large problems. It is done by dividing the problem into many small

tasks which are distributed and executed on multiple processors on multiple distinct

computers. Parallel computing usually requires more inter-processor

communications than distributed computing.

1.5 Thesis Objective

Some of the 3D systems developed to date provide stereoscopic viewing of

high-resolution satellite stereo panchromatic images. Web technologies are

increasing in popularity for use in different kinds of applications such as e-

commerce, e-government, and Web GIS. However, there has not yet been a rigorous

investigation of the integration of photogrammetric principles with Web

technologies to develop a Web-based satellite stereoscopic image application; nor

have there been any reports on automatic 3D colour image generation and Web-

based 3D interactive visualization using high-resolution pan-sharpened satellite

stereo images. The objective of this research is to develop and test a complete

methodology for the generation of natural colour 3D stereoscopic images using
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photogrammetric principles in an anaglyph mode, as well as an effective Web-based

3D visualization package using Web technologies.

An automatic prototype system is constructed to generate colour 3D images

and to interactively view natural colour 3D through Web browsers. To build the

prototype system, it is needed to implement the following five aspects:

1) Automatic image-matching to evaluate correspondences for the high-

resolution pan-sharpened stereo images;

2) Automatic generation of epipolar images as stereo image pairs for easier

and sharper stereo viewing and forming an anaglyph image by

superimposing the epipolar stereo image pair;

3) Building a Graphic User Interface (GUI) as a 3D viewer to display the

3D images on the local computer and simulate the Web 3D display;

4) Designing and testing the one-tier client-server architecture to implement

a Web-based 3D visualization; and

5) Automatic parallax refining to improve 3D viewing effects for Web-

based dynamic display.

Finally, the implemented system is tested and evaluated quantitatively. The

key design considerations of the system are: 1) low cost; 2) simplicity and ease of

operations; 3) high efficiency; and 4) robustness and reliability. The research

outlined in this thesis presents an approach to Web-based 3D visualization at a low

cost. It also demonstrates that it is possible to model a natural environment (such as

an urban area) in Web-based 3D using the new high-resolution satellite image data.
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This thesis is organized as follows:

• Chapter 1 (Introduction) provides an introduction to the rationale,

objective, and scope of the research.

• Chapter 2 (Background) provides: 1) information about the ability of

humans to utilize stereoscopic information under operational conditions;

2) an examination and explanation of the epipolar geometry of the

perspective images and linear pushbroom images; 3) an overview of the

most commonly used image-matching techniques for automatic satellite

image-matching; and 4) an overview of the models and technologies of

distributed computing for Web-based 3D interactive visualization.

• Chapter 3 (System Design and Development) focuses on the design,

development, and implementation of the W3VPS developed by the

author.

• Chapter 4 (Testing and Evaluation) describes the design and

implementation of the testing methodology used to evaluate the

performance of the W3VPS.

• Chapter 5 (Conclusions and Recommendations for Future Work) states

the conclusions of the research, discusses its significance, and suggests

recommendations and extensions to the W3VPS.
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Chapter 2

Background

The Web-based 3D visualization prototype system developed in this thesis is

based on theories and technologies of human stereopsis (human binocular matching

sensitivity), the epipolar geometry of linear pushbroom images, image-matching

techniques, and Web-based distributed programming technologies. The essential

concepts of these theories or technologies are described in this chapter.

2.1 Human Stereopsis

A sound understanding of the human ability to utilize stereoscopic

information is fundamental to the task of designing a stereoscopic display system.

This section reviews the basic concepts that are relevant to both stereoscopic depth

perception and to designing a stereoscopic display system [Patterson, 1992;

Patterson, 1997; Wolf and Dewitt, 2000].

2.1.1 Depth Perception

There are ten cues that facilitate depth perception, four of which are

physiological and six psychological. These ten cues contain the information

necessary to allow humans to relate an object contained in a 2D image to 3D space.

The four physiological cues are: accommodation, convergence, binocular disparity,
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and motion parallax (for the details, see [Toutin and Vester, 2003]). The six

psychological cues are: retinal image size, linear perspective, aerial perspective,

overlapping, shade and shadows, and texture gradient (for the details, see [Toutin

and Vester, 2003]). In the fields of remote sensing and photogrammetry, binocular

disparity is the most important cue for stereo viewing of aerial photographs and

visible light satellite imageries.

2.1.2 Viewing Methods in 3D

Until the 19th century, 3D information was obtained from a 2D image by

means of psychological cues such as perspective, shade, and shadows [Toutin and

Vester, 2003]. Over the last 200 years, the physiological cues of binocular disparity

and convergence have been exploited by mechanical-optical and digital 3D imaging

methods for more effective 3D viewing. In remote sensing and photogrammetry, the

most commonly used 3D imaging methods of stereo viewing are stereoscopy,

anaglyphs, and polarization.

Stereoscopy

A stereoscopic viewing system concentrates two eyes so that they view two

respective images captured from two different viewpoints with the aid of optical

devices such as stereoscopes; this method allows people to see in 3D by

strengthening the physiological cues of binocular disparity and convergence [Toutin

and Vester, 2003].
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Anaglyphs

Anaglyphic viewing systems also depend on the physiological cues of

binocular disparity and convergence, along with the aid of complementary colour

filters, such as red and blue viewing glasses, to separate the left and right projections

[Toutin and Vester, 2003]. Anaglyph images can be viewed in 3D either by being

shown on a monitor or on colour prints. Because stereo viewing in anaglyph mode is

an easy and inexpensive way to view 3D, it has become very popular in many areas

such as microscopic techniques and geomatics. The 3D anaglyph method is among

the stereo methods used in geomatics to interpret and to collect 3D information

directly from imagery.

Polarization

Polarization viewing systems differ only slightly from anaglyphic viewing

systems, in that light polarizing filters (e.g. polarizing glasses) are used to separate

the left and right projections along with using a polarization screen. The polarization

method is an expensive way to view 3D and it requires special hardware, therefore it

is not suitable for Web-based 3D visualization.

2.1.3 Stereoscopic Basics

Stereo viewing is the perception of depth in such a way that it reproduces the

natural process of stereovision. Stereo viewing is based on X parallax and the

associated convergence angle (parallactic angle). Figure 2-1 illustrates the

phenomenon of creating the 3D or stereoscopic impression of objects by viewing
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identical images of the object, and it also shows the relation between the perception

of the object’s depth and the X parallax and convergence angle.

Figure 2-1. The depths of the object A and B, and convergence angles
(after Wolf and Dewitt [2000])

X parallax

The X parallax (X disparity) is caused by a shift in the position of

observation [Wolf and Dewitt, 2000; Toutin and Vester, 2003]. For generating

satellite image stereo pairs, satellites collect image data at two different times, two

different look angles, or two different beam positions. These changes cause the

apparent displacement of the position of the object with respect to a certain frame of

reference [Wolf and Dewitt, 2000; Toutin and Vester, 2003]. Figure 2-2

demonstrates two important characteristics of X parallax [Wolf and Dewitt, 2000;

Toutin and Vester, 2003]: (1) the parallax of a point is directly related to the

elevation of that point; and (2) the parallax is greater for high points than for low

points.
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Figure 2-2. An example of the X parallax of vertical aerial photographs
 (after Wolf and Dewitt [2000])

Parallactic angle

The parallactic angle is formed by the intersection of the optical axes of two

eyes converging on a certain point with binocular vision (see Figure 2-1). The closer

the object is to the eyes, the larger parallactic angle it forms. The ability of humans

to detect changes in the parallactic angle enables depth perception.

Y parallax

The Y parallax (Y disparity) is the difference in perpendicular distance

between two images of an object from the air base line. The possible sources of Y

parallax include improper orientation of the photos, variation in flight heights, and

tilt of the photos. Research results [Stevenson and Schor, 1997] show that the human

visual system takes advantage of the epipolar constraint, but that it is not restricted

to it as an operational mode of perceiving 3D. However, for correct depth

judgements and for clear and comfortable stereo viewing, the Y parallax should be

minimized.

   S1    S2 

A 

B 

b a b’ a’ S1, S2:  Exposure stations
A, B:     Objects
a, b:      images on left image
a’, b’ :   images on right image
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2.1.4 Stereoscopic Depth Perception

As discussed in section 2.1.3, stereoscopic viewing is induced by X parallax.

This section discusses issues related to the X parallax in the design of a stereo

display system, which creates a consistent and easily perceived impression of depth.

The Horopter

As shown in Figure 2-3, point F is the point on which the two eyes fixate;

thus, the imaginary longitudinal horopter is the curved line passing through F

[Patterson, 1992; Patterson, 1997]. Images of objects falling on the horopter

stimulate the corresponding retinal points in the two eyes. Objects have zero

disparities relative to F (for example object A in Figure 2-3). Those objects that are

not on the horopter have non-corresponding points and non-zero disparity related to

F (for example object B in Figure 2-3). The larger the depth in front of, or behind,

the horopter, the larger the disparity in the perceived position of objects.

Figure 2-3. Top-down view depicting left and right eyes fixating on point F,
the longitudinal horopter, stimuli A and B (from Patterson [1992])
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Crossed versus Uncrossed Disparity

There are two ways to define disparity directions. The first definition is

given in relation to the horopter. The term “crossed” denotes the disparity in front of

the horopter, while “uncrossed” denotes the disparity behind the horopter. The

second definition is related to certain applications such as the perception of a display

device. Display screens are considered as the baseline of zero depth. The disparity

related to the depth in front of screen is crossed; otherwise it is uncrossed (for the

details, see [Patterson, 1992]).

In stereo viewing systems, the system design takes account of the effect of

disparity directions because, in nature, humans perceive depth information

separately in two directions, and one of the two directions is impaired for stereo-

anomalous observers who are able to only perceive transient depth to a wide range

of disparities presented in one of the depth directions. A thematic separation of

depth perceptions in the crossed direction from those in the uncrossed direction is

recommended in both psychophysical and physiological literature [Patterson, 1992;

Patterson, 1997].

Binocular Fusion and Rivalry

Binocular fusion is the sensory process that blends the two corresponding

monocular images into one perceived image [Patterson, 1992]. When the objects’

positions are far away from the horopter, images are diplopic. This leads to the

process of binocular rivalry. The rivalry occurs as the visual system attempts to fuse

the dissimilar images. Where there is a large disparity between corresponding
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monocular images of an object, the rivalry is more pronounced (for the details, see

[Patterson, 1992]).

During natural stereo viewing, both fusion and rivalry operate. When objects

are close to the horopter (such as the grey area in Figure 2-3), images of objects are

fused; otherwise, the images of objects are rivalrous.

Stereoscopic Displays

Depth perception in stereo viewing is produced by simultaneously presenting

two separate left and right views to the respective eyes of an observer with a lateral

shift between the positions of corresponding images. The quantitative prediction of

depth perceptions can be derived from the geometry of stereopsis [Patterson, 1992;

Patterson, 1997]:

( )
( ) 2-2disparity  uncrossedfor 

1-2 disparity  crossedfor 

                               

                               

   

      

SIDSd

SIDSd

−∗=
+∗=

where d is the predicted depth; S is the separation between the half-image of the

display and is in proportion to the disparity; D is the viewing distance; and I is the

interpupillary distance. There is an asymmetry between the crossed and uncrossed

disparity directions, in which the depth with uncrossed disparity is greater than that

with crossed disparity, given the same separation. Research results also show that

the depth with crossed disparity follows predictions more closely than the depth

with uncrossed disparity in most cases [Patterson, 1992; Patterson, 1997].
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2.2 Epipolar Geometry of Linear Pushbroom Satellite Images

For easier, sharper, and more comfortable stereo viewing, epipolar images as

stereo images are required to reduce the amount of Y parallax between stereo

images. Given the parameters of the epipolar geometry of the stereo images, image

processors can utilize this geometry for epipolar image re-samplings; stereo-

matching algorithms, which determine the corresponding objects of stereo images,

can also use this constraint to reduce the matching search spaces.

Applications of epipolar geometry are different for each image obtained. For

example, close-range images are different from the satellite images because the

epipolar geometry relies on the type of sensor that is used. Traditionally, in the

computer vision community, an epipolar geometry based on the fundamental matrix

has been used for close-range images [Zhang et al., 1995]. By comparison, in the

photogrammetry community, an epipolar geometry based on the collinearity

equations is used for aerial photographs [Wolf and Dewitt, 2000]. Although the

epipolar geometry of linear pushbroom images is different from that of perspective

images, an epipolar geometry clue can also be useful for processing satellite images

obtained from linear pushbroom sensors [Kim, 2000]. In this section, the epipolar

geometry of perspective images and its properties are explained; following this, the

epipolar geometry of linear pushbroom images and its properties are presented.

2.2.1 The Epipolar Geometry

Figure 2-4 illustrates the property of epipolar geometry that a point in the left

(or right) image corresponds to a unique curve in the right (or left) image, as defined
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by the orientation and position of both left and right cameras and the sensor models.

