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Abstract

In tele-operation, visual communication plays an important role as a source of information for
control of a remote machine. The main objective of this thesis is to investigate the image merging in
a dynamic visual communication system (DVCS) that can provide better visual presentation of the
remote machine’s working environment to the operator. The conventional VCS such as television
cannot provide wide field of view (WFOV) and high resolution at the same time without significantly
increasing the number of pixels and the bandwidth which is difficult and expensive. One of the
proposed alternatives is to have a high resolution insert at the area of interest (AOI), determined
by the observer’s current eye orientation, projected into a cutout in the low resolution wide field of
view (WFOV) background. This system is called a dynamic VCS (DVCS) in this thesis because
of its active feedback control over the viewing scene. A DVCS requires a multi-channel imaging
system, dual-resolution presentation, an eye tracker controlling the location of the AOI insert within
pixel level accuracy, and an image merging system that can register and fuse AOI and WFOV
images, -all in real time.

This thesis discuss some of these issues, mainly focusing on the design and implementation of
the image merging in such a system. Several possible approaches are analyzed with regard to the
free parameters in the implementation, and experiments are carried out on seven sets of AOI and
WFOV images. These images are taken by off-the-shelf cameras with different rotational angles,
zooms (scale), and optical centres (translational change) (RST). The optical axis for AOI and WFOV
imaging are kept parallel. Based on the analysis and experiments, a new multi-process approach
was designed and implemented which can trade off performance characteristics for various imaging
conditions. This approach requires only rough estimation of the RST values to start with and presents
a registered and fused dual resolution image to the viewer. This processing is also calibration free
and can relax the specification requirements of the pbsition sensor and camera control devices. A
new study of using corner attributes to recover RST values leads to a derivation of an analytical
representation of the significance value for detecting scale-consistent corners. There are many other

issues to be studied in the future for a better DVC system.
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Glossary
As defined in [Burt, 96], or used in this thesis (*):
Blur — a loss of image sharpness, introduced by defocus, lowpass filtering, camera motion, etc.
Border — the first and last row and column of a digital image.
Corner — a two dimensional discontinuity point. *

Digital Image — (1) an array of integers representing an image of a scene; (2) a sampled and
quantized function of two or more dimensions, generated from and representing a continuous function
of the same dimensionality; (3) an array generated by sampling a continuous function on a rectangular

(or other) grid and quantizing its value at the sample points.

Digital Image Processing — digital processing of images, the manipulation of pictorial information

by computer.

Edge — (1) a region of an image in which the gray level changes significantly over a short distance;
(2) a set of pixels belonging to an arc and having the property that pixels on opposite sides of the

arc have significantly different gray levels.

Feature — a characteristic of an object, something that can be measured and that assists in

classification of the object (e.g., size, texture, shape).

Feature Extraction — a step in the image processing in which measurements of the features are

computed.
Foveal Vision: the viewing angle that has the highest resolution. *

Hierarchical Approach: Multi-resolution approach using the low resolution result to limit the search

space of the higher resolution search.

Gray Level — (1) the value, associated with a pixel in a digital image, representing the brightness
of the original scene at the point represented by that pixel; (2) a quantized measurement of the local

property of the image at a pixel location.

Low-pass Filtering — an image smoothing (usually convolution) operation in which the low

frequency components are emphasized relative to the high frequency components.

Image — any representation of a physical scene or of another image.



Image Matching — any process involving quantitative comparison of two images in order to

determine their degree of similarity.
Image Processing Operation — a series of steps that transforms an input image into an output image.

Image Registration — a geometric operation intended to position one image of a scene with respect

to another image of the same scene so that the objects in the two images coincide.

Interpolation — the process of determining the value of a sampled function between its sample

points,
Neighborhood — a set of pixels located near a given pixel.

Non-maximum Suppression — a way to obtain the maxima by selecting the pixels that have higher

value than all the eight immediate neighborhood pixels. *

Peripheral Vision — the viewing angle with low resolution and wide field of view. *

Pixel — the smallest element of a digital image. The basic unit of which a digital image is composed.
Region — a connected subset of an image.

Registered Images — two or more images of the same scene that have been positioned with respect

to one another so that the objects in the same scene occupy the same positions.

Resolution — (1) in optics, the minimum separation distance between distinguishable point objects;
(2) in image processing, the degree to which closely spaced point objects in an image can be

distinguished from one another.

Sampling — the process of dividing an image into pixels (according to a sampling grid) and

measuring the local property (e.g., brightness or color) at each pixel.

Scale — the ratio of the zooms in camera used to take WFOV and AOL

Scene — a particular arrangement of physical objects.

Sharp — pertaining to the detail in an image, well defined and readily desirable.

Smoothing — any image-processing technique intended to reduce the amplitude the of small details

in an image. Smoothing is often used for noise reduction.

System — anything that accepts an input and produces an output in response.




Texture — in image processing, an attribute representing the amplitude and spatial arrangement of

the local variation of gray level in an image.
Asynchronous used in this thesis:

AOI: Area Of Interest

AVS: Advanced Visionics System

.BFS: Brute Force Search

CAE: CAE Electronics LTD

CFF: Critical Fusion Frequency

CONDOR: The Covert Night/Day Operations for Rotorcraft Program
DVC: Dynamic Visual Communication

DVCS: DVC System

FOHMD: Fiber Optics Helmet Mounted Display
FOV: Field Of View

HDD: Head Down Display

HMD: Helmet Mounted Display

IFOV: Instantaneous Field Of View

VC: Visual Communication

VCS: VC System

WFOV: Wide Field Of View
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Chapter 1 Introduction

The real-time communication of visual information, known as television, has spread from
the entertainment industry into many commercial and industrial applications, see Fig. 1.1(a) and
(b). Improvements ‘have been made to incorporate wider view and higher resolution into cameras,
transmission, and display systems. There are also many patented systems for binocular stereo,

although none are widely used.

One application of television is as a part of a system for manipulation of a remote environment.
Currently such “teleoperation” systems are in use in remote handling of nuclear and other hazardous
materials, as well as other applications. In some proposed applications, visual acuity is especially
important such as for remote display. Since image sensors and displays have fixed rasters‘ (e.g.,
640x480, 800x600, etc.), improving the resolution is achieved only by reducing the angle of view

of the whole scene.

The human visual system has a structure that allows it to acquire wide angle low resolution
information in the natural periphery and narrow angle high resolution information at the fovea in a
“seamless™ overall view. Details of the scene are acquired by moving the fovea (by eye rotation)

to an area of interest.
A high resolution television system must either:

1. Create a wide angle display of high resolution using multiple screens or projectors (the
approach taken in the “cave” simulation at the University of Illinois, www.beckman.uiuc.edu/themes)

(see Fig. 1.1.(b)). |

2. Using a head-mounted display to create a high (a foveal) resolution view of the world only
where the viewer is currently looking and elsewhere create a low resolution view. This approach
attempts to match the human visual system capabilities. To accomplish this, one requires a high

resolution camera to follow the viewer’s current line-of-sight (Fig. 1.1(c)) and a means of merging

the high resolution and low resolution views in the display.
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Figure 1.1 Real Scene and DVCS Presented Scene

The objective of this thesis is to investigate the issues involved in fusing a high resolution

insert into a low resolution background, to obtain high resolution in the area of interest (AOI),

while keeping the wide field of view (WFOV) background. The AOI is designed to follow the
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eye-movement (in a Helmet Mounted Display, HMD) or head-movement (in a Head Down Display,
HDD). This is the model to be investigated in this thesis and is defined as a dynamic VCS (DVCS)

because of the active feedback control over the scene.

1.1 Background

This DVCS model originated from flight simulator display systems and has been adapted for
tele-operation application. A wide field of view is necessary for the awareness of the changes over the
background while high fesolution is required in the area of operation. One major structural difference
for tele-operation VCS is that the AOI and WFOV images are taken from remote cameras instead
of computer generated as in a flight simulator. There are many detailed issues to be investigated
in this adaption such as wide field of view imaging, software systems for real-time, calibration-free

registration and fusion of the AOI and WFOV images.

1.2 DVC System Structure

223

& & &
WFOV |
~— - A

T [ | p— >
WFOV AOI Image Computer Image >
Camera Camera p| AC quisitionT ™ Processing » Fusion

AOQI /
Viewer

Eye/Head Tracking
Sensor Feedback

Display

Figure 1.2 The DVCS System Components

A DVC system consists of four major components: imaging, transmission and processing, display
and feedback control. The imaging system is normally one or multiple cameras, with optical lenses
and 2-dimensional optical sensors (e.g., CCD array). The transmission system can be a cable or an

RF link and the processing system is usually a computing system (or processor). The display system
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can be a CRT or LCD screen, fibre optic bundle, or projector. In our study, we will concentrate
on a DVCS model with two video cameras as the imaging system, one with wide field of view
(WFOV) but low resolution, another with a narrow field of view but high resolution tracking the
area of interest (AOI), a cable as the transmission line, a computer as the processing system, and a
helmet-mounted-display as the display system. The feedback loop obtains position information from
position sensors tracking the movement of the eye and head and goes to a camera control device.

y

This is shown in Fig; 1.2.

The slaved AOQI insert is able to shift from one location to another. This is necessary in a
practical VCS system since the resources (including sensors, actuators, and processing) are usually
limited, and must be used selectively in order to enhance the focused information without losing the
background. Since a display device like a LCD screen has only one fixed resolution, the images

from separate LCD screens must be combined optically.

‘ N (WFOV) '{

4
|
>
o
o g
L £
=
I
|
v '
<+———  N*s ——— — <

Figure 1.3 The Ratio of the Pixel Numbers Required for Different Structure

To illustrate in detail, this dual resolution presentation has the advantage of being able to a
present high resolution image with a wide field of view without having high resolution over the
peripheral vision, which reduces the total number of pixels required for the same result by many
times. This is shown in Fig. 1.3. If one wants to increase the low resolution scene by a resolution

factor of S, then the whole scene has NS*NS pixels in the first approach as shown on the left,
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and N2 4+ N? pixels (assuming the low resolution pixels under the insert are generated and then

discarded), as shown on the right. The ratio is then (N S)?/ (2N?) = §%/2.