For example, if a hypothetical light beam (the dotted line in Figure 2-4) is emitted

from the left exposure station S through the point q(xl, y l), then each point lying on

this beam has a unique mapped point on the right image. Those mapped points

describe a curved line, the epipolar curve of point q, on the right image. The

conjugate point q’ of q for the ground point Q(X, Y, Z) always lies on this epipolar

curve.

Figure 2-4. A general scheme of epipolar geometry (from Kim [2000])

2.2.2 The Epipolar Geometry of Perspective Images

Figure 2-5 illustrates the characteristics of the epipolar geometry of

perspective images. The epipolar plane of object A is defined by triangle L1L2A. The

epipolar curve lines are defined as the resultant lines of the intersection of the

epipolar plane with the left and right planes. Because the intersection of any two

planes is always a straight line, it is categorical that the epipolar lines of perspective

 

Reference Coordinate 
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Q(X, Y, Z) 
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Left image 

S (Xs, Ys, Zs) 
S’ (Xs’, Ys’, Zs’) 

q (xl, yl) 
q’ (xr, yr) 
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images are straight lines. These two epipolar lines form an epipolar line pair, which

has the property that the correspondences of any points lying on one epipolar line in

one image are always lying on another epipolar line in another image. This property

markedly reduces the search spaces for the image match problem.

Figure 2-5. Epipolar geometry in a perspective view (after Wolf and Dewitt [2000])

Fundamental Matrix

Equation 2-3 defines an epipolar line of a point of the left image in the right

image by using the fundamental matrix [Zhang et al., 1995; Kim, 2000; Forsyth,

2003]:

3-2       0)()()( 333231231221131211 =++++++++ FyFxFFyFxFyFyFxFx llllrllr

where (xl, yl) is the coordinate of the point q in the left image; and (xr, yr) is the

coordinate of the conjugate point q’ of the point q in the right image. F11 to F33 are
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the coefficients of the fundamental matrix F. This equation also shows the property

of epipolar lines of the perspective images; that is, that the epipolar lines are straight

lines.

Collinearity Equations and the Coplanarity Condition Equation

In analytical phototgrammetry, the collinearity condition is the most useful

and fundamental relationship. The condition is expressed by the collinearity of three

points: exposure station, object, and its photo image, in a 3D space; see Figure 2-5,

L1, a, and A are lying a straight line. This condition is defined by two equations

(equations 2-4 and 2-5): one equation for the x coordinate, and another for the y

coordinate, in the image plane [Wolf and Dewitt, 2000].
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where m’s are the functions of the rotation angles omega, phi, and kappa to the

object space coordinate system; and f is the focal length of the camera. The x and y

are the photo coordinates of the image point; and x0 and y0 are the photo coordinates

of the principal point that usually is known from camera calibration; X, Y, and Z are

object space coordinates of the object point; and XL, YL, and ZL are object space

coordinates of the exposure station. The rotation angles omega, phi, and kappa

define a sequence of three elementary rotations around the x, y, and z axes,
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respectively, where the xyz coordinate system is parallel to the XYZ object system

and is constructed with its origin at the exposure station.

The coplanarity condition holds that the two exposure stations, the object,

and its image points in two image planes are in the epipolar plane (Figure 2-5).

Because the expression of the coplanarity equation is difficult to calculate, it is not

used as widely as the collinearity condition in analytical photogrammetry.

2.2.3 The Epipolar Geometry of Linear Pushbroom Images

Early in the research for the epipolar geometric relationship of linear

pushbroom images, the exact epipolar curve was not easy to derive because of the

complexity of the relationship and the difficulty in expressing it in mathematical

form [Otto, 1998]. Subsequently, Kim [2000] derived an exact mathematical

equation for the epipolar curve of linear pushbroom images using a collinearity-

based sensor model.

The epipolar geometry shown in Figure 2-5 does not hold for linear

pushbroom images any more because of the fundamental difference between

perspective images and linear pushbroom images - the difference being that

perspective images have only one fixed centre of perspective, while linear

pushbroom images have one centre for each line. However, collinearity equations

can be used for linear pushbroom images by modifying the equations for perspective

images in the scanning direction [Kim, 2000].



23

In Figure 2-4, the relationship among exposure station S(XS, YS, ZS), q(xl, yl),

and Q(X, Y, Z) can be expressed in a ground-referenced coordinate system with the

parameterized function of k, as shown below:
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where r’s represent the functions of the rotation angles omega, phi, and kappa of the

left image to the ground reference coordinate system; and f is the focal length of the

camera. The collinearity equation of the conjugate point q’(xr, yr) of q for the ground

point Q(X, Y, Z) in the right image can be expressed by the following equations:
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where r’s are the functions of the rotation angles omega, phi, and kappa of the right

image to the ground-referenced coordinate system. By substituting (X, Y, Z) of

equation 2-6 for (X, Y, Z) of equations 2-7 and 2-8, the equation of the epipolar

curve is established in the following form [Kim, 2000]:
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where A’s are constants for a given scan line x1; and Q(xr) is a quadratic function of

xr associated with the yaw angle variation of the right sensor. Equation 2-9 clearly

shows that the epipolar curve of a point is not a straight line but a hyperbola-like

shape. Kim [2000] also concluded that the epipolar curve pair does not, strictly

speaking, exist for linear pushbroom images but exists only “locally”. Figure 2-6
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illustrates that the epipolar curve is not linear but may be approximated by a straight

line for a small range.

Figure 2-6. A true epipolar curve and an approximated epipolar line for a spot stereo
pair. (a) the position of point q(2565.5, 1715.8), (b) an epipolar curve, and (c)
difference between true epipolar curve and its approximation (from Kim [2000]).

2.3 Correspondence Problem

In both computer vision and photogrammetry, the correspondence problem

concerns the problem of image-matching. Image-matching determines where

correspondences (corresponding pixels, points, or other features, such as edges and

regions) occur in images taken from stereo cameras for the same entity in the 3D

world. It is also a major problem for colour 3D image generation in this research.
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Matching techniques can be categorized broadly into area-based and feature-

based image-matching, or a combination thereof. Area-based techniques are based

on matching texture regions in two images, while feature-based techniques rely on

the characteristics of abstract features. Both techniques are combined to deal with

the types of images associated with specific applications [Cochran and Medioni,

1992; Weng et al., 1992; Zhang et al., 1995; Zhou and Shi, 2002].

Ambiguities always exist during image-matching processes for the

determination of correspondences in stereo images because of factors such as noise,

lighting variation, occlusion, and perspective distortion. For example, a point in the

first image may correspond to several points in the second image (called candidate

matches), and vice versa. Normally, some constraints and assumptions are applied to

reduce the ambiguities and to speed up computations. Before the matching

techniques are studied, the next section outlines some assumptions and constraints

which illustrate the inherent complexity of the corresponding problem.

2.3.1 Assumptions and Constraints

In general, the constraints and assumptions can be classified into two broad

categories based on models of image generation and properties of scene objects

[Klette et al., 1998]:

(1) Based on models of image generation (geometric constraints):

• The location of the epipolar lines (epipolar constraint)

• The uniqueness of the assignment (uniqueness constraint)
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• The compatibility of image intensity values (photometric

compatibility constraint)

• The geometrical similarity of certain features (geometric similarity

constraint)

(2) Based on properties of scene objects:

• The order of the projected points in the image (ordering constraint)

• The continuity of the disparities (continuity constraint)

• The continuity along the orientation edges (figural continuity

constraint)

• The compatibility of certain features (compatibility constraint)

• Disparity limit or the disparity gradient limit

Generally, not all of these constraints are considered simultaneously by the

operation of a single algorithm of the image-matching. The following sections give

an overview of the constraints and assumptions applied to the design of

correspondence analysis processes in this research.

2.3.1.1 Epipolar Line Constraint

The epipolar line constraint is based on a geometrical law which is based on

the stereo image’s epipolar geometry described in section 2.2.1: as illustrated in

Figure 2-4, the conjugate point q’ of a point q in the left image for object Q can only

lie on the corresponding epipolar line in the right image which is uniquely defined

by q. Therefore, to search for the corresponding point in the right (or left) image of a

point in the left (or right image), the search space can be restricted to those points
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lying on the corresponding epipolar line. This simplifies the search task for a

corresponding pair from a two-dimensional problem to a one-dimensional one.

In general, the determination of epipolar lines requires either a geometrically

calibrated image acquisition set-up or a set of corresponding pairs.

2.3.1.2 Uniqueness, Compatibility, and Similarity

These assumptions depend on the shape, illumination, and distances of the

scene objects, whereas the epipolar constraint depends on the geometrical law.

Uniqueness assumption: Typically each point in one image of a stereo pair

has one exactly corresponding point in another image. However, there are

exceptions. For example, in a 3D space, two objects lying on a same light beam

project into one pixel in one image but project into two different pixels in another

image. This particular type of exception is not considered further in this research.

Compatibility assumption for intensity values: if two points of a stereo pair

can correspond to each other, the intensity difference between them should be below

a selected threshold value. Because a single pixel is sensitive to noise, its intensity

value is not used to establish the correspondence. In practice, the intensity values in

the local neighbourhood, generalized over a range of surrounding pixels, are used

for the correspondence analysis.

Geometric similarity: Normally, two types of assumptions are made,

described as follows: (1) Angle criterion - suppose there is a point pair (m, n) of a

stereo pair; if the angle between m and n is less than a specified threshold, they are

considered as a corresponding pair; and (2) Length criterion - suppose there is a line



28

segment pair (L1, L2) of a stereo pair; if the length difference between L1 and L2 is

less than a threshold, they are considered to be a corresponding line segment pair.

2.3.1.3 Continuity of Disparities

This assumption, that the disparities of corresponding pairs continuously

change everywhere in a stereo image pair, is based on the assumption that object

surfaces are opaque and smooth.

Continuity assumption for disparity: Suppose that there is a corresponding

pair PL1(xL1, yL1) and PR2(xR1, yR1) for a given stereo image pair. One point PL2(xL2,

yL2) in one image of the stereo pair is a near neighbourhood of PL1. The

correspondence of PL2A in another image can only be such a point PR2 (xR2, yR2) that

the disparity difference between the first pair (PL1, PR1) and the second pair (PL2,

PR2) is less than a certain threshold ( ) [Klette et al., 1998]:
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Exceptions occur when surface points are along the orientation edge.

Typically, this continuity constraint is applied within small image regions instead of

within the whole image.

2.3.2 Area-based Matching

As described in Zhang et al. [1995], Do et al. [1998], Klette et al. [1998],

Schenk [1999], and Zhou and Shi [2002], area-based matching rests on the
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assumption that corresponding pairs have a similar intensity value. Area-based

techniques have been successfully applied to aerial and satellite images [O’Neill and

Denos, 1996; Jokinen, 1998; Baillard and Dissard, 2000]. However, because of this

underlying assumption, they are applicable to stereo images that have good textures

and small differences in the intensity values and tend to break down where there are

occlusions and featureless regions. Figure 2-7 illustrates the concept of area-based

matching. The objective of area-based matching is to compare the intensity value

distribution of several neighbouring pixels between a template and a matching

window. This comparison is done using a similarity measure defined for the

intensive values in the image window (template and matching window). The best-

known area-based matching methods are cross-correlation and the least-square

matching.

Figure 2-7. The concept of area-based matching (from Schenk [1999]). Template:
image patch fixing a position in one of the images. Search window: the search space
in the other image. Matching window: image patch compared with the template in
the other image
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Template 

Image 1 Image 2 
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Cross-correlation Matching Technique

There was a lot of research done on digital correlation techniques for image-

matching from the early 1970’s to the mid 1980’s. Since Kreiling (1976) and other

pioneers used digital correlation for generating DEMs automatically in early 1970’s,

correlation techniques have become accepted for finding conjugate points in

photogrammetry. The cross-correlation factor is used, with the normalized cross-

correlation coefficient between template and matching windows being defined as:

where,
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An optimal match manifests a normalized cross-correlation value of 1 since,

in theory, the stronger the correlation between two correlation windows, and the

greater the likelihood that they are similar. However, the maximum is not

determined very well in some real cases so that the reliability of the conjugate point

is low.
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Least-square Matching Technique

As in the cross correlation matching technique, Least-square matching

(LSM) is also based on the similarity of grey levels. The objective of LSM is to

minimize grey level differences between the template and the matching window by

changing the matching window’s position and shape, as determined in the

adjustment process. The change process stops when the grey level differences

between the deformed matching window and the template reach a minimum. This

method not only considers illumination and reflectance differences between the two

images but also the geometric distortion of the regular image tessellation caused by

unknown orientation parameters, tilted surface patch, a surface patch with relief, etc.

All pixels in the final deformed matching window become conjugate with their

counterparts in the template, and thus LSM is regarded as the most accurate image-

matching technique. However, it is very sensitive with respect to the quality of the

approximations, requiring, for example, the prior information of correspondences

within an accuracy of a few pixels. Thus, LSM always follows the application of

other matching techniques such as cross correlation and, as a final step, improves the

match accuracy.

Issues

Some issues must be addressed independently from the area-based matching

methods. A brief overview is given below.