1.3 Software Design

AQI
»| Frame Image Image
! . . —» Output
Input Acquisition Registration Fusion uipu
WFOV

Figure 1.4 DVCS Software Diagram

In the DVC system defined earlier, the AOI and WFOV are taken with different zoom, angle
and optical centres, and need to be registered and fused before being displayed. That is, the
software system needs to acquire the AOI and WFOV images from the cameras and recover the
rotation/scale/translation (RST) changes between the two images, followed by a fusion process. This
is shown in Fig. 14,

The goal is to perform calibration-free registration and fusion of images with RST changes in
real-time. The feasibility and performance of such a software system are studied in detail in this
thesis. Experiments are carried out on seven sets of images with various content. As a result, an
optimized approach is proposed and implemented. This multi-process approach is able to adapt to

the different imaging conditions and minimize the computational cost accordingly.

1.4 Thesis Qutline

The thesis work includes the investigation of the DVCS system specifications from the end
user’s point of view, examination of the technology involved in implementation, and a feasibility
study of the software part of the DVCS model, so that the requirements for the hardware can be

understood better.
Chapter 2 will briefly review human visual perception, with an emphasis on human visual

capacities in the areas that are related to the VCS system specifications. This information will help

to define the DVCS system specifications. This chapter will also investigate the current technology

under development or developed to achieve these goals and the limits of the current technology. The
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two most advanced systems, CAE FOHMD (commercial) and CONDOR (military), are introduced

as examples of the current stage of development, followed by some design ideas.

Chapter 3 will discuss the software design for this system. This includes the requirements,
review of the related literature and the basic steps and functions involved. Among the steps in the
software implementation, the RST estimation is the most complex step and is discussed in more
detail. A review of the RST estimation algorithms leads to three possible approaches which will be

examined in the next three chapters. The evaluation methods are introduced.

Chapter 4 will start to investigate the details of a correlation-based approach. The performance
is analyzed with respect to the free parameters, and a hierarchical brute force search is proposed and

tested. Experimental results are given as well as the computational cost.

Chapter 5 will study a second approach which is feature-based. In this approach, corner points
are used as control points for the image registration. Among all the features, corners are selected
because they are 2D features and are invariant to RST changes, which is especially relevant in our
case. Corners are used as control points and correlation is used in corner point matching in our
analysis. The reliability, accuracy, and computational cost are analyzed and experiments are carried
out. The results suggest that only small RST changes can be recovered reliably and efficiently

with this approach.

Chapter 6 will study scale-consistent corner detection, as the first step in using corner attributes
for image registration of large RST changes. As analyzed in Chapter 5, corner matching using
correlation without any knowledge of RST values requires a large range of search space which is not
computationally efficient nor reliable. So, alternative ways of corner matching, such as geometric,
rigidity, disparity, attributes and invariants have been studied over years. This chapter will study
the corner behavior over scale so that scale consistent corners can be identified and used as control
points. A significance value associated with scale-consistency is defined based on the study of the

smoothing effects on the corners.

Chapter 7 will study the fusion of the registered images. In hardware, they can be projected

onto one screen. In this chapter, software fusion is discussed and implemented. This involves

recovering possible relative distortion, resampling, normalization and transition band smoothing.
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Also, a complete approach of software implementation is summarized in Chapter 7, based on the
analysis and experiments for the previous chapters. This approach combines different process to

obtain best results for various imaging conditions.

1.5 Thesis Contributions

This thesis has made contributions in the following subjects:

* Study of a feasible DVCS model, the system specifications, implementation technology, and
processing system;

* Analysis of the performance of the image registration algorithms in recovering rota-
tion/scale/translational (RST) changes between insert AOI and background WFOV images;

* Experiments on seven sets of images taken with various image contents and RST changes to
study the effects of the free parameters in implementing the registration algorithms;

* Implementation of a processing system that can trade off performance characteristics based on
the imaging condition using an adaptive approach;

* Study of the scale-space behavior of corners and derivation of the analytical presentation of
the significance value for detecting the scale-consistenf corners;

* Three novel ideas for improving the DVCS implementation are proposed: a) an imaging

system using an intensity array; b) an eye-tracking insert using a microlens; c) pixel effect removal

for LCD screen display.
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The ultimate goal of a DVC system is to present as realistic a scene as is necessary to carry out a
task. There are always some trade-offs in implementation, based on applications and affordability. To
make the best trade-offs, there is a need to understand how the human eye perceives the scene, as well
as how well current technology performs. This chapter will discuss the facts from both perspectives.

First, a brief review of human visual perception is given, with an emphasis on human visual
capacities in the areas that are related to the VCS system specifications. As these set the expectations
of the system specifications, the foilowing section will investigate the feasibility of and technology for
implementation. Technical difficulties and limits are discussed, followed by some design ideas. The
two most advanced systems, CAE FOHMD (commercial) and CONDOR (military), are introduced

as examples of the current stage of development.

2.1 Human Visual Perception

The optical structure of the eye is shown in Fig. 2.2(a). The simplified “reduced eye” is shown

in Fig. 2.2(b), from [Mountcastle, 74].
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Figure 2.1 a. (left) Horizontal Section of Right Eyeball;
b. (right) Schematic Diagram of Optic Media [Kelly, 56]



Chapter 2. DVCS Specifications and Implementation Technology

As shown in Fig. 2.2, the optics of the eye (in good focus) is a space-invariant linear optical
system which can be represented by a point-spread function. Unfortunately, the other parts like
receptors (sensor) and visual pathways (processor) are neither space-invariant nor linear. So, it takes
more than just a point-spread function to model the whole system, and a complete model is not
possible. What is needed is to identify a set of significant visual phenomena that can be duplicated
to some extent with current technology. State of the art DVCS systems can accommodate field of
view (aperture), visual acuity (spatial resolution), critical fusion frequency (frame rate), color, stereo
parallax (disparity), eye-movement and head-movement to some extent. So, in the following sections,

we will discuss the visual capabilities in these functionality.

Visual Acuity The ability to detect a border, or an abrupt change in the visual field is called the
resolution of a stimulus in space. This is illustrated in Fig. 2.3(a). In practice, they are simplified

into three regions as shown in Fig. 2.3(b)

* The foveal region which is the hyperacuity area of 26 arc seconds or one arc minute

approximately;

* The transition band where the resolution drops rapidly from 1 arc minute to about 10

to 30 arc minutes;

* The peripheral region where the resolution stays reasonably stable at about 30 arc

minutes.

As discussed in [Mountcastle, 74] and [Kelly, 56], the central retina, particularly the fovea,
contains a much greater information density and provides most fine details of the scene, while the
peripheral region is mainly responsible for target detection, motion detection, pattern recognition in
wider range, and so on. So it’s equally important to present both the high resolution foveal vision
and wide FOV peripheral vision. This is the major reason for adopting a two level resolution DVCS,
with an eye-tracking high resolution insert covering the foveal region called the area of interest

(AQI), while keeping the wide field of view (WFOV) background covering the peripheral region.
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Figure 2.2 a. (left) Visual Acuity vs Distance From Fovea [Mountcastle, 74] b. Simplified Regions

Critical Fusion Frequency The ability to discriminate the stimuli that are separated in time
is called the temporal resolution of stimuli. The critical fusion frequency (CFF) is the minimum
frequency at which repeated stimuli appear to fuse together into a continuous stimulus. The resolution
of stimuli in time is limited because the response to a given stimulus does not cease exactly when
the stimulus ceases but persists for a time thereafter. Fig.2.4(a), as in [Mountcastle, 74], shows CFF

as a function of both retinal illumination (intensity of the flickering stimulus) and retinal location.

From Fig.2.4(a), we can see the critical fusion rate distribution ﬁmction can be simplified into a
piecewise function, 30Hz for the peripheral region and 50 Hz for the foveal region. This is the reason
behind the 30 frame/second TV screen and 50760 frame/second refresh rate for high performance

monitors. This also suggest that AOI frame rate should be 50760, while WFOV can just have 25-30

frame/second in DVCS system as shown in Fig.2.4(b).
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Figure 2.3 a. (left) Effects of Retina Illumination on Critical Fusion
[Mountcastle, 74]; b. (right) Simplified for AOI and WFOV Region

The Field Of View (FOV) The field of view (FOV) is the area seen by an eye at a given instant,
also called the instantaneous FOV (IFOV). The perimetry chart is a chart that shows the FOV, the
area not covered in the dark in Fig. 2.5(a). In all perimetry charts, a blind spot caused by lack
of rods and cones in the retina over the optic disc is found approximately 15 degrees lateral to the

central point of vision, as illustrated in Fig.2.5(a), [Kelly, 56].

Simplified as Rectangular
in Practical System

Vertical FOV (deg)

Horizontal FOV (deg)

Figure 2.4 a. (left) A Perimetry Chart Showing the Field of Vision
From Left Eye [Kelly, 56]. b. (right) FOV in Practical System
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Visual phenomena are closely related to the FOV, in the sense they are functions of FOV. As

discussed earlier, CFF and visual acuity are subjective to the region of the field, for example.

Research by [Mitsuo Ikeda and Tetsuji Takeichi, 75] show that the functional visual field size
shrinks with foveal loads of greater recognition difficulty. They also noticed that this effect is
less obvious with trained subjects, indicating that they learned to shift their attention towards the
periphery without sacrificing detectability at the fovea. Since this is more subjective, we wouldn’t

consider this effect in our module.

To be able to provide a display that covers the IFOV, or the greater part of it, is very essential
in creating a tele-presence. But most systems can only provide a WFOV (defined as minimum 90

degree), and a larger FOV presentation is still under investigation.

Depth Perception and Stereopsis Stereoscopic acuity, is a measure of the ability to discriminate
differences in the distance of stimuli from the eyes. The visual apparatus normally perceives distance
by three major means [Mountcastle, 74]. These means are (1) determination of distance by sizes
of retinal images of known objects (2) determination of distance by moving parallax, and (3)
determination of distance by stereopsis—binocular vision. Fig.2.6, as in [Mountcastle, 74], shows the

stereo vision FOV. Stereo is an important aspect of vision, and usually implemented in a HMD by

presenting two eyes with a pair of images taken with disparity. Details are not discussed in this thesis.
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Figure 2.5 The Stereo Vision and Field of View Distribution [Mountcastle, 74]

Eye Movements and Head Movements Eye movements help the visual system by oriénting
the fovea to the center of the visual task [Young&Sheena75]. Besides that, eye-movement and head
movement also enhance the dynamics of the visual field, acc’ommodation, and hyperacuity recognition
tasks. Fig. 2.7, from [Young&Sheena75], shows typical single-eyed horizontal eye movements
recorded by the photoelectric technique. The figure gives all the basic types of eye-movements and

their speed and range.