32

Location of template: Under certain conditions, the locations of the template

will cause area-based matching to fail - where, for example, the template is placed

on an area that is occluded in the other image.

Size of template: Finding the optimal size of the template is important. As

size increases, the significance of ambiguities in the matching operation usually

decreases but the geometric distortion increases. Unfortunately, there is no accepted

standard for the optimal size of the template, and so a compromise such as trying

different template sizes must be found.

Size and location of search window: The size of the search window is not

critical, but initial selection of an appropriate size can reduce the search space to

speed up the matching algorithm. The location of the search window, however, is

crucial.

2.3.3 Feature-based Matching

As discussed in Zhang et al. [1995], Klette et al. [1998], and Schenk [1999],

feature-based matching relies on comparisons of image features (corners, edges and

regions) extracted from the original intensive image. Essentially, there are three

steps: (1) extracting features in left and right images, respectively, using specific

feature extraction operators; then (2) matching points of interest in the left and right

images using a measure of similarity; for example, if corner information is extracted,

then cross-correlation or LMS can be used as a measure of the similarity; and

finally, (3) eliminating the outliers. By processing extracting features, the volume of

data is reduced in order of magnitude compared to the original image data so that
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one of the most important advantages of feature-based matching, as compared to

area-based matching, is the reduction of the required computing time. Moreover,

feature-based techniques are relatively insensitive to illumination changes between

corresponding scenes - another advantage over area-based matching. As a result, it is

very popular in computer vision and photogrammetry, and a lot of feature-based

techniques can be found in the literature [Zhang et al., 1995; Liang and Heipke,

1996; Mount et al., 1999; Baillard and Dissard, 2000; Zhou and Shi, 2002].

2.4 Web-based Distributed Programming and Architectures

Distributed computing is one of the main ways of creating distributed

application systems. It allows distributed processing of data and objects across a

network of connected systems. This research uses distributed computing techniques

to build a W3VPS.

A distributed computing system is a collection of a number of independent

computers connected by a network. It provides the possibility of sharing information

and peripheral resources by means of a communication network and established

data-exchange protocols and processes. Distributed computing refers to computing

activity which provides requested services to users by executing programs on a

number of computers with data stored at one or more physical locations. The

client/server model is the most widely used in constructing distributed applications

and is a natural programming model for use in formalising the development of

distributed computing.
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2.4.1 Client/Server Model

As described in Sadoski [2000], a client/server model represents the

relationship between two computer programs. In a client/server model, the client

(one program) requests a service from the server (the other program), which fulfills

the requested service and sends back a response which could be a processing result

or a confirmation. In addition, all shared resources are held and managed by the

server. Figure 2-8 illustrates a basic client/server model. This figure shows that, to

receive a service, the user must send a service request to an individual server. Thus,

in a network, the client/server model provides a convenient way to interconnect

programs that are distributed across different locations. For a service to be accepted,

both the client and server require a set of conventions that compose a protocol that

must be implemented at both ends of a connection, and which must be understood

by both, so that they are able to communicate with each other.

Client Server

Request

Response

Figure 2-8. A basic client/server model

Traditionally, most client/server models use a 2-tier software architecture,

which consists of three components distributed into two layers, client (requester of

services) and server (provider of services). The three components are as follows

[Sadoski, 2000]:
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• User System Interface: accepting input such as text input and dialog and

displaying the results.

• Processing Management: providing process services such as

development, enactment, monitoring, and resource services.

• Database Management: providing data and file services such as accessing

data stored on external storage devices.

The user system interface is allocated to the client tier; database management

is placed on the server tier; and process management is placed on either client or

server, or split between them. Figure 2-9 shows a typical two-tier client/server

architecture.

Figure 2-9. Architecture of two-tier client/server model (after Sadoski [2000])

Client/server two-tier software architectures are used extensively in non-

complex systems in which the transaction load is light and processing rules

(business rules) do not change very often. They require minimal operator

intervention [Sadoski, 2000].
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The World Wide Web is the most popular client/sever model. In a Web-

based client/server model, the Web client can communicate with server software

only through a Web server using Hypertext Transport Protocol (HTTP) [Sebesta,

2002]. A Web browser receives HTML/XML-based encoded information from the

Web server. Data is stored on the Web server and is sent out to Web clients that

request it. Web clients and servers have common features found in certain

distributed computing environments: coarse-grained, distributed and heterogeneous,

and message passing. Figure 2-10 illustrates a Web-based client/server architecture

[Sebesta, 2002].

Client

Web Server          pp

Client

PC

MAC

HTML

HTML

Internet
TCP/IP

Web Browser

Web Browser

HTML
Documents

HTTP

HTTP

HTTP

Request

Response

Figure 2-10. A Web-based client/server model (after Orfali et al. [1996])

2.5 Java Applet and Java Advanced Imaging (JAI)

Java Applet is Java technology for client side programming in client/server

architecture of Internet computing. The JAI is Java technology for advanced image

processing. In this research, Java Applet was used to build a rich GUI for 3D Web



37

visualization. To build a W3VPS, JAI was used to support general image processing

such as displaying the image on the screen and obtaining the source image or images

from image files or from another data source (e.g. a remote server). It was also

incorporated into applets for a rich user interface of 3D display.

2.5.1 Java Applet

Applets are programs written in the Java language and are Java-based GUI

components that are typically executed in a Web browser [Linden, 2002; Sun,

2002]. Applets can provide a powerful user interface for Web-based distributed

applications [Linden, 2002; Sun, 2002]. They provide for client-side component

portability in a heterogeneous Web environment and for the protection of the client

machine.

2.5.2 Java Advanced Imaging

A simple rendering package suitable for rendering common HTML pages,

but without the features necessary for complex imaging, can be found in an early

version of the Java Advanced Windowing Toolkit (AWT) [Linden, 2002]. The Java

2D Application Program Interface (API) added support for more general graphics

and rendering operations such as image rendering to extend the capabilities of the

early AWT. However, a limited set of image processing operators is supported

[Linden, 2002].

The JAI API further extended the Java platform by allowing sophisticated,

high-performance image processing such as image tiling, region of interest, and



38

deferred execution to be incorporated into Java Applets and applications [Sun,

2003a]. Compared to other image solutions, JAI provides several advantages

including cross-platform imaging, distributed imaging, object-oriented API,

flexibility and extensibility, device independence, power, high performance, and

interoperability (for the details, see [Sun, 2003a]).
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Chapter 3

System Design and Development

A Web-based 3D Visualization Prototype System (W3VPS) for high-

resolution satellite stereo images is developed in this research. The W3VPS allows

the user to automatically generate 3D colour images without ground control points

(GCPs), and to view the 3D effect of colour anaglyph images effectively through

Web browsers without either special graphics hardware or high-speed Internet

connections. The user can zoom in to view fine details of the high-resolution image

in both 2D and 3D. This chapter describes the detailed design and development of

the W3VPS.

This system was developed based on the general concept of Zhang [2002a].

This general concept introduced in Chapter 1 formed the basis of the automatic

W3VPS for colour 3D image generation and Web-based natural colour 3D

visualization developed in this research. The W3VPS consists of three major

components:

(1) Image-matching

• Automatic image-matching to evaluate correspondences for high-

resolution pan-sharpened stereo image pairs
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(2) 3D Image Generation

• Automatic epipolar image generation for effective 3D viewing

• Colour 3D image generation using anaglyph techniques

(3) 3D Web Visualization

• Automatic stereo matching between epipolar stereo image pairs

• Automatic image tiling for epipolar stereo image pairs

• Building GUIs as 3D viewers to display 3D images on local

computers and through Web browsers, and to provide several

services, for example, 3D effect refining

• Implementing the Web client/server architecture of 3D Web

visualization to deploy the 3D image contents to the Web

Figure 3-1 illustrates the architecture of the W3VPS. The input to the

W3VPS is a stereo pair of pan-sharpened high-resolution satellite images. The

techniques for each component and data sources are described in the following

sections.
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Figure 3-1. Architecture of the W3VPS
*Multi: Multi-spectral Image,  *Pan:  Panchromatic Image
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The study area in this research is located in the city of Fredericton, Canada.

IKONOS multi-spectral (MS) and panchromatic (Pan) stereo images taken in

October 2001 are the source data. A stereo pair of pan-sharpened IKONOS natural

colour images was used in this research; Pan-sharpened images were achieved by an

automatic fusion algorithm, developed by Zhang [2002b] and integrated into PCI

Geomatica.

A pan-sharpened image is a high-resolution colour image created by fusing

together high-resolution Pan and low-resolution MS images. It preserves the original

colour fidelity, thereby allowing for improved visualization and interpretation, as

compared to a MS image. Figure 3-2 shows an example of the pan-sharpened MS

image of the UNB area of Fredericton; Figure 3-3 shows an example of pan-

sharpened high-resolution satellite colour stereo images of downtown Fredericton.

         1m Pan image          +            4m MS image            à1m pan-sharpened image

Figure 3-2. An example of pan-sharpened MS image generation
(Location: UNB, Fredericton)
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Figure 3-3. An example of pan-sharpened high-resolution MS satellite stereo images
(Location: downtown Fredericton)

A lot of work has been done on automatic image-matching in aerial and

satellite stereo image applications such as DEM generation. Feature-based and area-

based matching are two very common techniques. The automatic image-matching

method developed in this thesis combines advantages realized by both feature-based

and area-based techniques described in Chapter 2. This new automatic method also

uses the epipolar constraint to eliminate outliers, and incorporates the epipolar image

re-sampling method. An overview of the algorithm is illustrated in Figure 3-4.

Figure 3-4. Overview of the image-matching process
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Certain parameters, such as the matching window size and the threshold

value, must be pre-determined. Because factors, such as the resolution and quality of

the image, influence the chosen parameters, it is non-trivial to decide upon

appropriate parameters. The satellite stereo images processed are too large (more

than 100Mb for an image of size 4000 by 3000 pixels in .tif format). It is

unproductive and inefficient for users to attempt to alter the parameters to overcome

the effects of large image size. In this research, two different components have been

developed to address this problem and to enable users to efficiently determine the

optimal parameters for their particular stereo pair in an interactive process.

Component 1 includes the first three steps of the automatic image-matching

processing illustrated in Figure 3-4 while component 2 includes all steps.

Component 1 is called the test component: as discussed in section 2.3.2,

there is no accepted standard for the optimal template size of the correlation, so

trying different template size can be a compromise to solve the problem. Thus, the

component’s purpose is to allow users using small parts of stereo images as a test

stereo pair to determine optimization parameters for further processing of the entire

image. GUIs are provided so that users can interactively experience the result of

each processing step of image-matching directly, and then make a reasonable

selection of matching parameters (Figures 3-5, 3-6, 3-7, and 3-8).
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Sigma 

Figure 3-5. A GUI for Sigma selection and displaying corner images

Figure 3-6. A GUI for search window size selection and displaying extrema points
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Figure 3-7. A GUI for the search window size and threshold value selections of the
initial matching and displaying candidate match points

Figure 3-8. A GUI for displaying the result of locating the best match
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Component 2 is called the batch component: users can utilize the

optimization parameters determined in Component 1 to automatically process an

entire large stereo image pair. A GUI is provided to allow users to enter parameters

for the matching process (see Figures 3-9).

Figure 3-9. A GUI for entering the parameters of the image-matching process

3.3.1 Image Tiling

Previous image-matching algorithms [Zhang et al., 1995; Baillard and

Dissard, 2000; Zhou and Shi, 2002] focused on the quality of the match result and

incorporated automatic operation. To date, few algorithms are concerned with

algorithm efficiency or memory requirements – what would seem to be important
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criteria, given the large data volume present in high-resolution satellite colour stereo

images. Therefore, in this research, the requirements of memory and algorithm

efficiency have been adopted as important design considerations in producing a

suitable and efficient image-matching algorithm for the W3VPS. The even

distribution of correspondences over the whole image area as an important factor for

establishing accurate epipolar geometry is another matching algorithm design

consideration. In this research, image-tiling techniques are applied to meet these

factors.

Handling large digital images in their entirety is rather cumbersome. The

term “tiling” refers to partitioning the original image into rectangular blocks (tiles),

which are processed independently, as though they were entirely distinct images. It

transforms the matching problem into a task of dealing with image tiles instead of a

whole image to improve system efficiency. The W3VPS deals with tiled stereo

images in successive stages of the image-matching process, which means that the

operations - including feature point extraction, candidate match searching, and best

match locating - are performed independently on each different tiled stereo image

pair (see Figure 3-10). A tiling process creates these tiled stereo image pairs. This

process partitions the original left and right images into rectangular blocks having

the same dimensions, apart from those on the boundaries of the image. Each tile in

the left image corresponds to a distinct tile in the right image, forming a tiled stereo

image pair. However, the sizes of the right image tiles are larger than those of the

left image tiles. There are overlaps between the neighbouring tiles of the right image
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but not those of the left image. This ensures that the area of overlap between the

tiled stereo image pairs compensates for disparities between images. As expected,

tiling affects the result and efficiency of stereo matching. Having overly small tiles

creates some tiled stereo image pairs without overlapping areas. Conversely overly

large tiles cause less efficient performance of stereo matching. In the W3VPS, a

GUI is provided for users to select the tile’s dimension (see Figure 3-9); the default

dimension is 250 by 250 pixels.