Eye movements that are in the range of 0.5 to 1 degree like fixation movements are not tracked
in a VCS system. The reason is the AOI dis'play is designed to be slightly larger than the foveal
region, so even with the presence of the fixation movement or other small range eye-movements,
the foveal vision will still be in the same AOI region. This makes the eye-tracking task easier to
implement. Time delay becomes a significant problem in eye-tracking systems since the overall
system time lag should be less than one frame time, and the sampling rate needs to be at least higher

than the fusion rate in the foveal region which is 50Hz.

The range of eye movements are usually within +-30 deg., though different types of eye

movements have different ranges of movement. Head motion is often involved when the target

13
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motion exceeds 30 degrees.

In a helmet-mounted DVC system, the AOI follows eye-tracking while the WFOV follows
head-tracking. The hard edges (abrupt resolution changes ) between the AOI and the WFOV should
be smoothed with a transition region. An AOI width of 25 degrees within which is a 5 degree wide

smoothly varying transition region and IFOV of 130 degree are recommended by Eric. M. Howlett,

see [Howlett, 92] & [ Kelly, 92].
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Figure 2.6 Typical Horizontal Eye Movements Recorded with a Photoelectric Monitor Showing (a)
Saccadic Jumps, (b) Fixation Movement, (c) Smooth Pprsuit [Young and Sheena]
Expectations The above review on human vision capabilities provides information on the
expectations and evaluation measures of a DVCS system. That is, the system is perfect when
the performance matches the direct human visual capabilities. Since a practical system can’t afford
to meet all these expectations, some kind of trade-offs have to be made. In our study, we adopt
the same system structure used for flight simulator display, except the source of images are from
remote cameras instead of being computer generated. Some adjustments are made to reduce the
cost of the system for feasible industrial applications. These can be justified by lowering some of

the performance criteria that are less critical in industrial applications, such as system time-delay,

resolution and field of view.

14
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2.2 Implementation Technology and Design

The limits of some technical difficulties and affordability concerns determine that some kind of
trade-offs have to be made for a practical system.

An extensive review of the literature in this area was carried out. No papers are found describing
the same research in this area. However, there are several commercial products that use a AOI over
a WFOV for only flight simulators and cockpit target display. This section will discuss the related
implementation issues, starting with reviews of the current technology and state of the art designs,

followed by some improvement ideas.

Current Technology Review

1 Wide Field Approach One of the technical difficulties is in imaging/displaying a WFOV image.
The traditional method is a mosaic of several LCD screens. Given a large enough number of LCD

or CRT screens, a very wide field of view can be obtained at high cost.
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Figure 2.7 Comparison of Linear Projection and Fisheye View

A fisheye lens can also provide WFOV. This is achieved by compressing the wide angle image

in a way that looks like a fisheye. When the 3-D real world is projected to a 2-D plane sensor,
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usually they are linear projections as shown in Fig. 2.8(a), as in a pinhole camera, or an ordinary
camera with a distortion-free lens. The problem is a wide bandwidth is required for transmission and

storage, and a high resolution and wide angle lens is hard to make.

Fig. 2.7(b) shows the fisheye view projection, which is used for acquiring very wide FOV.
Recently, this kind of fisheye system has become more popular because its resolution pattern can
be made to match the human visual system, i.e., higher priority is given to the foveal field to make
the best possible use of the total pixels, and the peripheral field is compressed into the edges of the
image. The image is distorted radically and has to be restored before being presented, as discussed in

[Eric M. Howlett, 89]. The problem with this system is that the focus is always centered and fixed.

2 Eye-tracking and Head-tracking Eye-tracking is used to record the eye movement and control
the positioning of the high resolution insert so that the insert always follows the foveal vision of
the eye, or AOL Many techniques for monitoring eye movements have been developed, and a good

review can be found in [Geoffrey R. Loftus, 74].

Head-tracking is used to record the head movement so that the background or WFOV always

follows the head movement. See [Howlett, 89] for details.

CAE FOHMD

There are currently two types of dual-resolution image presentations. One uses an eye-tracked
insert fused with a head-tracked background all in one helmet-mounted-display (HMD). A recent
CAE product called a fibre optic helmet mounted display (FOHMD) is an example. Another way is
to have a head-down WFOV (background is displayed on the surrounding screen) and head-mounted

AQ], as in the CONDOR system, which will be introduced in next section.

The CAE FOHMD is the most advanced commercial product designed for a flight simulator
display system. The performance specifications for the FOHMD are shown in Fig. 2.8, from a CAE
product flyer. The detailed implementation is not known to us. This system is introduced briefly
as a reference of HMD model and the performance achieved. The system helmet components is

shown in Fig. 2.9, [CAE product brochure]. In this picture, the pilot’s head motion are sensed

16
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with a diode array and accelerometer. Fiber-optic cables carry the image which are displayed via

an optical assembly to the eyes.

17
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The performance specifications for the Fiber-Optic Helmet

Mounted Display are as follows:

(Subject to change without notice)

(a) Instantaneous FOV: 135° horizontally by 64° vertically,
consisting of: a 135° by 64° low-resolution field, and
55° by 30° or 25° by 19° high-resolution field.

(b) Total FOV: uniimited

(c) Brightness: minimum 30 footlamberts

(d) Contrast: greater than 30:1

(e) System Resolution: Background: 135° x 64° -

. 4.6 arcmin/TV line (horizontal)
Inset: 25° x 19° -
1.4 arcmin/TV line (horizontal)

(f) Geometric Distortion: less than 1.5%

(g) Registration: inherently registered at all times

(h) Color: full color system

(i) Optical Helmet Tracker:
(1) Range: Pitch i 90° (2) Resolution: Pitch 0.05°
' Y:

aw 180° . Yaw 0.05°
Roll £ 90° Roll 0.05°
X 24inches X 0.01inche:
Y 24inches Y 0.01inche
Z 12 inches Z 0.01inche: |

Figure 2.8 The CAE Fiber-Optic Helmet Mounted Display
System Performance Specifications, [CAE product brochure]
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Figure 2.9 The Helmet Components, [CAE product brochure]
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CONDOR Advanced Visionics System

Another way of presenting the insert and background is to have a head-down display (HDD) as
background and a helmet-mounted insert projection slaved to the head motion. This is proposed for

the most advanced military system in CONDOR program. The project is discussed in [Kanahele, 96].

As explained in [Kanahele, 96], “The Covert Night/Day Operations for Rotorcraft (CONDOR)7
program is to develop and demonstrate an advanced visionics concept coupled with an advanced flight
control system to improve rotorcraft mission effectiveness during day, night, and adverse weather
conditions in a Nap-of-the Earth (NOE) environment. The Advanced Visionics System (AVS) for
CONDOR is the flight-ruggedized head mounted display and computer graphics generator with
the intended use of exploring, developing, and evaluating proposed visionic concepts for rotorcraft

including the application of color displays, wide field-of-view, enhanced imagery, virtual displays,

mission symbology, stereo imagery, and other graphical interfaces.”

“AVS was designed for use as a research tool to be integrated into both in-flight helicopter and
ground-based simulator environments. The AVS HMD will enable researchers to test the impact
and interaction of various display parameters such as color, FOV and overlap and as such, requires
enhanced performance capabilities for image resolution, color and accuracy. To accomplish this,

state of art technology has been incorporated into AVS design.”

The system specifications are given in Fig. 2.12. Again, no details are known to us, it is

introduced as a reference for an HMD model.

“The AVS design includes a Programmable Display Generator (PDG), Head Down Display
(HDD), and Helmet Mounted Display (HMD) system. Both the PDG and the HDDs are commercial
off-the-shelf systems modified to meet AVS requirements. The HMD system, however, uses new
technology and subsystems developed specifically for the AVS program.” The system block diagram

is shown in Fig. 2.11, and the HMD components is shown in Fig. 2.12.
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Luminance: ' 120 fL

Contrast: 12:1

Field-of-View S50 deg. Vx 60 deg. H pereye
Overlap 20 deg., 30 deg., 40 deg. selectable
Resolution 1280 H x 1024 V pixels (0.5 lp/mrad)

Figure 2.10 AVS System Specifications Expected
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Figure 2.11 AVS Block Diagram
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Hardware System Design

As discussed earlier, even the most advanced DVC system can’t meet all the expectations of a
perfect presentation. On the one hand, this means trade-offs, on the other hand, this has also been
a driving force for new technology and design ideas. Also, note that the display systems discussed
above are for ground flight simulator, the images are computer generated and do not require the
merging of AOI and WFOV video images.

But for tele-operation, the images are taken from remote scene in real time, and accordingly, the
hardware for imaging WFOV and AOI as well as a processing system that merge the two images are
required. There is today no system that provides these functions. Although not directly the topic of
this thesis, some of the issues involved in the hardware implementation of WFOV and AOI imaging,
merging and display have been studied, and a few design ideas are proposed. They are discussed in

the appendices, and here is a brief introduction of the topics addressed.

1 WFOV Imaging and Acquisition Using Intensity Array As discussed earlier, one implementation
difficulty is to provide wide field of view imaging. A pinhole camera is able to provide a wide field
of view, but is limited by its aperture. One solution is to have a pinhole array and recover the image
by deconvolution. If the array is properly arranged, there exists a deconvolution function to allow the
recovery of the original scene from the overlapping multiple images obtained. In general, the array
provides a v/N times effective aperture compared to one pinhole where N is the number of pinholes.

An imaging system based on a similar design principle is proposed, see Appendix A for details.

2 Image Fusion Using a Microlens This system is designed to project the insert image to the
registered position over the background with optical and electronics devices instead of mechanical
devices. The advantage is that it is less expensive and easier for real-time implementation. The

idea is discussed in Appendix B.

3 Pixel Effect Removal For LCD Screen In an HMD system, the viewing distance is close enough
that the pixel details on an LCD screen become obvious and can affect the perception of the image

features. That is, the gaps between the pixels can be seen and cause discontinuously in the image.
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To solve this, a vibration based smoothing mechanism is proposed. This is based on the knowledge
that if the vibration rate is higher than the critical fusion rate, the viewer will not be able to notice
the motion, instead, the perceived image is the fusion of the consecutive frames. This will give
the same visual effect as smoothing along the gap if the motion is crossing the pixel gaps. Further

discussion of this is given in Appendix C.
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We have discussed the DVC system specifications and implementation technology, next we will
study the implementation of the processing system. As shown in Fig. 1.5, the computer acquires
two video channel inputs AOI and WFOV, which have real-time rotation/scale/translational (RST)
changes. Registration and fusion of AOI and WFOV are required before outputting to a display.

The requirements of the processing system are: given an initial RST estimation and their change
range, a registered and fused dual resolution image should be generated in real-time. During this
process, the RST estimation is the important step and also the most complex. Details are examined
in this Chapter. This chapter will review the literature on this subject, the functions involved, and
the problems to be solved. A brief introduction of fusion methods is also given. Fig. 3.1 illustrates
why the processing system is necessary, since without RST estimation, the superimposed image is

misaligned and not readable, as shown.
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Figure 3.1 The Illustration of Image Fusion without RST Registration
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3.1 Imaging Condition and the Transform Matrix

As discussed earlier, the AOI and WFOV images are obtained with relative RST changes. Their

relation can be expressed with a transform matrix in Cartesian coordinates. That is, X’ = T+ X, where

x
X=ly (3.1)
1

and

X' = |y (3.2)

are the corresponding points in original image and transformed image, T is the transform matrix.

Translation: the matrix for translational change is:

To

0 (3.3)
1

<2

10
IT= |0 1
0 0

where 2¢ and o are the amount of shifts in X and Y directions.

Scale: scaling by factor of 5; and S, along X and Y is given by the transform matrix

S 0 0
Ts=|0 5, 0 (3.4)
0 0 1

Rotation: rotation transformation around the origin of the coordinates is given by:

cosfl sinf 0
Thr = |—sinf cosf 0 (3.5
0 0 1

Finally, for RST, the transformation matrix, it is simply the multiplication of the above three

matrixes

Trst =Tr*Ts+Tr (3.6)
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3.2 Image Registration

Image registration is the process of recovering the unknown parameters in the transform matrix,
i.e., the RST values. The purpose is to present two images at the same RST scale so that further
similarity measure and the fusion process can be performed. A good review of image registration
methods can be found in [Fua, 93]. There are two main categories of registration methods, one is
correlation-based, the other feature-based. Correlation is generally regarded as a reliable and precise
method in recovering translational (T) change [Guelch88], but the computational cost can be high
depending on the correlation window size and search region. It is not very well known as to the
performance of this method in recovering the RS values. In [Schmid & Mohr, 95], it is pointed
out that correlation is invariant to small RS change, for up to 20% scale change, and a 15 degree
rotational change. But, no details and rationale were given. This is enough if only translational
change needs to be recovered. But when RS changes need to be recovered, it become necessary
to understand in detail how well the algorithms will perform under these circumstances. This will

be the topic of the next chapter.

Another category of image registration algorithms employs features. These algorithms extract
features of interest from images, such as edge segments, closed-boundaries, contours or corner points
and match them with some similarity measurements. The reliability and precision of these approaches
depend on the feature contents of the two images to be matched, and therefore lack consistency over
different pictures. Nonetheless, its robustness to changes, such as RST, motion and view changes,

make it a popular tool in areas where the correlation fails, or the computational cost is too high.

Among the features, corer points have been widely used as control points in practice, because
they are 2D features and are invariant to RST changes, which is especially relevant in our case.
This is why corners are chosen in our study of the feature-based approach in recovering RST values.
This is studied in Chapter 5, using correlation window in matching, and in chapter6, using attributes

in matching.

3.3 Performance Evaluation

There are many factors that affect the performance, but free parameters are what we can adjust
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to obtain the best results. So, understanding how to select these parameters become very important

part of implementation.

Theoretically, free parameters should be selected based on their contributions to the performance
index such as estimation accuracy, the reliability of the estimation results, and the computational
cost. Chapters 4 to 6 study the relation between the performance index and the free parameters. In
some cases, analytical equations are derived. These will provide the guidelines in selecting the free

parameters in applications involving RST changes.

3.4 Sampling and Interpolation

Given two images and the transform matrix, one of the images needs to be transformed to match

another one. This process involves sampling and interpolation which is introduced in this section.

The re-sampling with RST changes are as follows:
2! cosR —-sinR][z Zg
=l n 14 ) 6
y' sinR cosR Jly Yo

[:c’] [S*cosR*m—S*sinR*y%—mﬂ
- SxsinR+xz+ S *xcosR*y+ 1o

or

(3.8)

/

Y

This equation shows that the new pixel values are not necessarily integer numbers, which means
some kind of interpolation is required to obtain the new pixel values. The transformed pixels generally
fall into the space between four neighboring pixels. The interpolation process is to determine the

gray level value using these four pixels. Many possible interpolation schemes can be used.

Nearest Neighbor Interpolation: The simplest interpolation scheme is the so-called zero-order,
or nearest neighbor, interpolation. In this case, the gray level of the output pixel is taken to be
the value of the input nearest pixel. This is computationally simple and produces acceptable results

for many applications.

Bilinear Interpolation: First order, or bilinear, interpolation produces more desirable results than
zero-order interpolation, with only a slight increase in programming complexity and computation

time. The bilinear function is given as:
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f(z,y) = [£(1,0) = f(0,0)]a+[£(0,1) = £(0,0)]y+[f(1,1) + £(0,0) = £(0,1) — f(1,0)]xy+£(0,0)
3.9
Higher Order Interpolation: A function with more than four coefficients is made to fit through
a neighborhood of more than four points. The obtained subpixel value usually gives higher accuracy

result at the cost of extra computation.

3.5 Fusion

Smoothing is needed in the transition band to bridge the gap between high resolution and low

resolution images. There are several ways of doing the smoothing transition:
(i) An average of the intensity values of the overlapped pixels.
(ii) A median filtering of the intensity values of the overlapped pixels.

(iii) A weighted median or a weighted average where the weights can correspond to one of the
several choices, yielding very different types of fusion. For example, the weights can be chosen to

decrease with the distance of a pixel from its frame centre.
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As discussed earlier. the first category of registration algorithms is correlation-based, and the
free parameters consist of correlation window size, RST step sizes, the RST change ranges, and filter
size. In the following sections, we will analysis how these free parameters affect the performance

and experiments are carried out accordingly.

4.1 Estimation Accuracy

The first performance index is the estimation accuracy. It depends on how sensitive the correlation
function is to the changes of variables to be estimated, since the correlation value is used to recover
these variables. The higher the sensitivity, the higher the estimation accuracy. In applications where
images have relative RST changes (i.e., RST values are the variables of correlation function), we
look at the sensitivity of the correlation value to RST changes and establish the relation between

the sensitivity and the free parameters.

Sensitivity to S (scale) change: Given two images I and I' with a scale difference of S, I’ needs to
be down-sampled by S to be correlated with 1. If the scale difference between I and I is S + AS
instead of S, then I' needs to be down-sampling by S + AS to be correlated to I. If AS is small
enough, then down-sampling by S or by S + AS should give the same sampling point locations. To
illustrate how the sampling point locations are distributed as scale changes, a map is drawn as shown
in Fig. 4.1. The figure illustrates the concept that down-sampling the same image by a different
scale usually generates different sample points, if the scale difference is large enough. For example,
as shown in Fig. 4.1, for scale=3 and scale=4, most of the sample locations are different. On the
other hand, if the scale difference is small enough, all the sample points will be at the same location.
In between, there will be partial overlap of the sample points between two down-sampling scales,
which is the case for scale=3 and scale=2.67. Scale=2.67 has the same sample points as scale=3 up
to the fourth sample point. So, if a correlation window of less than 8x8 is used, the correlation by
these two down-sampling scales will give the same value, that is why correlation is invariant to small

scale change, especially with a small correlation window. As AS increases, the correlation value
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difference between the two down-sampled images will increase accordingly, due to an increasing

number of different sample points.

X X X X X
x * *
@ @ @ @ @

Vertical line represents the centre of the image

are the original image points
x are the sampling points for scale=3
* are the sampling points for scale=4
@ are the sampling points for scale=3*8/9~2.67

Figure 4.1 1D Illustration of Sample Points Distribution at Different Scales

In general, the correlation value change is proportional to the percentage of sample point changes,

given a uniformly random distribution of the pixel intensity level. This is illustrated as follows:

Given images I and I’ to be correlated, the correlation value f.orr o 33 (Ijj * I{j>; given
I

images I and I” to be correlated, f,,, < 3.3 (Iij * Iza)’ the difference of ferr and f7 ., will
t g

be Afeorr x 3,5 (I,-j * (Ilfj - I{;)) Note, A feor, = max if I’ and I” have all different sample
points, and Afeorr = min or 0 if I and I” have all the same sample points. This explains the
assumption we made earlier that the correlation value change is, in general, proportional to the

percentage of sample changes.
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P . -

Figure 4.2 2D Illustration of the Rangé of Sample Point Difference (Outside
Dotted Line: scale=3 and 4; Outside Dashed Line: scale=3 and 2.67)

From Fig. 4.2, we can derive the mathematical relation of the changes. Given an original image
with pixel numbers of LxL or (2N+1)x(2N+1), and the sampling scale of S, total sample points of

the resampled image is: ((2N/S) + 1)*.

Given another sampling scale at S + AJS, the first different sample point will start at K = S/AS
(note the unit of K is in pixels as in the original image L). So, the total number of the same
sample points are:

Ss = ((2K/S) +1)* — 4((2K/S) + 1) ' (4.1)
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The total number of different sample points is:
Sp =587 —8s=(2N/S)+1)* = ((2K/S) + 1)* + 4((2K/S) + 1) (4.2)
The percentage of the different sample points Pp is equal to Sp divided by S, i.e.,
Pp=1-((2K/S)+ 1)*/((2N/S) + 1)* + 4((2K/S) + 1)/((2N/S) + 1)? (4.3)

or
Pp=1-((2/A8)+1)*/((2N/$)+ 1)* + 4((2/AS) + 1)/((2N/$) + 1) (4.4)
From the equations, we can see given AS = 1/N, Pp = 0, and given AS =1, then Pp =1

or 100%. To understand these relations better, some real values are given in Fig. 4.3 & 4.4.