Figure 3-10. Tiling, feature point extraction, searching candidate matches, and
locating the best match

The main advantages of the tiling process include: the reduction of memory

requirements and the easy implementation of the match algorithm; it can also

prevent the established correspondences from being very close to each other for

epipolar re-sampling because, for each tiled stereo image pair, only the best match is

chosen. In the implementation phase, this algorithm can be speeded up considerably

by means of parallel computing because the processing for each tiled stereo image

pair can be done independently.
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3.3.2 Feature Point Extraction

The detection of feature points is an essential task for many applications such

as 3D scene reconstruction and DEM generation from stereo image pairs. The corner

as an intuitive feature point shows a great change in intensity in 2D. Therefore,

corners are naturally distinguished from the neighbouring points. Because of their

existing high location information content, corners can be reliably matched between

images; therefore corner detectors have been broadly used as feature point detectors.

One of the early corner detection approaches involved first extracting the

edges as a chain code, then identifying the corners as points which have maximal

curvatures [Asada and Brady, 1986; Medioni and Yasumuto, 1986]; or first

segmenting the image into regions, extracting the boundary as chain code, then

searching for the line segment intersections [Horaud et al., 1990]. However, this

type of approach is seldom used because it depends on the previous segmentation or

edge detection step and is also time-consuming. Subsequently developed corner

detectors, reported in the literature in the last few years, may be divided into two

groups: (1) curvature based; and (2) interest operators or feature point detectors.

A corner detector based on the curvature of the grey-level image is applied in

the matching process to extract high curvature points for incorporation due to the

relatively low computational cost and strong citation record in some applications.

3.3.2.1 Algorithm Description

The algorithm used for extracting points of interest in the image-matching

process typically involves two steps:
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(1) For each stereo image tile, calculate the corner image g(x, y) for

highlighting corners; and then

(2) Detect the corner points in each corner image.

The output grey level g(x,y) of the corner image is defined as the product of

the isophote curvature and the absolute gradient magnitudes as follows:

where I(x, y) denotes the original image; (x, y) is the curvature of the iso-intensity

line passing through the point; and ∇I(x,y) is the local gradient vector. Corners are

highlighted when the output grey level is high, which occurs in cases where both the

local gradient and the curvature are high yielding. The advantage of using this

measure is that the product will focus on high isophote curvatures close to high

contrast edges.

Let n be the edge normal and t be the edge tangential. Differentiating I(x, y)

in directions of n and t yields:
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where Ix and Iy indicate the x and y directional derivatives respectively. The

Gaussian function is a well-known operator in image processing for reducing high

frequency image information to smooth the image. The most popular masks used for
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computer vision are those that combine simple directional operators with Gaussian

smoothing. In the implementation of this research, derivatives of a Gaussian

distribution are used as the convolution filters that comprise the operator. Gaussian

standard deviation ( ) is used as the parameter to adjust the size of the highlighted

features. Letting G be the Gaussian function, a 2-dimensional Gaussian function can

be expressed as follows:
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A discrete smoothing kernel is obtained by constructing a (2k+1)*(2k+1)

array whose i, jth value is
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Derivatives of the Gaussian function applied to the image tile are calculated as

follows:
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Analogous discrete smoothing Gaussian kernels can be given for Ix, Ixx, Ixy,

Iy, and Iyy. Once the derivatives are known, the values of the corner image are easily

computed. Because the Gaussian function (and its derivatives) can be separable,
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using their separability property becomes one of their intrinsic practical advantages

in computer vision or photogrammetry [Boomgaard et al., 2001]. In practice, it

exploits the characteristic that the convolution of an image I(x, y) with a separable

kernel is equivalent to the composition of d convolutions each using a one-

dimensional convolution kernel [Boomgaard et al., 2001], thus speeding up

computation. In this research, for a more computationally efficient solution, each

discrete smoothing kernel of Gaussian derivatives is separable into the outer product

of two one-dimensional vectors during the implementation phase.

Care must be taken with  (Sigma); the units of Gaussian standard deviation

( ) are interpixel spaces, referred to as pixels here. The qualitative analysis of 

yields the following [Forsyth and Ponce, 2003]: (1) If  is too small, the smoothing

will have little effect; (2) For a large , this will give a good estimate of the pixel’s

value; noise will largely disappear at the risk of some blurring; image detail will

disappear; and (3) if  is large, the kernel size must be large also. For this reason, a

2-dimensioanl Gaussian function (and its derivatives) was applied using a (3

+1)(3  +1) kernel window, as advised by Forsyth and Ponce [2003]. The defaulted

Gaussian standard deviation is defined as 1 in the W3VPS. Users can also define it

through a GUI (see Figure 3-9). The test component of image-matching provides a

GUI to allow users to interactively experience the result of corner images with

different  and then to decide on an optimal  for their particular images (see Figure

3-5). Figure 3-11 shows an original image and its corner image that highlights

corners in white or black.
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Figure 3-11. Results of the corner image generation
Left: original image. Right: corner image

After corner images are obtained (that is, the highlighting of corners), the

system performs the local extrema detection which detects positive as well as

negative extrema of the corner image. It is worth noting that the corner is located

where both the local gradient and the curvature are high. Geometrically, corners

correspond to the annihilation or creation of a saddle with either a minimum or a

maximum. To extract the corner, an elliptical area (search window) of size n by m

(in this research, we define a size of 2n+1 by 2n+1) is defined. Marking points

where the area of this ellipse is extremal could mark the corner. Local extrema

detection is as follows: (1) centering the elliptical area at a point; (2) looking for

image neighbourhoods of this point; if all of the neighbourhood’s magnitudes are
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lesser or greater than that of the point, this point is marked as a feature point (a

corner).

The test component of image-matching provides a GUI to allow users to

experience the results of corner detection with different window sizes and then to

select an optimal size (Figure 3-6). Corner detection is based on the threshold of the

absolute value of extrema of this operator. Figure 3-12 shows an original image and

another with its image with extracted corner information.

 

Figure 3-12. Results of the corner extraction process. Blue or red circles correspond
to maxima or minima, respectively. The circles sizes reflect the maxima or minima
magnitudes.

3.3.3 Searching for Candidate Matches

Searching for candidate matches finds possible matches in the right image

tile for each high curvature point of the left image tile. After extracting points of
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interest, the system performs the initialization of the matching through a correlation

technique to decide whether two feature points are a candidate match. Each point of

the source (left) image tile is associated with possible matches in the target (right)

image tile. For each given point p1 (source point) in the left tile, we define a

correlation window (n by m, image patch) centered at this point. Then, we perform

correlation operations between p1 and all extracting points (target points) of interest.

At this time, maxima or minima of the source image can be matched only with

maxima or minima of the target image. The normalized cross-correlation coefficient

between the source point and target point is calculated by Equation 2-12.

The cross-correlation coefficient is used as a constraint to select the most

consistent matches. A given threshold input through a GUI (see Figure 3-9)

determines candidate matches. If the cross-correlation value of a given couple of

points is higher than the threshold, it is considered a candidate match.

Before calculating the cross-correlation value of the two points, the disparity

constraint, representing a priori knowledge about the disparities between the

matched points, is used to reduce the search area from a whole image to a search

window (Figure 3-13). Thus, two points comprise a possible match if they are

neighbours within a disc of radius R. There are two ways to obtain the disparity

constraint information: (1) disparity constraint defined by users such as the

minimum and maximum disparity information; and (2) disparity information

obtained from the neighbouring tiled stereo image pairs. The idea of the latter is to

propagate the continuity constraint through the neighbourhood (image tiles).
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Figure 3-13. Correlation: constraint search window for left and right images. The
kernels centred at point p1(x1, y1) in the left image and p2(x2, y2) in the right image

As described in Chapter 2, the optimal size of the matching window is

important. Unfortunately, there is no accepted standard for the optimal size of a

matching window, and so a compromise such as trying different template sizes in

turn must be found. In this system, the test component of image-matching provides a

GUI to allow users to experience the results of candidate matching with different

window sizes and threshold values (Figure 3-7). At this time, there still are some

ambiguous matches among the candidate matches, especially when there is a high

density of feature points. Figure 3-14 shows the result of searching for candidate

matches in downtown Fredericton.
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Figure 3-14. Results of searching for candidate matches
Blue or red circle pairs correspond to maxima or minima matches, respectively.

3.3.4 Evaluating the Best Match

A few established correspondences between images are sufficient for

epipolar image re-sampling.To this end, during the process of evaluating the best

match, the best match among the set of candidate matches for each tiled stereo

image pair is selected. This process is based on the measure of candidate matches

lying in the neighbourhood of each point being analyzed [Zhang et al., 1995]. Zhang

et al. [1995] defined the strength of match (SM) as a means of evaluating candidate

matches. Zhang’s SM method [Zhang et al., 1995] considers close candidate

matches to be superior to distant ones. However, when most candidate matches of

tiled stereo image pairs join closely together, it may result in false matches (see

Figure 3-15 Middle)
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Figure 3-15. Automatically locating the best match in a tiled stereo image pair.
Top: Candidate match information;

Middle: Best match information measured by Zhang’s SM;
Bottom: Best match information measured by the modified SM.



60

In this research, therefore, a modified measure SM is developed to better

locate the best match. The idea of the modified SM is to allow candidate matches to

measure themselves by using the continuity constraint throughout the

neighbourhood. This is similar to that of Zhang’s SM; however, the modified SM

assumes that all candidate matches have the same weight. Figure 3-15 (bottom)

shows the result of the modified SM method. In this research, the proposed modified

SM of points of candidate matches is defined by the following expression which is a

slight change from Zhang’s SM:
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where m1i and m2j are feature points of the source and target image tiles of candidate

matches; N(m1i) and N(m2j) are the neighbourhood areas of m1i and m2j with a disc of

radius R, respectively; and n1k and n2l are the feature points of the source and target

image tiles of candidate matches lying over N(m1i) and N(m2j), respectively.

Coefficients Cij and Ckl can be cross-correlation coefficients of candidate matches

(m1i, m2j) and (n1k, n2l), which characterize similar levels of the candidate matches.

dist(m1i, m2j; n1k, n2l) is average distance between two points of two candidate

matches in source and target image tiles where dist(m, n) is the Euclidean distance

between points m and n. In this system, the set of image tiles are defined as the

neighbourhood areas in this research because, for each tiled stereo image pair, only

one match is selected; accordingly, Cij and Ckl are defined as 1.
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where r is the relative distance difference; and  is the threshold on r. In this system,

ε is defined as 0.3, the same value used by Zhang et al. [1995].
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The Match strength algorithm is analogous to having a poll where the

candidate match who garners the most supporters wins. Thus, in this research, the

strategy of choosing the best match is the “winner-takes-all-matches” which means

that any match with the highest SM is selected to be the best match. Figure 3-16

shows the results of evaluating the best match process. After all of the matches have

been established for all tiled stereo image pairs, a correspondence list is obtained for

the entire stereo image.

Figure 3-16. Results of evaluating the best match.
Blue or red circle pairs correspond to maxima or minima matches, respectively.
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3.3.5 Eliminating Outliers

The outliers will affect the precision of epipolar image re-sampling if we

directly use the results from the previous image-matching processes. This procedure

addresses the outlier problem and processes the whole image; in fact, it deals with a

set of correspondences. In all of the matches established so far, as described in

section 3.3.1 through section 3.3.4, there still exist outliers even when a SM

threshold is used. This is due to: (1) The localization error of corners; and (2) False

matches. False matches exist because, for most cases, there exist some homogenous

areas with simple features (such as water area bridge features) (see Figure 3-17);

additional false matches occur because the stereo images were created at different

times (several days difference). In this research, the proposed solution for this

problem is an evaluation of the vertical disparity.

Figure 3-17. Examples of false matches

Currently, computer vision researchers have proposed using robust

regression techniques (Least Median of Squares (LMedS)) combined with recovery

of the epipolar geometry to eliminate the outliers [Shapiro and Brady, 1995; Zhang
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et al., 1995; Chua et al., 2000; Zhou 2002]. This approach is reliable and appropriate

when the outlier subset is large or when outliers control structure. However, the

LMedS problem cannot be simplified to a weighted least-squares problem and, so, it

is complicated to implement, and a robust regression approach entails a significant

computational overhead. In this thesis, a new approach is developed to reject false

matches through a regression diagnostics approach achieved through an iterative

process. This process, for each loop, computes an estimate of the epipolar re-

sampling over all matches, and then checks vertical disparities of all matches

between two epipolar re-sampling images. The epipolar re-sampling method used in

this research and the new algorithm for eliminating outliers are described below.

3.3.5.1 Epipolar Re-sampling of High-resolution Linear Pushbroom Satellite
Imagery

The geometric characteristics of satellite linear pushbroom images are

different from those of perspective images [Otto, 1988; Kim, 2000], and this makes

conventional methods of epipolar re-sampling unsuitable for them. Otto [1988]

reported that strict epipolar images could not be generated from SPOT imagery

without DTMs. This is also true for high-resolution satellite imagery produced by

the CCD line scanner. Because of this, several methods were developed to generate

pseudo epipolar images by using DTMs [O’Neil and Dowman, 1988; Otto, 1988;

Haala et al., 1998]. Even though DTMs already exist from an ultimate source, those

methods are complicated to implement and cannot reach a practical level of

accuracy without highly precise orientation parameters. Ono [1999] proposed a
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method for the epipolar re-sampling of satellite imagery using a 2D affine

orientation model without the rigorous orientation parameters or DTMs. This

method is based on the assumptions that the satellite altitude parameters are almost

constant during the collection of high-resolution imagery and that its movement is

linear. The author reported that this method is very simple and highly accurate and

that it is appropriate for real time mapping of satellite images. In this research, the

2D affine orientation model is, therefore, used to generate epipolar images.

3.3.5.1.1 2D Affine Orientation Model

Okamoto et al. [1998] had proposed an orientation model of CCD line sensor

imagery based on an affine projection. This orientation model, called the 2D affine

orientation model, is derived from conventional collinearity equations (Equations 2-

4 and 2-5) under the hypothesis that the central projection can be approximated by

the parallel projection for high-resolution satellite imagery with a small field angle.

The collinearity equation for the 3D analysis of affine line scanner imagery can be

given as:
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where i is the line number; and (X, Y, Z) are ground coordinates of an object point.

Coordinates of project centre Xoi, Yoi, Zoi and angles i, i, i express exterior

orientation parameters; R i, R i, R i are rotation matrixes and  is a scale parameter. c

expresses the principal distance; and y is the image coordinate of an object point.
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Equations of the affine transformation collinearity relationship from 3D to

2D can be expressed as follows:

17-3                                                       4321 DZDYDXDx +++=
18-3                                                       8765 DZDYDXDy +++=

where Di (i=1, …, 8) are independent coefficients; (x, y) are 2D affine image

coordinates of an object point; and (X, Y, Z) are ground coordinates of an object

point.

Because the actual satellite images are taken from a perspective along the

scanning line, they are not, strictly speaking, affine images. For rigorous analysis,

images should be transformed into affine images. The goal of this system is to

automatically generate and to display 3D images on screens or printouts, so that the

transformation from original images to affine images is ignored for the sake of

simplifying the problem and for computational efficiency. In this research, the

epipolar geometry of affine imagery is directly used on satellite images to generate

the epipolar images under the hypothesis described at the start of this section.

3.3.5.1.2 Epipolar Re-sampling for Affine Images

As shown in Figure 3-18, affine projection, in which the viewing rays are

parallel to each other, is a special case of the centre perspective projection with a

focal length of infinity. Thus, the epipolar geometry of an affine image can be

defined as that of a perspective image. The epipolar lines and epipolar planes are

defined as shown in Figure 3-19. Figure 3-20 shows the approach used to generate
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the epipolar images. It can be achieved by parallel projecting the affine images into

the same virtual plane.

Figure 3-18 Image geometry of parallel ray projection with respect to O-XYZ (after
Okamoto et al. [1998]).

*O-XYZ: object space coordinate system

Figure 3-19. Affine epipolar geometry: For two given parallel projection images, the
epipolar plane is defined by a point p (right image) and two projection directions
(Pp’ and P1p1’ in left image). The intersections between the epipolar plane and right
or left images are the epipolar lines l and l’, respectively (after Ono [1999]; Forsyth
and Ponce [2003]).
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Figure 3-20. Affine image epipolar re-sampling (after Ono [1999])

In the implementation phase, let the left image be the virtual plane. Thus, it

requires only the projection of the right image onto the virtual plane. It is the same

as the affine transformation of the right image to the left image. The relationships

between left image coordinates (xl, y l) and right image coordinates (xr, yr) are given

by Equations 3-19 and 3-20.

19-3                                                            321 MyMxMx llr ++=
20-3                                                           654 MyMxMy llr ++=

where Mi (i = 1,…,6) are independent coefficients and can be solved through more

than three known corresponding points. After parallel projections, the epipolar line

direction should be determined by algebraic solutions. According to the basic

equations of affine images (Equations 3-17 and 3-18), equations of the affine

transformation collinearity relationship of affine stereo images can be expressed as

follows:

21-3                                                 4321 lllll KZKYKXKx +++=
22-3                                                   8765 lllll KZKYKXKy +++=
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23-3                                               4321 rrrrr KZKYKXKx +++=
24-3                                                 8765 rrrrr KZKYKXKy +++=

By eliminating the X, Y, and Z from Equations 3-21 through 3-24, a single

equation expressing the epipolar line of affine images in terms of image

measurements is described as follows:

25-3                                                    4321 AxAyAxAy rrll +++=

where Ai (i = 1,…,4) are coefficients. To solve Equation 3-25, more than four

corresponding points are required. The epipolar line direction (Rotation angle φ)

corresponding to A1 is arctan(A1). The least-square approximation technique, also

known as regression, is used to calculate coefficients Ai of Equation 3-25 in this

system. The least-squares solution is given by:

( ) 26-3                                                                 ˆ 1
PlP T ΦΦΦ=

−

where ˆ  is the coefficient vector (solution vector); Φ is a Vandermonde’s matrix

(Equation 3-27 is the transposed matrix of the Vandermonde’s matrix); P is a

weighed matrix to be an identity matrix I in this system; l is an observation vector;

and (xli, yli) and (xri, yri) are coordinates of the left and right images of

correspondences, respectively.
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The general procedures of epipolar image re-sampling are summarized as

follows:

1. Calculate the affine transformation coefficients (Equations 3-19 and 3-

20)

2. Carry out the affine transformation

3. Calculate the rotation angle 

4. Rotate the stereo images by an angle 

As described so far, to generate epipolar images, more than four

correspondence coordinates are sufficient without any other information.

3.3.5.2 Algorithm for Eliminating Outliers

The basic idea of this algorithm comes from the properties of the epipolar

geometry of linear pushbroom images and combines with the epipolar image re-

sampling method. The algorithm presented in this thesis is shown in Figure 3-21 in a

general framework of the epipolar line estimated by regression, and uses a new

regression diagnostics based on the vertical disparity between an epipolar stereo

image pair.
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Figure 3-21. Flowchart of the algorithm of outlier detection and elimination

The regression diagnostic approach [Shapiro and Brady, 1995; Barnett and

Lewis, 1984] is one of two main approaches (the other is robust regression) to

solving the outlier problem. The classical diagnostic methods for outlier rejection

compute an initial estimate over the full dataset; next, the residual for each data

point is determined; and, finally, all points with residuals exceeding a predetermined

threshold value (which is based on a chosen confidence level and a statistical-noise

model) are rejected, the entire process being repeated in an iterative process as

required. These methods are reliable when the outlier subset is relatively small and

when outliers do not distribute far away from the valid data. These methods also
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underlie a certain data distribution assumption (e.g. a certain statistical noise model,

Gaussian Distribution).

In this research, a new algorithm is developed to reject outliers from a set of

correspondences. Because outliers constitute only a small percentage of the data

among correspondences after evaluating the best match, and their maximum

deviation is bounded in the image tile size, in this new algorithm, a regression

diagnostics approach is used to solve this outlier problem in an iterative process.

However, neither a data distribution assumption nor an underlying statistical noise

model is needed. The regression diagnostics is based on the vertical (Y) disparity.

As described in Chapter 2.2.3, the epipolarity for the linear pushbroom

camera is an epipolar curve, and it is possible to approximate the epipolar curve by a

straight line over a small range [Kim, 2000]. After the affine transformation along

the epipolar line, the vertical (Y) disparities of correspondences must fall between –n

to n, where n is the number of pixels; n is set based on the epipolar curve and image

size. To simplify the problem, n is set to be 3 for this prototype system. The

existience of outliers will affect the evaluation of the angle of epipoplar lines

(Equation 3-25), which causes an incorrect epipolar image re-sampling and

generates large Y disparities of the correspondences between the epipolar stereo

images. Once the outliers have been eliminated, the Y disparities will fall between

–n to n. Thus, the Y disparity of the correspondences between epipolar stereo images

is chosen as the regression diagnostic. Because the outlier subset is small, outliers

always have larger Y disparities than do correct correspondences. Therefore, the
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correspondence with the largest Y disparity is rejected. The process of rejecting false

matches is done by an iterative process that, for each loop, computes an estimate of

the epipolar re-sampling over all correspondences; it then checks vertical disparities

of all correspondences between epipolar stereo images; and, finally, deletes a

correspondence outlier.

The following steps summarize the use of the algorithm in an iterative

process, as illustrated in Figure 3-21.

1. Compute the affine transformation coefficients (Equations 3-19 and 3-

20) for the affine transformation of the right image to the left image.

2. Compute the new affine coordinates of right image points of

correspondence after transformation according to Equations 3-19 and 3-

20.

3. Compute the approximated direction of the epipolar line (Equation 3-25).

4. Compute the affine coordinates of the left and right image points of

correspondences after rotating according to affine rotating equations.

5. Compute the Y disparity for each correspondence.

6. If the absolute values of some Y disparities are larger than n (regression

diagnostics), reject the outlier. It updates the correspondence list by

eliminating the correspondence with the largest Y disparity. Repeat step

1.

7. Otherwise, the iteration stops.
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As shown in Figure 3-21, the input to this process is a correspondence list.

Outputs of this process are the coefficients (Equations 3-19, 3-10, and 3-25) for

epipolar image re-sampling and an updated correspondence list.

Since the coefficients of Equations 3-19, 3-20, and 3-25 have been

determined during the process of eliminating outliers, the general procedure of

epipolar image re-sampling may be described in the following simplified form:

• Register the right image with the left image according to Equations 3-19

and 3-20; and then

• Rotate both the left and transformed right images by the angle of the

epipolar line.

In all stages processed so far, the epipolar images as stereo pairs are

generated from stereo images using the 2D affine orientation model. The next step is

to form colour anaglyph images, which superimposes the epipolar stereo pair by

merging green and blue bands of the left image and the red band of the right image

together to form a colour composite image (anaglyph image). During this process,

the horizontal direction superimposition is considered to create a consistent and

easily perceived impression of depth by the author. As described in chapter 2.1.2,

depth perception is induced by X parallax. However, there is an asymmetric depth

perception between the crossed disparity and the uncrossed disparity. Also, the

depth perception with crossed disparity has closer predictions than that with
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uncrossed disparity in most cases. Moreover, one of two depth perception directions

(crossed and uncrossed disparities) is impaired to stereo-anomalous observers.

Therefore, the criterion of superimposing in the horizontal direction is to compel the

X disparity of the correspondence with the smallest X disparity to be zero.

Unfortunately, during the above two processes - that is, in both epipolar

image re-sampling and anaglyph formation - the x and y coordinates are not always

computed as exact integer values and thus may not fall exactly within the centre of

the pixel. Therefore, resampling is needed to decide the exact value for each pixel.

Three resampling approaches were incorporated into the epipoplar image re-

sampling and anaglyph formation processes developed for this research: nearest

neighbour resampling, bilinear interpolation resampling, and cubic convolution

interpolation. An option is provided for users to choose a resampling method in this

system (see Figure 3-9).

3.5.1 User Interface for 3D Image Visualization

In this system, two kinds of user interfaces are provided to allow users to

interactively view 3D images: one for local 3D visualization (Figure 3-22) and the

other for 3D visualization through Web browsers (which will be described in section

3.5.2). For the first case, a GUI in the form of a 3D image viewer is implemented in

Java programming language; it consists of an extension of the JAI API to provide

the interface for image visualization. Both of these components provide the

following services:
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1) Showing two kinds of images - colour 2D and 3D - on a viewing

window;

2) Allowing a user to zoom in on the image in the viewing window by

mouse clicking the zoom in button or to zoom out by mouse clicking the

zoom out button;

3) Allowing a user to pan the image in the viewing window;

4) Switching 2D and 3D image viewing in the viewing window; and

5) Automatically or interactively refining the 3D effect in the viewing

window.

Figure 3-22. User interfaces for 3D visualization (local 3D viewer)

A key issue is the efficiency of the automatic parallax adjustment for an

optimal 3D display to meet the real time requirement. In this research, a Quadtree-
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based method is proposed to solve this issue for more efficient 3D effect refining.

To build a Quadtree, correspondence information of quadrants is required. The

stereo match process is used to obtain correspondence information. The Quadtree

index structure, the stereo match process, and the 3D refining method used in this

research are described in the next three sections.