Window Size\P_P AS=0.2 AS=0.1 AS5=0.05
L=32, N=16 ~ 1 0.85 0.05
L=64, N=32 ~1 0.96 0.73
L=128, N=64 ~ 1 0.99 0.93

Figure 4.3 The Pp vs Window Size & Scale Change with S=4

Window Size\P, AS5=0.2 AS=0.1 AS=0.05
L=32, N=16 0.99 0.79 -0

L=64, N=32 ~ 1 0.94 - lo0.70
L=128, N=64 ~ 1 0.99 0.92

Figure 4.4 The Pp vs Window Size & Scale Change with S=3

Note, Pp =~ 1 or 100% is approximately equivalent to X/Y shift of one pixel in contribution
to correlation change, so Pp < 0.8 is regarded as not acceptable, unless with very high feature
contents within the window. Note as S changes, not all the mislocated sample points are mislocated
at the same distance. The larger the displacement, the larger the contribution to the correlation
value change, but this is not counted here due to the calculation complexity. In general, we can
assume that Pp=90"100% is approximately equivalent to one pixel shift in space in the amount of

correlation change introduced.
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In this and following analysis, the sensitivity values are derived with the nearest neighbor as
the interpolation scheme, if linear or higher order interpolation is used, the sensitivity will increase
accordingly.

Sensitivity to R (rotational) change: Similarly, the relation between the rotation change and the

Pp values can be derived as: given a rotational change of AR, the nearest distance of the different

sample location will be

K =1/tan(AR) 4.5)

Np = ((2N/S) + 1)* — n(K/S)* + 2n(K/S) (4.6)

where S is the base scale change and LxL=2Nx2N is the original image size. The percentage
of the sample point location change Pp is equal to N, divided by the total pixel number in the

correlation window, i.e.,
Pp = 1-n(K/S)/((2N/S)+ 1)* + 2n(]/S)/((2N/S) + 1) @7

or

Pp =1-n(1/tan(AR)/8)?/((2N/S) + 1)?
+27(1/ tan (AR)/S)/((2N/S) + 1)

Sensitivity to T (translational) change: Correlation can recover space shift T up to one pixel

(4.8)

precision, with Pp=1 or 100%, or sub-pixel precision can be obtained if a certain interpolation

scheme is applied.

As analyzed above, we established the relation among the window sizes, the RS step size and
the correlation change which provides the criteria in selecting the proper window size, step size for

the precision required, and avoid unnecessary detailed calculation.

4.2 Reliability of the Estimation Results

The reliability of the correlation-based methods in relation to the window size is well studied,
as in [Fua, 93]. The larger the window size, the higher the reliability, since larger window size

covers more feature contents in general.
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The reliability of the correlation results is also related to feature content, the higher the feature
bandwidth, especially the higher feature components, the higher the reliability. So, some kind of
high pass filtering, like Laplacian, can be introduced to enhance the high frequency feature contents.
This process can be regarded as feature extraction. Among the features, the corner map is another
choice because corners are 2D features and sensitive to changes in all directions (in RS space).
Our experiments shows that if correlation is done on the corner map, the reliability will increase
accordingly. The disadvantage of this process is that a high pass filter tends to increase the noise
level, so some kind of smoothing should be applied before feature extraction, and all these make

it computationally expensive.

Another way to increase the reliability of the correlation is to have the feature density
measurement beforehand. For example, variance can be calculated first to avoid unnecessary

correlation in the featureless windows.

4.3 Computational Cost

The computational cost depends on correlation window size, search range, and what kind of
preprocess is applied. The computation cost is proportional to the correlation window size, filter
size and search range, and inverse proportional to the RST step sizes. These are summarized in Fig.
4.5. The numbers given are based on the space domain calculation, without considering possible
computing skills that can reduce the computation cost. Our main purpose here is to present the

general relation between the free parameters and the computational cost.
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Methods (Image LxL, Window | Multiplications Required Typical Number
WxW (=(K/S)X(K/S) in Fig. with W=8; F=3;
4.2), No. of Scale Steps Sy, L=480; Sy = 10;
No. of Rotation Steps Ry, Ry = 10;
Translational Change Tx & Ty, T, = 10; T, =10

Filter Size FxF)

Direct Correlation

2W?+3) x T, Ty + Sy + Ry 1300k
2F% +3) x L? 4838k
3W243)*T, T, * Sy * Ry 1950k
2% F2 +3)+« (W2+ Sy + Ry + L?) 69350k
Plessey Corner Map 502 +3+ (5W2+3) Sy + Ry 5792k

Smoothing

Variance Normalization

(
(
(
(

Laplacian Filtering

Figure 4.5 Computational Cost vs Factors (k=1000)

In Fig. 4.5, Sn stands for the number of scale steps, Ry stands for the number of rotation steps,

and T & T, stand for the translational changes in X and Y dimensions.

4.4 Brute Force Search and Hierarchical Approach

Given an RST change, the natural approach to estimation is by searching through RST space,
which is a brute force search. In a brute force search, for each set of RST values, warping/resampling
is needed for correlation based matching to give meaningful results. That is, a counter rotation,
counter scale is done to recover the similarity of the gray level images. The brute force search can
be computationally expensive, requiring warping, resampling and correlation for each set of RST
values. A hierarchical approach can be introduced to address these concerns and to give significant
functional and computational advantages. A coarse-to-fine approach reduces the search space at finer
levels by using the results of matching at coarser resolutions. This approach has been used in many
applications involving searching over large space to reduce the computational cost, [Burt, 93].

Fig. 4.6 show the buildup of the multi-resolution hierarchy. The lower resolution is simply

obtained by replacing four neighboring pixels by one averaged pixel. The picture size is truncated

to square and power of two before building the hierarchy.
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N XN N/2 X N/2 N/4 X N/4

Figure 4.6 Building Multi-resolution Hierarchy
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Figure 4.7 Sample Points by Different RS Sampling
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Figure 4.8 Mapping Down-sampled AOI to WFOV

As shown in Fig. 4.7, the AOI is down-sampled by different RS values, these are selected based
on the initial estimation of RS value, and the change range of RS. The step size for R at lowest
resolution level is chosen to be 2/N (in radians) where N is the correlation window size. Step size
of S is chosen to be 2/N. Step size for T is chosen to be equivalent to the number of the hierarchy
at the bottom level search and decreased to one at top resolution level search. The RS step size
at higher levels will always be half the step size of the previous level. This is shown in Fig. 4.8.
Note, T is chosen to be as the maximum point in T search space, i.e., the amount of shift that gives
highest correlation value will be chosen as the T value. The search over RS will generate an RS
surface map, which will be shown in experiments, and the maxima over the RS surface will give

the new initial RS values for the next level search.

This approach also make it possible to use a different step size and window size for the different
resolution levels, using the analytical results derived in the previous sections. Proper window size,
step size, and resolution is the key to the success of this process. As analyzed earlier, a window that
is too small is not sensitive to RS change, and has low reliability. A window size that is too large
can be computationally expensive and unnecessary, as analyzed previously. Similarly, too small a
step size for RST change can be redundant since the change is too small to make a difference in
correlation, and too large of a change of RST can result in missing the global maximum and end up

with a local maximum. The flowchart of this process is shown in Fig. 4.9.
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Input Images |_H & I_L

v

Initialization: rotational/scale (RS) | »
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Figure 4.9 The Flowchart of the Hierarchical Brute Force Search Approach

4.5 Other Options

An alternative to the above approach is an optimization approach. The basic idea behind the
optimization approach is to fit the known points to a certain line/surface, and locate the next point
according to this approximated line/surface. A global optimization approach can be used to locate
a maximum point without any knowledge of the location. Unfortunately, all the global optimization
approaches need intensive computations, since usually multi-starting points are used to locate global

maxima.
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If global optimization approach is not a good alternative to a brute force search at the coarsest
level, there is still a possibility to use optimization after a first level brute force search when a global
maximum point region is narrowed down. There are many local optimization approaches. We tried
F_R approach in our experiment. Tlﬁs approach is developed directly from the conjugate gradient
method for solving linear systems, and it is regarded as a good approach for a non_quadratic function.

The minimum steps of an F_R search is four RS space points to provide initial gradient values.
And it takes more to converge to the true values. The converging speed depends on the image
features and the step size of the line search. To adjust for all the images, a relatively smaller step
size has to be chosen in a line search to guarantee the convergence. This means slower convergence
speed in general, and no significant benefit in using this approach. In the case of restricted types of
images, proper step size can be chosen to speed up the convergence.

An alternative is to use quadratic surface fit (QSF) or quadratic line fit (QLF) instead of going
through the optimization loop. As we mentioned earlier, most optimization approaches use some
kind of surface/line fit to determine the direction of the next step. Instead of using this surface/line
fit to chose next direction, we use it to obtain finer RST estimation, or one step optimization. QLF is
proved to be more efficient than QSF in our experiments. The steps applied to obatin finer maximum
points are as follows: calculate the correlation surface through BFS, locate a maximum point over
the surface using non-maximum suppressionas discussed earlier, calculate 1D quadratic line along
the maximum R and S point, locate a maximum point along the line, and the substep estimation

of RS values are obtain.

4.6 Experiments

In the experiments, 7 set of images are taken with different zoom, different rotation, and different
space shift, in the LCI lab of computer science department, in University of British Columbia. The
optical axes of the two pictures are parallel, and the steps shown in Fig. 4.9 are applied to theses
images. The seven WFOV images are shown in Fig. 4.10, and the seven AOI images are shown in
Fig. 4.11. & 4.12 shows the correlation surface over the RS steps chosen, and it shows that the step
size can’t be reduced further without missing the global maximum; at the same time, they are also

sufficient to provide enough details for reliable estimation without introducing significant noise, i.e.,
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sufficient to provide enough details for reliable estimation without introducing significant noise, i.e.,
the surface is smooth enough. Note, this selection must suit all the picture, without any knowledge of
the feature contents, which is the case for general tele-operation systems. So the RS step size might
not be optimal for each individual image, but it is optimal for general images. A non-maximum
suppression process is used to obtain the global maxima. First, over the correlation surface obtained
after a brute force search over RS space, points that have values higher than all their eight immediate
neighbors are assigned as local maxima, others are set to zeros. Then, the maximum among the local
maxima is chosen as the global maximum by simply sorting the values. This global maximum point
is used as a new set of initial RST values to set the next level RST search. Substep accuracy can be

obtained by some kind of interpolation, here a quadratic line fit is used as discussed earlier.
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Figure 4.10 The WFOV Images of the Seven Sets
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Figure 4.12 Correlation Surface at Coarsest Level with the RS Step Size Chosen for P, > 90%
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Figure 4.13 Correlation Surface at Second Level with the RS Step Size Chosen for

Fig. 4.13 shows the correlation surface at the second coarsest level. These surface give us ideas

about the variety of the characteristics of the images processed and how the surface shape changes
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over the resolution level, allowing finer level of estimation.

These surfaces contain a lot of information about the sensitivity, and the noise level, etc., and
can be used as a reference as to whether certain approach or step size is proper or not. Since all the
calculations have to be done to obtain this surface, they can only be used as a way to evaluate how
reliable the results are, not as a way to guide the selection. For example, we can tell, surfaces like
CS-lab and Tool are well shaped to give good estimation, while surfaces like Map and Toys can be

vulnerable to noise. These are reflected in the results.
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Figure 4.14 Comparison of the RS Estimation Error After Different Levels of Brute Force Search (BFS)
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Figure 4.15 Comparison of the X/Y Estimation Error After Different Levels of Brute Force Search (BFS)

Estimation errors after one, two and four levels of brute force search are given in Fig. 4.14-4.16
to give an idea how the estimation errors decreases as the resolution level increases. The outliers
that are located further away from the origin are not desirable and should be reduced as much as
possible. There are some overlapping points, nonetheless, we can see the outliers decrease for higher
level BFS. For details, see the tables in the Appendix D. This picture mainly shows the range of
the estimation errors. From the figure, we can see that a first level brute force search estimation is
not accurate enough to give acceptable registration result for image fusion, while two levels brute
force search is close to the acceptable range. Fourth level is used for high performance system, at
the cost of computation time. The final fused image is shown in Fig. 4.17. Note that only part of
the fused image are given to show more clearly the transition band between the high resolution and

low resolution transition. The central part marked by cross is the high resolution part.
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Figure 4.16 Comparison of Estimation Errors for CS-Lab (top) and Map (bottom) Pictures.

50




S0
100
100
150 :
150
,
. QD Newpo
250

250

Technical Seri
Laboratory Table Top

300
350
400

450 430

" : L L I " L
50 100 150 200 250 300 350 400 450 500

L
50 100 150 200 250 300 350 400 450 500

Insert

120
140

160

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160

4BFS | Qh} W

La:mtﬁ’ e

L L
20 40 60 80 100 120 140 160

Figure 4.17 The Fused Image After Different Levels of BFS

51
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Corners are defined as two dimensional discontinuity points, as measured using gradients, higher
order derivatives or their combinations. Control points are the sets of corresponding points in two
images to be registered. They are used to solve the transform matrix to obtain RST values. This

chapter will discuss the approach of using corners as control points.

In general, it is difficult to predict the exact performance of an approach using corners as control
points, especially in applications where feature contents are unknown and unpredictable, such as in
tele-operation, since this approach is highly feature dependant. Regardless of that, still there are
other factors affecting the performance that can be analyzed, evaluated and selected to obtain the

best performance in practice and will be studied in detail in this chapter.

5.1 Introduction

The basic steps in using corners to recover changes are as follows: (1) corner detection; (2)
corresponding corner matching; (3) change estimation. The change can be rotation/scale/translation
(RST), motion, or distortion, etc. The success of the approach highly depends on the feature contents,
and the free parameters chosen. In many applications, such as tele-operation, feature contents are
unknown or unpredictable. This means only the free parameters can be adjusted in the implementation
to obtain a better performance. Little literature is available to understand how these parameters are
related to the performance, and they are usually chosen based on trial and error. This is the issue

to be discussed in the following sections.

From the performance point of view, we have accuracy, reliability and computational cost to
be concerned with, while the free parameters in the approach consist of the detector, the number of
points, the location and distribution, the search range and the matching scheme. These parameters
have different impacts on the performance. Some only affect one or two performance index, others
affect all. This is illustrated in Fig. 5.1, where the related factors are connected with solid lines.

The disconnected factors do not affect each other.
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Location of Corner Points

Precision

Number of Corner Points
Reliability Search Range

Detector
Computation

Matching Scheme

Figure 5.1 The Relation Between Performance Index and other Factors

Essentially, all corner detectors are ways of measuring the cornerness, defined as the product of
gradient magnitude (a measure of edgeness’) and the rate change of gradient direction with gradient
magnitude, ie., C = (Iij + Iy I2 - 21, I.1,) [ (12 + Iy2)3/2. Threshold is used to select corner
points from the cornerness map, see [Noble, 88]. In our analysis and experiments, Plessey corner
detector is used for its simplicity, (only first order of derivatives are used), and it is assumed that
corners are properly detected. Cornerness measurement is In the following section, we will try to

establish analytical relations between connections in Fig. 5.1.

5.2 Estimation Accuracy

Accuracy is dependant on the sensitivity of the function to the variables to be estimated. That
is, if the function values change significantly while its variables changes, that gives high sensitivity.
Then, the function can detect smaller variable changes and gives higher estimation precision. In this
case, the function is the similarity measure which is correlation, and the variables are RST. Next,
we will analyze how the sensitivity varies with the free parameters.

Corner Location: Given two images I and I with scale difference of S, a point A in I matches
to point A’=D*S in I’ , where D is the distance of A from the image centre. Given the scale change
S’ instead of S, the mapping will lead to a different point A”=D*S’ in I’. The change between
A’ and A” is AA = D (8§~ §') = D+ AS. This is shown in Fig. 5.2., we can see the larger

the distance D, the larger the location change AA. This change is the base that scale change can
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be detected. The reason is larger location changes usually leads to larger correlation changes, and
correlation value is used to detect the scale change. This leads to the fact that the distant corners
give higher scale estimation accuracy. The same is true for rotation estimation, though translational
estimation accuracy is not affected. This is shown in Fig. 5.3, where point A->(A) is less sensitive

to R change than point B->(B).
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Figure 5.2 The Sensitivity to Scale vs the Corner Distance
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Figure 5.3 The Sensitivity to Rotation vs. Corner Distance

Since points have to be one pixel apart to be distinguished, i.e., AS* D > 1(pizel), so the point
distance should be D > 1/AS pixels to be used as a control point. This means no corner detection
within the window of Wy = 1/AS. On the other hand, corners are bounded by the similarity measure
window in matching. This window should be large enough to give reliable similarity measure (details

in next section). The relation is shown in Fig. 5.4.
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W2: Corner Detection Region; W3: Corner Matching Window

Figure 5.4 The Location of Corners Bounded by the Windows

Number of Points: The minimum number of points needed to recover RST values are two
corresponding points. This is shown in Fig. 5.5. Using Two corresponding points A->(A), and
B->(B”), we can obtain T by shifting the line AB to A’B’ to align the center of A’B’ to the center
of line (A)(B). The shift is the T value. R can be obtained by rotating A’B’ about the center to
A”B” to be parallel with (A)(B). The rotation angle is R. Finally, S can be obtained by scaling A”B”
to the same length of (A)(B). The scaling amount is equivalent to S. The order can be different

without affecting the results.

(A)

Figure 5.5 Estimation of RST (T->R->S) Using Two Control Points A->A’->A”->(A) and B->B’->B”->(B)
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MSE Estimation: Given n matching points between two images, (m,,y;) and (z;,y;), i={1,2,...n),

and their relations:

) cosR —sin R [z, o
H=sl" + (5.1)
Y sinR cosR |ly Yo
To reduce the effect of inaccurate corresponding points on the estimation of parameter values,
an averaging scheme like the least squares error criterion is appropriate. If n corresponding points

from the two images are available, then R, S,T(zo,yo) can be estimated by minimizing the sum

of squared errors (MSE):

n

E= [:v; — s(z;cos8 — y;sinf) — xo]
=1 . (5.2)
+ Z [y; — s(z;sinf + y; cos ) — yo]
1=1
or equivalently, we have:
i Y
' ’ Yi —Z;
[#; y;]=[ScosR SsinR zo yo] - (5.3)
0 1
To make this problem easier, we replace S cos R by a and S'sin R by b, we have:
YT DY
7 U Y; - Z;
[vai Yy]l=[a b =z yo] Zz: ' 21: (54
t ) n 0
0 n
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P=la b 20 ] (5.6)
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57



Chapter 5. Using Corners as Control Points to Recover RST Changes

then, we have,
X =PxX (5.8)

P=xxT(xx7)7" (5.9)

by which we can find the transformation parameters as:

S =+/(P%(1) + P%(2)) (5.10)
R = arctan (P(2)/P(1)) (5.11)
T = [z0,30] = [P(3), P(4)] (5.12)

The estimation precision is higher when more matching points are given and MSE is used to
reduce the noise level by averaging. In this case, the variance will decrease by /n where n is the
number of corners, and the estimation precision will increase by /n, given that all the matching -
points are at the same level of S/N ratio.

Matching Scheme: As mentioned earlier, there are basically two matching schemes, one is the
correlation-based, another is the attributes and rigidity based. The performance of the first is studied
in Chapter 4, the latter is more complicated and will be discussed in Chapter 6. In this chapter, we

use the correlation window. Hence, the estimation accuracy is the same as shown in Section 4.2.

5.3 Reliability of the Estimation Results

Number of Corners: Though a larger number of points increases the estimation precision, it
increases the chance of false or weak matching as well, which means lower reliability. Absolute
thresholding can be used to avoid this. Experiments show the number of points should not go more

than a few higher than necessary, which is two in RST estimation as shown in Fig. 5.5.

Search range: The search range of the corner are related to the range of RST changes, as

shown in Fig. 5.6. As we have:

[z']_s[cosR —sinR] [x]_l_[;vo] 513
y]  “lsinR cosR [ly %o ©-13)
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or

, =

! SxcosR+x—S*sinR+y+z
[m ] _ [ * COS z 1 Y 0 (5.14)
Y

S*sinRxx+ S«xcosR+y+yo
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Figure 5.6 The Search Range of Corner Matching vs RST Change

Step by step, the search range by T is:

MEN o
Ay - Yo '

as shown in Fig. 5.6.

The search range by R is:

[Az] [x*cosR—y*sinR]
Ay B

shown W1 in Fig. 5.6, note the search range is not necessarily rectangular, but in our experiment,

. (5.16)
yxcos R+ z+sinR

the range is rounded to a rectangular window for simplicity.

The search range by AS is:

2]
Ayl Ty G-I

Shown in Fig. 5.6. as region W2, again, rounded to a rectangular window.
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We can see, the larger the change in RST, the larger the search window. And the larger the
search range, the higher the chance of false matching, which leads to lower reliability. This has
proven to be a very significant factor in our experiments.

Matching Scheme: Since correlation window is used for matching, the estimation reliable is

the same as shown in section 4.3.

5.4 Computational Cost

The cost of computation varies with the feature detector, number of points chosen, the search

range and matching scheme. They are summarized in Fig. 5.7.