3.5.2 Quadtree

The Quadtree structure has been widely used in the fields of image

processing [Fazekas and Santa, 2000; Yang et al., 2000; Manouvrier et al., 2002],

computer graphics [Samet and Webber, 1988], GIS [Shaffer et al., 1990; Wang and

Armstrong, 2003], image databases [El-Qawasmeh, 2003], and image compression

[Wang et al., 2000; Chung and Tseng, 2001]. A Quadtree is a member of a class of

hierarchical structure based on the recursive division of the image in four disjoint

quadrants, and is well suited to applications that involve searches [Samet, 1990].

Quadtrees can be used to represent different types of data; that is, point data, areas,

volumes, and so on. The most known and studied Quadtree approach is the region

Quadtree. It partitions an image into four equal-size quadrants by means of recursive

successive subdivision. The partition will be stopped once a given criterion is met,

and so the resolution of decomposition (the number of times it is decomposed) can

be changed according to the properties of the input data.

Figure 3-23 presents an example of a binary image (23 by 23 pixels) and its

regional Quadtree representation. The root of the Quadtree corresponds to the entire

binary image. The descendant nodes of a node (parent) represent quadrants (labeled
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NW, NE, SW, and SE) of the region represented by that parent node. A leaf node

corresponds to a homogeneous image quadrant (all white or black pixels) for which

no further subdivision is necessary. An internal node contains both black and white

pixels. As shown in Figure 3-23, the leaf nodes of a Quadtree (unbalanced tree) are

not at the same level in general.

Figure 3-23. Examples of (a) a binary image
and (b) the corresponding Quadtree representation

3.5.3 Stereo Match

Refining the 3D effect for a particular area requires the identification of

correspondences with the smallest X disparity in the refining area. Once the epipolar

images of the stereo pair have been established, epipolar stereo images can be used

to establish more new correspondences using both feature-based and area-based

methods that consider the epipolar constraint.

In this research, some modifications have been made to the matching

approach described in section 3.3. The first is image tiling, while the second

considers the epipolar constraint. As illustrated as Figure 3-24, decomposition of
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image tiling has the property that, at each subdivision stage, the image is subdivided

into four equal-sized parts. This allows us to use the Quadtree index structure to

search the correspondence information in each tile area for later refinement of the

3D effect. The level l of decomposition depends on the sizes of the image and 3D

viewer, defined by this research as follows:

30-3                           1log,logmax.
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where w1 and h1 represent the image width and height, respectively; and w2 and h2

represent the viewer width and height, respectively.

Figure 3-24. Decomposition of Image Tiling

After feature points are extracted, for a feature point of the source (left)

image, a local support region is defined to search the possible matches of the target

(right) image near the epipolar line. The thickness of the local support region can be

set based on the epipolar curve and image size. In this system, the thickness is

defined as 3 to simplify the problem. To select the most consistent matches, the

strength of the match and uniqueness constraint are applied. At this time, for each

sub-quadrantsFirst four quadrants
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image tile, correspondences with the smallest disparity are selected and saved to a

project file for further processing to refine the 3D effect.

3.5.4 Refining 3D Effect

Depth perception in binocular vision is caused by horizontal parallax.

However, excessive horizontal parallax will cause depth distortion and stereo fusion

problems, and so the parallax should be maintained in a limited range for an

acceptable stereo fusion (e.g., less than 30 arcmin) [Patterson, 1992; Carr, 1993;

Patterson, 1997]. Since satellite images cover a large area, as illustrated in the left

image of Figure 3-25, some areas with high elevation have larger horizontal

parallaxes. 3D refining automatically reduces the horizontal parallax to maintain an

acceptable parallax (see Figure 3-25, right image). The criterion for refining the 3D

effect in a viewing area is similar to that for anaglyph forming, which compels the X

disparity of the correspondence with the smallest X disparity to be zero within the

viewing area.
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Figure 3-25. An example of horizontal parallax, left image with larger horizontal
parallax, and right image with small horizontal parallax

In this research, a Quadtree-based method is proposed to allow for more

efficient 3D effect refining, and a modified bucket PR Quadtree is developed.

Initially, the bucket methods were designed to ensure efficient access to disk data. A

bucket PR Quadtree is a region-based Quadtree in which regions are decomposed

until they do not contain more data points than the bucket capacity.

Figure 3-26 presents the image with correspondence information and the

representation of the modified bucket PR Quadtree in this research. The Quadtree

used in this system stores information about correspondences with the smallest X

disparity in each quadrant of the stereo images. In the modified bucket PR Quadtree,

there is no limitation of bucket capacity. The decomposition of the Quadtree is based

on the successive subdivision of an image (in this system, the left image of a stereo

image pair is used as a split image) into four near equal-size quadrants (the image
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size is not always 2n). The resolution of the decomposition is given by Equation 3-

30, and the Quadtree represents a complete tree. The root of the Quadtree

corresponds to the whole image. The descendant sub-nodes of the root correspond to

quadrants within the image.

Figure 3-26. Quadtree method for 3D parallax refinement
(a) Decomposition of an image, and (b) Quadtree representation of the image.
• -- Match, number (e.g. 1, 2) – the order of Matches, {} – Vector which contains the Matches

Each node of the modified bucket PR Quadtree contains five fields. Four fields

point to the node’s four children corresponding to the four quadrants. One field,

using a Vector, stores information about the object Matches. Each Match contains

information about the disparity (value) and the coordinates of the correspondences

with the smallest horizontal parallax within this quadrant.

The building of the modified bucket PR Quadtree uses the correspondence

information obtained in the stereo match process. The algorithm is as follows:

(1) Initialize the Quadtree root to the entire image with a null Vector and

four null children.
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(2) Build an empty complete Quadtree with the depth level computed by

Equation 3-28. Each node of the Quadtree has a null Vector.

(3) Read correspondence information within one image tile from the project

file (a data stream for the Web application).

(4) For each correspondence, construct a Match object and store it in a

Vector V.

(5) Insert the Vector into the Quadtree.

•  Processing starts from the root upon reaching the bottom (leaf) of

the Quadtree.

•  At each internal node R, two kinds of comparisons are made

between the Vector V’ of node R and the Vector V:

§ One comparison is based on the values of their X disparity. If

the X disparity of matches of V’ is larger than that of V, then

V’ is replaced by V. If they are equal, all the matches of V are

appended to V’. Then, skip to step 6. Otherwise, continue to

the comparison below.

§ The second comparison is based on the x and y coordinates.

This comparison returns the quadrant (child’s node P) of the

Quadtree rooted at the node R in which the Vector V belongs,

and the appropriate subtree is chosen for the next test.

• When Vector V reaches the bottom of the Quadtree, the location

where it is to be finally inserted is identified.
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(6) If the end of the file (or data stream) is encountered, then stop.

Otherwise, repeat step 3.

Now, 3D refining is converted to a range search in a Quadtree to find the

minimum disparity within the refining area so that it improves the efficiency of the

system. To refine the 3D image effect, we simply search for information about those

quadrants that are crossed with the refining area (Figure 3-26). In the searching of

the Quadtree Q, the root of Q is visited first, and then part, or all, of the subtrees

rooted as its children are traversed recursively. When a node N is visited, it checks if

there are Matches stored at N within the refining area (see Figure 3-26). If Matches

are found, then traversing the subtrees of N ceases. Otherwise, the algorithm

continues to examine which quadrants (substrees) of N are crossed with the refining

area, and then returns minimum (disparity values of the determined quadrants). The

disparity values are obtained by visiting the determined quadrants. In Figure 3-26,

the arrows show the traversal of the search process for the minimum disparity value.

The searching process is summarized as follows:

Algorithm searchMinDisparity (Q, Q.root, area)
If there are Matches stored at Q.root within the refining area

Return disparity value of the Matches
Otherwise {

Find the children (quadrants) of Q.root cross the refining area
Return Min(for each child w, serchMinDisparity(Q, w, area))

           }

Because the number of Matches stored in each node are limited, the worst

case computation time of the search is O(n), where n is the depth of the Quadtree.
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3.5.5 Establishing Web-based Interactive 3D Visualization

This portion of research aims to develop a Web-based client/server

architectural solution for 3D visualization through Web Browsers. At this time, 3D

Web visualization only presents the 3D image online, and there is not much

processing management (no business logic computation) required in the system. In

addition, there is no data other than image data. Therefore, these image data (image

files) are directly stored on the Web server.

Figure 3-27 shows an overview of the architecture of the Web-based

client/server model used in this research. With this architecture, a platform-

independent system is implemented. Any user who links to the Internet and has a

Web browser can use this system. Moreover, it is easy to deploy the Web contents

(files) to the Web (production) server. For example, one can use FTP or other file-

transfer software of her/his choice to transfer the Web page files to the production

server.

Figure 3-27. Architecture of the Web-based client/server model of the W3VPS

  Web Browser

 HTML Page

    Java
  Applet

  Web Server
   HTTP

Image files
Or files
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3.5.5.1 The Client-tier Components

A 3D image display requires a rich interface, which is tied to the behaviour

of the application’s client tier. A client makes requests to the server and presents the

outcomes to the user. Thus, a client configuration must be well chosen so that it

addresses the requirements of the application and provides users with a robust

interface. Web clients use HTTP as the transport protocol and usually operate inside

a browser. Browsers are widely available because users are familiar with them, and

there are no issues with deployment. Applets are Java-based GUI components

executing in a Web browser that are used to enhance the browsing interface. The

Web clients can use any Java-capable Web browser to run the Java-based client

components. In this research, the Web client configuration combines both stand-

alone Web browsers and applets. Figure 3-28 shows the implementation of a client

applet, “3DViewApplet,” which is implemented to provide the user interface for the

3D visualization in the client tier. It provides the services described in section 3.5.1.

The solution of 3D effect refining is the same as that presented in section 3.5.4.
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Figure 3-28. User interface of the Web-based 3D visualization applet

3.5.5.2 Applet -Web Server Communication

A Web server is used in this research to store Web documents (image files)

and to make them available to the online user community. The communication

between an applet and the Web server will be established by an HTTP connection to

allow the applet to connect to the Web server machine.

Most of the Internet users access the Internet through relatively low speed

modems, but the size of satellite images containing both 2D and 3D information is

relatively large in this research. Therefore, a significant problem exists in terms of

bandwidth constraints. To overcome this problem, a technique is used in the

W3VPS that allows the division of high-resolution images including four-colour
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channels into bite-size tiles and to deliver “pixels on demand”. In this case, data

transmission is done by downloading only the required files on demand, which

allows for high-resolution images over all bandwidth environments.

An image-tiling component is implemented to split the original larger images

into the image tiles. Thus, by limiting the amount of data that needs to be

exchanged, data delivery on a “pixel on demand” basis between the Applet and Web

server becomes feasible. Figure 3-29 shows an example of the image tiling that

partitions the original image into rectangular, non-overlapping, blocks with the same

dimensions (100 by 100 pixels in the W3VPS) except for those on the boundaries of

the image. Then, the tiling process stores the image tiles onto the hard disc in .jpg

format. By default, the output image tile files are named by their tiling orders in the

row and column, prefixed with an "im". For example, see Figure 3-29 (right image),

where the name of the image tile of the third row and third column is “im0303”.

Naming the image tiles in this representative way facilitates the Web client’s

(Applet’s) access and retrieval of the data on a “pixel on demand” basis from the

Web server.
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Figure 3-29 Results of the image tiling. Left: original image; Right: image tiles

Communication between the Applet and Web server occurs in the following

way:

The Applet sends a request to the Web server (e.g. zoom in image).

(1) The Applet sends a request to the web server (e.g. zoom in image).

(2) Web server sends the response (images) in HTML form to the Web client

by HTTP protocol.

(3) The Applet displays the transmitted image data on the screen.
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Chapter 4

Testing and Evaluation

The effectiveness of the proposed solution was evaluated by testing each

component of the W3VPS. The tests performed on the system included image-

matching, 3D image generation, and 3D Web visualization. This chapter first

describes the computing environment which was used to develop and test the

W3VPS; then presents the component test results and their analyses; and finally,

summarizes the test results to evaluate overall system performance.

The software and hardware components used to develop and test the W3VPS

are summarized in Table 4.1 and Table 4.2, respectively.

Table 4.1. Software for system development and test

Component Software Used

Image Processing
Components

Java(TM) 2 SDK, Standard Edition Version 1.4.2
Java Advanced Imaging (JAI) API, Version 1.1.1_01

Web Server Apache/2.0.42 Server

Client Browser Internet explorer 6.0
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Table 4.2. Hardware and operating system for system development and test

Component Make/Model CPU Memory Operating
System

Image
Processing
Components

Dell OPTIPLEX
GX260

Pentium(R) 4
1.80GHz

1.00 GB Microsoft
Windows XP
Professional

Web Server
Dell OPTIPLEX

GX260
Pentium(R) 4

1.80GHz
1.00 GB Microsoft

Windows XP
Professional

As listed in Table 4.1, the W3VPS developed for this research used Java

(JDK 1.4) as a development platform and an extension of the JAI API 1.1.1_01 for

3D image generation and 3D Web visualization. Both JDK 1.4 and JAI API

1.1.1_01 are in the public domain and available free of charge via the Internet (SUN

2003(a) and SUN 2003(b)); they were installed on one machine, studio, in the

Geographic Information Group Lab at UNB.