Methods (Image L X L, Mults Needed (includes divs and | Typical Numbers for
Correlation Window Size WxW, | squars) L=480; W=8; Tx=10;
Search Range Tx & Ty, Filter Ty=10; F=3; Corner-No=6
Size FF X F

Plessey Corner Map TW? % Ty % T, 44 .8k

Corner Matching with (3W2 + 3) * Ty, + T, *Corner-No. | 117k

Correlation

Figure 5.7 Computational Cost vs Factors

5.5 Other Factors

As mentioned earlier, feature contents play the most significant role in the performance. Though
it is very hard to represent feature contents, variance is usually used as a measure of feature density
to avoid featureless regions. Another way of enhancing the feature contents is to apply some kind
of preprocessing. Laplacian filtering is introduced to enhance the high frequency features. Similarly,
a corner map can be used to enhance 2D features. The difference. lies in the different frequency
components being enhanced, as shown in Fig. 5.8. Laplacian filtering simply enhance all the high
frequency features, including 1D features, as shown by the enclosed area of the solid lines, the inner

line is the cut off frequency of the low frequency features (featureless region), while the outer line
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is the cut-off of the high frequency features (smoothing out the noise). While, the corner map is
to preserve only 2D features, i.e., both directional derivatives have to be above the threshold to
be in the corner map, shown as enclosed area by dotted lines in Fig. 5.8. Note the graphic is
an approximate representation to show the principal difference. Since we are trying to recover RS
values, enhancing the 2D feature (so that sensitive to both RS equally) makes more sense. The
disadvantage of this process is that the high pass filter tends to increase the noise level, and decrease

the reliability of the correlation values.

Area enclosed by solid line represents the  Area enclosed by dotted line represent the
area enhanced by Laplacian Filtering area enhanced by corner map

Figure 5.8 Comparison of the Frequency Domain Area Enhanced by Laplacian & Corner Map

5.6 Experiments

To test the algorithms proposed, 7 set of images are taken with different zoom, different rotation,

different space shift, and the following steps are applied to these images:
1) Plessey corner detection over AOI to obtain N corners;

2) Search over WFOV within (Sx, Sy) region as given in Fig. 5.4 to obtain the matching point

for each corner, the corresponding correlation values are feorr(2), where i=1,..,N.

61



Chapter 5. Using Corners as Control Points to Recover RST Changes

3) Select top M f,orr(2) values as the control points to recover RST values using the transformation

matrix and MSE as discussed in Section 3.1 and 5.2.
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Figure 5.9 The Effects of Corner Numbers on the Estimation Error
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Figure 5.10 Comparison of the Estimation Error of Different Methods

Fig. 5.9 shows the effect of corner number on the estimation error. Again, the outliers are those
located further away from the origin and represents points with higher estimation errors and are not
desirable. The number given in Fig. 5.9 represent M/N as discussed earlier. The larger number is
the number of original corners detected from the image N, the smaller one is the number of matching
pairs selected from the original corners based on the top correlation value, M. The figure shows that
corner numbers between 3 and 6 give good estimation. A higher number doesn’t improve and might
even degrade the results. For example, 12/20 estimation does not give better accuracy than 3/20
overall. The reason for this is some images have with very limited number of significant corners,
and if large number of corners is required, the threshold has to be lowered to the level where weak

corners or noise are detected and matched as control points.

Fig. 5.10 shows the estimation error after one level brute force search, two level brute force
search and one level brute force search followed by corner-based search. Note, the second level

brute force search gives the same level of estimation error as corner-based matching, but corner
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matching is computationally more efficient. But there are cases where corner-based estimation will
fail completely, this is unavoidable due to a lack of feature variety in some images. Multi-level brute

force search seems more reliable in this case.

The final fused image is shown in Fig. 5.11. Note that only part of the fused image are given
to show more clearly the transition band between the high resolution and low resolution transition.

The central part marked by cross is the high resolution part.
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Chapter 6 RST Invariant Corner Detection

In the previous chapter, we determined that corners are used in fine RST estimation. The

question is why not use corners to recover any RST values?

Corner matching using correlation without any knowledge of RST values requires a large range of
search space, i.e., must correlate over large RST space for each corner. This is more computationally
expensive than a brute force search, and can have few benefits.

There are other ways of corner matching, such as using corner attribute and geometric
information. But not all of them are valid depending on the changes involved, like geometric
information is hard to apply in matching where both R and S changes are involved. Only those
attributes that are invariant to the changes at hand can be used as consistent features to be matched
over pictures.

No matter what Kind of matching scheme is used, the success of matching results highly depends
on the corner set in two pictures. This is even more important when scale change is involved, since
scale difference can significantly change the corner set detected, and making it even more difficult to
have a reliable matching results. This chapter will study this phenomena, starting from the study of
corner behavior over scale and then detection of the scale consistent corners. This is one step further

towards the approach of using corners to recover total RST changes, which proved to be very difficult.

6.1 Introduction

As mentioned earlier, significant scale changes will result in significant differences in the corner
map, which means the corner sets in two pictures with significant scale change is very different,
making the corner matching very difficult. So, first, we need to study how the corners behave over
scale change so that only scale consistent corners are selected to give more corresponding points

between two pictures with a scale difference.

Ideally, a corner detector should be designed to produce a corner map proportional to their
consistency. Unfortunately, almost all corner detectors fail to give consistent results over changes
in smoothing scale, which makes the use of corners as control points unreliable for multi-resolution

applications. To solve this, either adaptive smoothing or corner detection at multiple scales are
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applied. As will be discussed in this chapter, we have reasons to believe that scale-invariant corners
can be identified based on one fine scale corner map. A new concept of significant values associated
with a corner’s detectability and displacement over scale is introduced. Analytical results are obtained
on smoothing effects derived from a cylindrical tube approximation. These results are shown to be
representative for general smoothing functions as well. Experiments are carried out to prove that the
significance value can be used to predict the corner behavior over space scale, and to identify the
scale-invariant corners based only on one fine scale corner map. The advantage of this approach is

better localization, reliability, and computational efficiency.

' C\D Newpo

Technical Seri
Leboratory Table Top

Figure 6.1 Comparison of The Corner Sets for Different Resolution Images

As shown in Fig. 6.1, the two images are taken with different zooms, f=12.5 and f=50, so
the resolution ratio is 4:1. The points in the picture are the corners detected using Plessey corner
detector [Harris88], threshold for strongest 20 corner responses. We can see from the picture that the
corner maps are very different with only 7 matching pairs out of 20 which makes 35% corresponding
points. If we apply any matching algorithm on this pair of corner maps, the chance of mismatch
is high. The reason for this inconsistent result in most corner detectors is that their design is only
based on two corner attributes, the amplitude of the corner edge, and the curvature of the corner
edge. But, a corner has more than just two attributes and these attributes are strongly correlated.

Neglecting this fact may contribute strongly to the inconsistency of the results. A solution to this
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problem without going through multi-resolution or adaptive filtering is examined in this chapter. A
significance value based corner selection procedure is introduced. Experiments are carried out to

show the improvement over traditional methods.

6.2 Modeling a Corner

There are mainly two ways to approach multi-scale corner detection: 1. Apply multi-scale
edge/corner detectors and interpret the results [Lu&Jain, 89], etc.; 2. Apply adaptive scale smoothing

to obtain a multi-scale effect on the edge/corner detection [Saint-Marc&Chen, 91], etc. The problem

N

with the first is that the matching procedure among the different scale edge/corner map is non-trivial
and might introduce some errors along the way. The second approach needs a reliable way to
determine the right scale for smoothing which is a difficult issue in itself. Nonetheless, the above
research has/ led to some interesting findings on the scale-space behavior of the edge/corners, and
these are part of the basis of our new approach. So, we will briefly summarize these results before
we present the approach. Many of these studies are based on 1-D features such as edges, so there
will be a bias in using these results to study the corner behavior, we will introduce only those that

are relevant to corner behavior.

2 1Y) y 4 [xy) y

[
L2 / T
A
ATITTTITITTL Al AT
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Figure 6.2 Corner Model
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In [Antonio Guiducci, 88], a corner is represented with the amplitude A of the edge, its aperture
angle 6 and a parameter ¢ which is a measure of the smoothness of the corner (A non-ideal corner
with radius o can be approximately represented by an ideal comner, i.e., an infinitely sharp corner,
smoothed by a Gaussian with variance o), as shown in Fig. 6.2. The definition of the attributes
are as follows:

Corner Arm Orientation: the direction of the lines forming the corner;

Corner Angle: the angle between the two corner arms, with the high intensity level part
designated as the corner area;

Corner Depth: the gray level difference between the corner area and the rest area;

Corner Surface Smoothness: The Variance in the corner area;

Corner Arm Length: the length of the corner arms within a small direction change.

For more complicated corners, their representations need more parameters and will not be

covered in this paper. All the following studies are based on the above simple corner model.

6.3 Smoothing Effects and Definition of Significance Value

Review of Multi-scale Corner Detection and Corner Behavior

As studied in [Anothai Rattarangsi and Roland T. Chin, 92], a) depending on the location and
sharpness of the corners, and their interaction with adjacent corners, the line patterns of the scale
space map may merge, disappear, repel, or attract each other as ¢ increases; b) new additional
line patterns will not be introduced by smoothing; c) different corner models have different scale
space characteristics, basically, some persist, some merge and some will disappear over scales, also
some will be dislocated over the scale; d) isolated corners are persistent, and non-isolated corners
are mainly affected by the immediate neighboring features. D-isolated corners will be detected by
Gaussian smoothing function with a variance of o<D. |

In [Fredrik Bergholm, 87], the study shows (a) a corner with a step edge forming an angle 3 is
rounded off with a displacement vector v along the bisector satisfying:v = C(8) o * &; C(8) < 2
if 3 > 7/8, C(B) is a constant depending on 3, and € is the unit vector along the bisector. (b) a

double edge profile has two edge points that start to glide apart when the scale parameter o is greater
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than half the width (h/2) of the double edge. When blurring is further increased, i.e., a>h/2, the

speed with which they move apart approaches Ac.

[Yi Lu, Ramesh C. Jain, 89], a) false edges disappear as scale parameter changes from large to
fine scale. b) only false edges can disappear from large to fine scales. c¢) edges missing at larger

scales can always be recovered at smaller scales.