Although many Web servers exist, provided by various vendors, the Apache

HTTP Server, is the most popular Web server on the Internet and is freely

downloadable. Apache [2003] provides details about the features of the Apache

HTTP Server and its configuration. In this research, Apache/2.0.42 Server was

installed on studio. Also, Microsoft Internet Explorer 6.0 as a widely used browser

was chosen as the client browser for the test.

The W3VPS for high-resolution satellite stereo images was tested for both

3D image generation and 3D Web visualization. The testing was based on the

following three components: image-matching, 3D image generation, and 3D Web
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visualization. They are described in the following sections including the descriptions

of the functionalities tested, followed by the testing methods and result analysis for

each.

4.2.1 Image-matching

The proposed image-matching algorithm developed in this research was

tested; see section 3.3 for the details on the image-matching algorithm.

The quality of the matches is crucial to 3D image generation, since

mismatches affect the accuracy of epipolar image re-sampling, thereby detracting

from the visual clarity of the 3D image. Because the distribution of the

correspondences affects the coefficient evaluations (Equations 3-19, 3-10, and 3-24)

required for epipolar image re-sampling in 3D image generation, the results of the

distribution of the correspondences were tested. The evaluation of the image-

matching algorithm was, therefore, based on: (1) the quality of the correspondences;

(2) the distribution of the correspondences; and (3) the efficiency of finding the

correspondences.

As discussed in section 3.2, the city of Fredericton is the study area. Original

stereo images (with the different sizes) of around 3000 by 4500 pixels were tested in

the experiment. All parameters used in testing the proposed algorithm were set

according to the test results of the image-matching Component 1 (see section 3.3,

the test component). Therefore, the Gaussian standard deviation ( ) is defined as 1;

based on this, the Gaussian filter is used to generate the corner images. The size of

local extrema search windows is 13 by 13 pixels. The sizes of the correlation search
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window and the template are set at 100 by 100 pixels and 9 by 9 pixels, respectively.

The threshold of the correlation coefficient is defined as 0.9.

The next three sections describe the testing of the quality of the

correspondences, the distribution of the correspondences, and the efficiency of the

method of finding them.

4.2.1.1 Quality of the Correspondences

The accuracy of the results of the proposed image-matching algorithm was

tested. As described in section 3.3, the new image-matching algorithm consists of

four stages: (1) feature point extraction; (2) searching for candidate matches; (3)

evaluating the best match; and finally, (4) elimination of outliers (see Figure 3-4 for

an overview of the new image-matching algorithm). In this new algorithm, a

modified SM (strength of match) method based on Zhang’s SM [Zhang et al., 1995],

was developed for evaluating the best match. Zhang’s was also implemented to

compare the performance of the two SM methods. The new image-matching

algorithm also included a routine for eliminating outliers, referred to herein as the

‘eliminating outlier algorithm (EOA)’. Thus, the performances of two versions of

image-matching process were compared: one using Zhang’s SM and the other using

my modified SM (proposed image-matching algorithm). This testing was done

manually.

Table 4.3 shows the results of the SM methods for both image-matching

processes. Table 4.4 shows the results of the EOA which took the data produced by

Zhang’s and modified SM as input, separately. In Table 4.3, the Total/bad  shows
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the numbers of total and bad matches; only false matches are classed as bad

matches. The residual includes both false matches and corner localizing errors. To

specify the residual of the matches, RMS in pixels is counted in x, y, and xy

directions separately. The total subheading specifies the total number of RMS of all

matches, while average specifies the total residuals against the number of matches

(average = total / number of matches). In Table 4.4, the detected represents the

number of outliers detected by the EOA Similarly, the total and average RMS in

pixels in x, y, and xy directions are listed under the row residual. The row labelled,

No. of Iterations specifies the number of iterations of the algorithm performed

during the process of eliminating outliers.

In Table 4.3, in the Zhang’s SM column, the results obtained from Zhang’s

SM method, while the results given in the modified SM column obtained from the

modified SM method. In Table 4.4, in the second column, the results were obtained

from the EOA using data produced by Zhang’s SM method while the results given

in the third column were obtained from the EOA using data produced by the

modified SM method.

Table 4.3. Results of the Evaluating the best match algorithm (Zhang’s SM method
and modified SM method separately)

Evaluating the Best
Match

Zhang’s SM Modified SM

Total/bad 143/21 143/2
Total 213 26x

Average 1.4859 0.1818
Total 115 11y

Average 0.8042 0.0769
Total 285.32 36.04

Residual
(RMS in
pixels)

xy
Average 1.9952 0.2520



94

Table 4.4. Results of the EOA

Eliminating Outlier
Algorithm

Using data produced
by Zhang’s SM (21

bad matches) as input

Using data produced
by modified SM (2

bad matches) as input
Detected 18 1

Total 33 15x
Average 0.2661 0.1056

Total 23 10y
Average 0.1854 0.0704

Total 56 25

Residual
(RMS in
pixels)

xy
Average 0.4516 0.1760

No. of Iterations 19 2

Table 4.4 shows that good results have been obtained using the proposed

image-matching algorithm. For example,

Average residual RMS x = 0.1056 pixels and

Average residual RMS y = 0.0704 pixels

Explanations for evaluating the best match:

Table 4.3 clearly shows that the modified SM method is efficient and

superior to Zhang’s SM in terms of the quality of matches that it returns, witness the

following comparisons:

• Average residual RMS x is reduced from 1.4859 pixels to 0.1818 pixels.

• Average residual RMS y is reduced from 0.8042 pixels to 0.0769 pixels.

• Bad matches are reduced from 21 to 2.

Finally, as shown in Table 4.4, the results of the EOA using the

correspondence data produced by the modified SM method were compared with
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those using data produced by Zhang’s SM method. The comparison confirmed that

the modified SM method is more effective than Zhang’s, as shown below:

• Average residual RMS x is reduced from 0.2661 pixels to 0.1056 pixels.

• Average residual RMS y is reduced from 0.1854 pixels to 0.0704 pixels.

In Zhang’s SM, the contributions of candidate matches in the neighbourhood

are weighted by their distances from the match. This means that a close candidate

match gives more support to the match being measured than a distant one. Thus,

when most candidate matches of tiled stereo image pairs join closely together, false

matches may result. In the modified SM approach, the weights for all candidate

matches are the same. This still satisfies the rule that an affine approximation is

reasonable only for a small area because the sizes of tiled images (candidate match

neighbourhood) are small.

Explanations for eliminating outliers:

In Tables 4.3 and 4.4, the average x and y residuals before and after rejecting

the outliers show the improvement achieved by incorporating the outlier detection

module. The detected numbers also demonstrate that the EOA rejects the majority of

outliers. The identified outliers were also inspected manually and confirmed as

incorrect matches. Although not all of the outliers were removed by either approach,

those few that lie along the epipolar lines have a negligible effect on epipolar image

re-sampling.

The other intuitive error measures used to evaluate the quality of the

correspondences (matches) include the sum, average, and maximum value of the Y



96

disparities (parallax) of the matches after epipolar image re-sampling. As shown in

Table 4.5 and Figures 4.1 to 4.3, these measures demonstrate the results obtained

from the EOA. Because Zhang’s SM produced more bad matches (21 bad matches

over 143 total matches; see Table 4.3), the comparison of Zhang’s SM method in the

evaluation of the EOA as the immediate computational precedent is appropriate.

In Table 4.5, the results given by the before rejecting outliers column were

obtained directly from Zhang’s SM method. The results yielded by the after

rejecting outliers column were obtained from the EOA using data produced by

Zhang’s SM method.

Table 4.5. Comparison of Y disparity and rotation angle
before and after the outlier rejection

Before Rejecting Outliers After Rejecting Outliers
Sum of Y disparity

(pixel)
448.39 73.58

Max Y disparity
(pixel)

29.40 2.71

Average Y disparity
(pixel)

3.80 0.73

Rotation Angle
(arc)

0.5856 0.4604

Table 4.5 compares the results before and after the outlier rejection algorithm

is applied based on the following four aspects: sum of Y disparity, max Y disparity,

average Y disparity, and rotation angle . The sum of Y disparity represents the sum

of Y disparities of all matches after epipolar image re-sampling. Max Y disparity

represents the maximum value of Y disparities of all matches after epipolar image
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re-sampling. Average Y disparity represents the sum of Y disparity against the

number of the matches. Rotation angle represents the angle of the epipolar line.

As shown in Table 4.5, Sum of Y disparity, Max Y disparity, and Average Y

disparity in the After Rejection Outliers column were greatly reduced from their

corresponding values in the Before Rejecting Outliers column. The Rotation Angle

was considerably altered after outlier rejection. On this basis, the EOA appears to be

effective in the rejection of outliers.

Figures 4.1 to 4.3 show the intermediate results during the execution of the

EOA based on three aspects: maximum Y disparity, average Y disparity, and rotation

angle. In these three figures, the x-coordinate represents the number of loop times.
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Figure 4-1. Maximum Y disparity comparison of the loops of the EOA (using 21 bad
matches over 143 total matches as input)
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Figure 4-2. Rotation angle comparison of the loops of the EOA (using 21 bad
matches over 143 total matches as input)
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Figure 4-3. Average Y disparity comparison of the loops of the EOA (using 21 bad
matches over 143 total matches as input)

In Figure 4.1, the y-coordinate represents maximum Y disparity. The

Maximum Y disparity was reduced with successive iterations. In Figure 4.2, the y-

coordinate represents rotation angle. The rotation angle fluctuates before loop 13

because mismatches exist with large residuals, and these mismatches affect and

control the result of the rotation angle. Even at that stage, the rotation angle is

always greater than the rotation angle for loop 13. Rotation angle reduces smoothly

subsequent to loop 13. In Figure 4.3, the y-coordinate represents the average Y
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disparity. The average Y disparity fluctuates similarly to that in Figure 4.2 because

the Y disparities of matches after epipolar image re-sampling are calculated based on

the angle of the epipolar line. Thus, testing results indicate that the EOA

progressively improves the accuracy of the results.

4.2.1.2 Distribution of the Correspondences

The distribution of correspondences over the stereo image pairs was tested in

this research. Investigating this aspect of the results is important because the

distribution of the correspondences directly affects the stability and accuracy of

epipolar image re-sampling.

Drawing the results (a set of correspondences) of the proposed image-

matching algorithm over the stereo image pair provided another means of testing the

result of the distribution of correspondences. In this research, only the points of the

correspondences in the left image were used as test data. Figure 4-4 shows the

results of the distribution of the correspondences obtained by the new image-

matching algorithm. The x direction represents the column of an image, while the y

direction represents the row of an image. Dots represent the points of the

correspondences in one of the stereo images.
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Figure 4-4. Distribution over the left image of the correspondences

Figure 4.4 shows the good result that the points of the correspondences are

evenly distributed over the whole image with the exception of the river area that is a

homogenous area and in which no correspondences can be found. Currently, there

are no image-matching approaches to effectively find the correspondences of

homogeneous areas. Thus, the new image-matching algorithm, using the image

tiling technique, results in the effective distribution of the correspondences.

4.2.1.3 Efficiency of Finding the Correspondences

The processing time for image-matching was tested in this research as an

additional means of evaluating of the effectiveness of the image-matching

algorithm.

In testing system performance, each tiled stereo image pair as well as the

whole stereo image pair was tested in each of the six stages: tiling, corner image
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generation, corner extraction, correlation, best match, and outlier detection. Table

4.6 shows CPU time in milliseconds spent in each step for each tiled stereo image

pair and the whole stereo image pair. In this table, Tiling represents the image tiling

process; corner image represents the corner image generation process; corner

extraction represents the corner detection process; best match represents the process

of evaluating the best match; correlation 1 represents the correlation process with

neighbourhood disparity information; outlier detection represents the eliminating

outlier process.. Total represents the total processing time and was counted at the

end of image-matching test. In Table 4.7, correlation 2 represents the correlation

process without neighbourhood disparity information.

As described in section 4.2.1, the sizes of the original stereo images are

around 3000 by 4500 pixels. The image tile size, except for the boundary tiles, is

defined as 200 by 300 pixels, or 220 by 320 pixels, for the left image or right image

respectively; there exist 168 tiled stereo image pairs.

Table 4.6. Computing time in each stage of the image-matching process:
CPU time in milliseconds

Matching stages
Each tiled image pair

(average 168 tiled pairs)
Whole image pair

Tiling 720.19 130992
Corner image 0.28 48

Corner extraction 1139.1 191370
Correlation 1 495.61 83263
Best match 1.75 295

Outlier detection 31.42
Total 2356.95 395999.42
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Table 4.7. Computing time in the correlation without the neighbourhood disparity
information: CPU time in milliseconds

Matching stages
Each tiled image pair

(average 168 tiled pairs)
Whole image pair

Correlation 2 1075.09 180616

The time values shown in Tables 4.6 and 4.7 indicates that the computing

time for correlation is reduced significantly – that is, by over 50% (see row

correlation 1 in Table 4.6 and correlation 2 in Table 4.7) - when disparity

information obtained from neighbouring tiled stereo image pairs was used. The time

taken for correlation depends on tile scene complexity (the number of corner points)

and neighbourhood disparity information according to the observation of both time

difference and scene content, between each tiled stereo pair. The times attributed to

image tiling, corner extraction, and best match location are essentially constant

throughout the process of iterations. In general, the most time-consuming steps are

image tiling, corner extraction, and correlation.

In this research, a new robust approach to image-matching by exploiting the

epipolar constraint has been proposed, developed, and tested. The principal

innovation brought by the new approach is in using certain heuristic techniques

(corner detection and correlation methods in this implementation) to find initial

matches, and then to use a modified SM approach to locate the best match within a

tiled stereo image pair; finally, an outlier detection module (the EOA) uses a robust

technique – the regression diagnostic approach – to discard outliers.
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The testing was completed, and the results obtained in this research indicate

that the new approach works effectively by comparing with the matching results

shown in the literature [Shapiro and Brady, 1995; Zhang et al., 1995; Zhou and Shi,

2002].

4.2.2 3D Image Generation

3D image generation was tested to evaluate the results of anaglyph images

for the purpose of 3D image accuracy evaluation. In general, epipolar images are

used for automatic DEM extraction or 3D stereo viewing to minimize registration

error in the y-direction. Also, as described in section 2.1.3, the Y parallax should be

minimized for correct depth judgements. The RMS of the Yparallax is, therefore,

used as  a measurement to evaluate the quality of the 3D image for 3D viewing.

For verification purposes, 68 checkpoints, distributed evenly over the entire

stereo image pair, were measured manually, the results of which are shown in Table

4.6. In this table, RMS of y-parallax represents the total number of Y parallaxes, in

pixels, associated with the 68 checkpoints; RMS (average) of y-parallax represents

the total RMS of y-parallax against the number of checkpoints in pixels; and

Maximum y-parallax represents the maximum y-parallax among the checkpoints,

again, in pixels.

Table 4.6. Testing results of the Y parallax of an anaglyph image

RMS of y-parallax
(pixel)

RMS (average) of y-parallax
(pixel)

Maximum y-parallax
(pixel)

29 0.4264 2



104

Table 4.6 shows that accuracy of better than half a pixel was achieved and

that the maximum Y parallax was 2 pixels under practical experimental conditions.

The results obtained for this research indicate that the epipolar re-sampling

approach, based on the 2D affine orientation model, can be effective for the

mapping of the medium-sized areas (e.g., 4500 by 4500 pixels) of the high-

resolution satellite stereo image pairs for the natural environments.

4.2.3 3D Web Visualization

3D Web visualization was tested to evaluate the performance of its

architectural constructs upon implementation. Testing focused on evaluating the

results of refining 3D image effects and the efficiency of functionalities, such as the

zoom image, provided by the Web client.

All tests were conducted on the same machine, Studio (see table 4.2 for the

characteristics of this machine), because of the limitation of the licence requirement

to publish JAI contents on the Web. In this research, all tests were examined using

the Internet Explorer 6.0 Web browser running on the same machine as the Web

server. When commercial software, in the form of ViewpointTM, was used for image

visualization, no significant differences were observed in the data transmission time

of different machines in the UNB LAN. The 3D Web visualization uses technology

similar to that of ViewpointTM for data transmission. Thus, on the assumption that

these machines faithfully represent those on other (typical) networks, we may infer

that the results obtained from testing 3D Web visualization on studio are

representative.
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4.2.3.1 3D Image Refinement

To achieve acceptable stereo fusion in which there is no the process of

binocular rivalry (see pages 16 and 17 for the details about binocular rivalry), the X

parallax should be maintained within a limited range. As described in Chapter 3, the

objective of 3D image refinement is to adjust the X parallax of the 3D viewing area

of a 3D anaglyph image for optimal 3D display, in real time. In this research, the

testing for 3D image refinement includes two parts: 3D effect and refining time. An

original anaglyph image of approximately 2000 by 2350 pixels was tested, the

viewing area of which was defined as 500 by 360 pixels.

3D effectiveness:

An optimal 3D effect facilitates depth perception of the viewing area without

the depth distortion and stereo fusion problems brought about through previous

approaches (Anaglyphs). Being essentially a subjective quantity, the quality of the

3D effect was tested by 10 observers with the different backgrounds (some of them

have no 3D viewing experiences). Different portions of the overall anaglyph image

were randomly selected and displayed on the screen. For each displayed area,

observers viewed displays both before and after 3D refining. Before 3D refining, all

observers had stereo fusion problems, i.e. impossibility and difficulty to fuse, for

some areas. However, after 3D refining, depth perception was obvious over all

areas, and observers did not have stereo fusion problems, even though Y parallaxes

(maximum 2 pixels) occurred in some areas. Test results obtained in this work
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indicate that the new 3D refining method significantly improve 3D effect display for

the refined areas.

Refining time:

Refining time refers to the processing time requirement for the 3D

refinement stage. In this research, a Quadtree-based method was proposed for 3D

effect refining, and a modified bucket PR Quadtree (3DIndexTree) was

implemented. The process of building the 3DIndexTree involves two steps: (1)

loading the correspondence information from the file; and (2) building the

3DIndexTree. The building process is performed at the beginning of loading the

image data, and so it does not really affect the refining time, but the search time on

the 3DindexTree does. The refining time, therefore, includes both the search time

and the time for refreshing the viewing area of the 3D image. The test result was 204

milliseconds for a 500 by 360 pixel viewing area; this result was the average of 20

separate runs for each trial. Because there is no requirement to transmit data over the

Internet for 3D refining, and therefore no effects resulting from such transmission, it

is asserted that testing using other machines online would have the similar results.

This result also shows that efficient refinement of 3D the effect can be achieved,

while meeting the real time requirement, using the proposed method.

4.2.3.2 Web Services of the Web-based 3D Visualization System

The performance of the architecture implementation of the W3VPS was

tested, in terms of the efficiency of its functionalities, including zoom in, zoom out,
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and pan. In the proposed approach, the 3DviewApplet applet cooperates with the

Web server to provide those Web-based functionalities. This stage of the testing was

repeated for a total of 20 trials without memory cleared between tests. The

processing time for each test was measured from the instant that the client clicked a

link to the Web server to the end of drawing an image (500 by 360 pixels) on the

screen. The result obtained from this test, being the average processing time, was

748 milliseconds. This shows that the simple architecture for this research can

provide good performance for those services.

The W3VPS developed in this research is completely automated. The

matching, epipolar-generating, and anaglyph image-forming requires about 7

minutes to process in batch processing mode using a high-resolution satellite stereo

image pair of around 4500 by 3000 pixels. The RMS of the matching results is 0.176

pixels in xy. The anaglyph image has a maximum of 2 pixels Y parallax and an

average Y parallax RMS of 0.42 pixels. 3D images can be well displayed in the 3D

viewers (see Figures 3-22 and 3-28 for the samples of display results) on both local

computers and Web browsers. Functionalities such as 3D refining are achieved in

real time. For Web visualization, data transmission over the Internet achieves good

performance. It is like real time processing (by average time less then 748ms for a

viewing area of 500 by 360 pixels).
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Chapter 5

Conclusions and Recommendations for Future Work

In this research, the W3VPS has been designed, implemented, and tested. It

allows: (1) automatical generation of 3D images through a new approach operating

in anaglyph mode; and (2) 3D visualization of high-resolution satellite stereo images

by means of Web browsers. The following sections summarize this thesis, highlight

its chief contributions, and present some recommendations for future enhancements

to the current W3VPS.

This thesis presents a new approach to the generation of natural colour 3D

stereoscopic images using the anaglyph method based on human binocular matching

sensitivity, and to the production of effective Web-based visualization. To better

utilize the available high-resolution MS and Pan satellite images, and to explore a

more effective way for detailed colour 3D visualization at low cost, the W3VPS

requires pan-sharpened stereo images as data sources.

This study has demonstrated that it is possible to model a natural (urban)

environment in colour 3D using the new commercial high-resolution satellite image

data on the Web; the W3VPS allows the clear viewing of characteristically urban

objects, including cars in colour 3D. The processing speed of colour 3D images such
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as these is fast (around seven minutes for stereo images of 4000 by 3000 pixels), and

colour 3D viewing can be accessed with the use of comparatively cheap

complementary-colour glasses – an improvement over the expensive polarized

screens and glasses required by traditional approaches to 3D viewing. The colour 3D

image can be displayed on a conventional cathode-ray and active matrix screens and

printed on paper - both characteristics that indicate great potential for a variety of

applications and viewing environments.

Developing the W3VPS involved a number of innovative applications of

photogrammetric principles to Web technologies. The contributions made by this

thesis are summed up below.

1) A complete prototype system (W3VPS) was developed for automatic 3D

image generation without the requirement of rigorous orientation parameters or

DTMs; and for 3D Web visualization without special (expensive) graphics hardware

that is typically required for high-resolution satellite stereo images. The W3VPS is

easily accessible to the non-specialist. Through literature review and Web search,

the author has found no similar systems in existence.

2) A new image-matching algorithm was developed for the automatic

matching of corresponding pairs of high-resolution pan-sharpened stereo images.

Image-tiling techniques were used to reduce the memory requirements, and to avoid

having the established correspondences be too close to one another; image-tiling

techniques also facilitate easy implementation of the algorithm and improve its

performance. In this new image-matching algorithm, a modified SM method was



110

proposed and produced better results than those from Zhang’s [1995] SM method. A

new algorithm for eliminating outliers, based on the regression diagnostic approach,

was developed and proven to be effective. This novel image-matching technique

successfully and efficiently found a set of correspondences and eliminated the

majority of reported correspondence outliers. Although not all outliers were rejected,

the remaining few (1 unacceptable match over 142 good matches from the test pool)

lay along their respective epipolar lines and had a negligible effect on evaluating

epipolar image re-sampling.

3) A 3D image generation component was developed for the automatic

generation of epipolar images as stereo image pairs, and for automatic formation of

3D anaglyph images. An algorithm was developed using a well-established 2D

affine orientation model for the epipolar re-sampling of high-resolution satellite

stereo images without the requirement to input rigorous orientation parameters,

DTMs, or GCPs; this is a difference from the approach used in traditional digital 3D

photogrammetric workstations and 3D satellite stereoscopic images systems. The

algorithm’s design entails no special prerequisite user knowledge and, thus,

operation of the W3VPS is palpably simpler than existing counterparts. Based on

epipolar images, high accuracy anaglyph images can be easily formed. The largest Y

parallax of the resulting anaglyph images is less than 3 pixels.

4) A new algorithm based on the Quadtree technique was developed for

refinement of the 3D effect. This new algorithm converts the 3D effect-refining

problem to a range search in a Quadtree. By replacing traditional techniques (image-
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matching), it improves the efficiency of refining the 3D effect online to meet the real

time computing requirement. The search time averages 204 (ms).

5) GUIs were created to display 3D images on local computers or through

Web browsers. These GUIs allow users to interactively view 3D and 2D colour

satellite images. They also provide some specific functionality, such as a 3D effect-

refining function, designed to enable users to view the optimal 3D effect in the

viewing window, essentially in real time.

6) A one-tier Web client/server architecture was implemented for 3D Web

visualization. Although a simple client/server architecture was employed, it was

adequate for the application investigated; this simplicity enabled easy deployment of

Web contents (files) to the Web server. To overcome the problem of bandwidth

constraint and to improve system efficiency, the technology used in this research

divides high-resolution images into bite-size tiles and delivers “pixels on demand”.

The average data delivery time is less than 748 milliseconds for a 500 by 360 pixel

viewing area.

Although the goal of this thesis has been reached, there still exist a number

of ways to improve the system performance and to extend the functionalities of the

system for future development. This future work could include the following:

1) The precision of the estimation of the epipolar image re-sampling relies

directly on the matched points. To improve the quality of estimation of the re-

sampling, the accuracy of matched points should be increased. Using a subpixel-
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precision corner detector can improve the accuracy of matched points. A false match

is occasionally aligned with the epipolar line and will not be detected by the W3VPS

because only the epipolar constraint is used for outlier rejection. This, of course,

does not disturb the estimation of the epipolar image re-sampling. However, by

exploiting other constraints, such as a disparity gradient limit, it is capable of

detecting more outliers.

2) Data volume transmitted over the Internet is the key to improving system

performance, to allowing users to view the images smoothly, and to reduce data

transmission time. Integrating state-of-the-art image compression techniques, such

as JPEG2000, into the W3VPS can contribute to reducing the data volume

transmitted over the Web.

3) It is expected that the generation of 3D geometric models will allow for

online extraction of 3D features. Geo-referencing of the 3D images is required for

3D feature extraction, and to integrate GIS data layers with the anaglyph image.

4) System functionality may also be expanded so as to enable the

performance of geospatial data queries and, otherwise facilitating the delivery of a

wider range of geospatial data services through Web browsers. Designing a Web-

based multi-tier client/server model will achieve this.
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