The study in [Valdis Berzins, 84] shows that: 1) Marr and Hildreth edge detection locates infinite
straight edges with linear illuminations exactly; 2) the contour found by the edge detector goes
through the corner point exactly for corners with infinite arm length, the effect of the edge detector is
to round out the corner without displacing it at the corner point; 3) the displacement of the contours
is due entirely to errors introduced by approximating the directional derivatives by the Laplacian,
and not to the Gaussian filtering for corners with infinite arm length; 4) the displacements along the
corner edge are largest for small angles (acute corners), and that the smaller the angle, the further the
displacement extends from the corner; 5) for finite arm length edges, the zero-crossing contour no
longer passes through the true corners. The displacements near corners are dominated by errors in
the Laplacian approximation to the directional derivative, while displacements around small objects

are dominated by the effects of the Gaussian filter.

Other studies more or less fit into these results. In summary, we can conclude:

» Corners may merge, disappear, repel, or attract each other as o increases;
* New additional line patterns will not be introduced by smoothing;

* D-isolated corners will be detected by Gaussian smoothing function with a variance

of o<D;

* Isolated corners are persistent, and non-isolated corners are mainly affected by the

immediate neighboring features;

* Marr and Hildreth edge detection locates infinite straight edges or corner points with

infinite arm length exactly;

* The displacements along the corner edge and the range of displacement along the

corner edge are largest for small angles (acute corners);

71



Chapter 6. RST Invariant Corner Detection

* For finite corner edges, the zero-crossing contour no longer passes through the true
corners;

» False edges disappear as scale parameter changes from large to fine scale.

From these studies, we can conclude that the fine scale features includes all the features that
can be found at coarser scale (given the same cornemness threshold), and gives better location. How

these features change over the scale are related to the corner attributes and the corner adjacency.

The Smoothing Effects on an Isolated Corners
The Smoothing Function

An ideal corner with one edge along the x axis and an angle # can be modeled by the following

2-D step function

I(z,y) = AU(y)U(z tan 0 — y) (6.1)
where
1 >0
Ulz ={ 6.2
(=) 0 otherwise ©2)

and A is the amplitude of the corner edge depth.

A 2-D Gaussian filter G(x, y) can be represented as follows,

G(z,y) =

1
NorT exp (— (a:2 + y2)/2cr2) (6.3)

where ¢ is referred to as the scale.

If we convolve this 2-D Gaussian function with the ideal corner model, we get the following

smoothed image S(x,y):

S(z,y) = / / 9(p,q) x I(z — p,y — q)dpdq (6.4)

—00 =00
Only numerical solutions can be obtained, and it is hard to derive the relation as to how the

corner attributes changes over the smoothing scale, especially how these attributes affect each other
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in this change. To simplify the analysis, we use a pillbox to approximate the Gaussian function,

Gc, as follows,

Gcz{l 2 +y’ <o
0 otherwise

Figure 6.3 Gaussian and Cylindrical tube as Smoothing Function

6.5)

The advantage is with this simplification, we are able to derive the analytical results as follow:

S(x,y):

\

A
ifU(z - w573) ¥ Uy = o)
V(= - o) om0 - ) - )

0
ifU(r — o) * U(¢ — 90 — 8) + U(270 — 4)
0<S<A

otherwise J

(6.6)

It is hard to say how good this approximation is, except that this approximation can be

representative for all the smoothing effect in general.

The Smoothing Effects:
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The key to understand the scale-space behavior of the corners is in the smoothing function. To
understand what a smoothing process does to a corner, we use the simplest version —a cylindrical
tube — to derive the analytical results. A popular smoothing function is the Gaussian function. The
problem with using a Gaussian function is that numerical results can be obtained for the displacement
value only over the smoothing scale, but it is hard to obtain the relation to the corner attributes.
Note that the energy of Gaussian function lies heavily in the range of [-0,0], where o is referred
to as the scale. To simplify the analysis, we use a cylindrical tube with radius ¢ as our smoothing
function. Fig. 6.3 gives the comparison of the cylindrical tube and the Gaussian smoothing function.
It is a reasonable approximation and it can be shown the results obtained are good representation

for other general smoothing function as well.

1
0.9F_._._: the ideal step edge of comer !

'
0.8t : smoothed by Gaussian function |
with standard deviation of 5 pixels 1

0.7}

0.6

0.5¢

04f

0.3}

0.2r

0.1}

0 5 10 15 20 25 30 35 40

Figure 6.4 The Approximation of The Gaussian Smoothing Function

Smoothing can be regarded as low pass filtering in the Fourier domain, while in the space -
domain, it can be taken as a weighted sum of neighboring pixel intensities. It is hard to represent
corner attributes in the Fourier domain since after being transformed to Fourier domain, all the
spatial features are mixed up, and it is not easy to relate the Fourier representation to the corner
characteristics. In the space domain, it is relatively easy to relate the weighted sum function with

the corner attributes. The effect of the smoothing function on each corner attribute is analyzed.
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Take an ideal corner (i.e., an indefinitely sharp wedge as defined earlier), and see what happens
when we apply the smoothing function with scale o, Fig. 6.5 gives two smoothing scale effect, and

we can see the corner sharpness changes to different extent accordingly.

(a) (b)

Figure 6.5 The Matlab Simulation Results for Smoothing Effects (a) 0=4; (b) =2

blurred region

Figure 6.6 The Top View of the Smoothing Effects on the Corner

Corner Sharpness: An ideal corner has infinite curvature or zero radius. After applying a
smoothing function with scale o, the radius is approximately equal to the smoothing scale o, or
say the curvature is equal to 1/0, shown in Fig. 6.6. If the original corner is not ideal, i.e., with

non-zero radius of g, then after smoothing, the overall radius will be 0o + 0, since the smoothing
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is a linear process. Note, that for Gaussian smoothing, this. will be \/03 -+ o2. The difference shows

that there will be some bias in the representation.

Corner Point Displacement: displacement is defined as the distance between true corner point
C and the detected corner point C’, as shown in Fig. 6.6. The maximum displacement can be derived
as Dyliqs = 0/ sin(0/2). This is consistent with the round off effect analyzed in [Fredrik Bergholm,
87] using a Gaussian smoothing function, where the numerical result shows that the displacement

reaches the minimum at 180 degrees and maximum at O degrees.

Step Edge Amplitude: Edge depth is usually measured by the gradient, and smoothing gives
decreased gradient value. As shown in Fig. 6.7 & 6.8, the gradient is infinite for the step edge,
and A/20 for the smoothed one. Fonunately, all the edges are smoothed by the same scale, the
gradient still represents the relative amplitude, though the threshold chosen should be smaller for

a smoothed picture accordingly.

—>
0 c d (distance
from corner)

Figure 6.7 The Step Edge Before (Solid Line) /After (Dotted Line) Smoothing
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Figure 6.8 The Gradient of Step Edge Before (solid line) /After (dotted line) Smoothing

Arm length L1 & L2: As shown in Fig. 6.7, for the comer to be detected after smoothing, the
arm length has to be longer than L = o/ tan (0/ 2), i.e., the arm length has to extend beyond the
blurred region. On the other hand, the arm length also needs to be longer than the smoothing scale
to be detected. As a result, when min(L1, L2) > maz{c/sin(8/2),0/ tan(8/2)}, there exists a
corner; otherwise no corner. |

In the following section, we will combine all the factors together, with the correlation among

them being considered as well.

The Detectability and The Displacement of an Isolated Corner Over Smoothing Scale

In the literatures reviewed in section 6.2, the studies are carried out from one perspective or the
other, such as angle, corner edge, or isolation. In this paper, we will introduce a measure to consider
all the factors and their correlation, define a significance value associated with thé persistency of the
corner over smoothing scale. This value will represent the level or extent to which scale the corners
will exist. Also, knowing that a definite corner or ideal corner does not exist in a real image, it is the
cornerness or the likelihood that marks a point with its probability as a corner candidate. When a
point is detected as a corner point, it makes more sense to say that this point has a certain likelihood

or certain significance level as a corner candidate.

From the study of the smoothing effect, we are able to relate the detectability of the corners with
‘their attribute in the following relation (the function is normalized to equal to zero at the turning

point of detection). In the equation, we choose to use the exponential to represent the significant
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contribution of the length of the corner arm. As a result, the significance value associated with the

detectability is formed as:

SD = (Gedge = Ginreshota) * (exp(“=F4)71 1) ©.7)

or,

SD = (Gedge — Gihreshold)

(ewp ) ). ©®
where G stands for the gradient value at the corner, L is the minimum length requirement as shown
in Fig. 6.7. Here, the significance of detectability SD is normalized so that SD positive represents
the detectable corners at scale ¢ with the value proportional to the confidence level; SD negative
represents the blurred or undetectable corners at smoothing scale o; S=0 represent the turning point.

Detecting the existence of corners and determining their exact location are two different but
related goals. So, we need to distinguish the factors that affect the detectability and the factors
that affect the localization. As discussed in section 3, the maximum displacement of an isolated
corner point is

Dalias = 0/ sin (0/2)

The Detectability and The Displacement of a DS-Isolated Corner Over Smoothing

Scale

Before we can complete our significance function, one more thing to consider is the adjacency
which is another factor that has been found to affect the behavior of the corners over scale. As
pointed in [Lu & Jain, 89], we can assume that the scale space behavior of a corner is mainly
influenced by its immediate neighbors and that the effects from other features further away are
negligible. To address this issue more properly, we have redefined the concept of D-isolation. In
[Lu & Jain, 89], an edge curve is called D-isolated, if for any point on the curve, we can draw a
disk centered at that edge point with radius D, and that disk will intersect no edges except those on
this edge curve, D-isolated corners are usually regarded as the distance to the nearest edge/corner. In

contrast to this, we use a term “DS-isolation” defined as the distance to the nearest edge or corner of
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the same or higher level of significance value. This definition is chosen based on the fact that both
the distance of the neighboring feature and the strength of the feature compared to the corner under
concern contributes to the difference in the corner behavior over scale. For example, if a corner is
adjacent to another one which is significantly weaker than the corner of interest, then the corner of
interest will remain virtually unaffected by this neighboring corner. So when defining the isolation,
one must take the strength of the neighboring features into account to make the concept more useful.
Also, in contrast to the traditional definition of the strength of the corner which is usually defined as
the edge amplitude or cornerness, we use the significance of detectability value SD as the measure of
the corner strength. The edge amplitude multiplied by the edge length is used as the edge strength.
Knowing that the scale behavior of corners is strongly affected by neighboring features, we choose
the exponential to represent the contribution of the DS-isolation value, with the smoothing factor as a
reference which matches the study in [Lu&Jain, 89], where it is proved that D-isolated points (defined
in a slightly different way) can be detected by an operator with a smoothing scale less than D.

The combined significance value associated with the detectability of a DS-isolated corner can

be represented by:

DSiso
SD = (exp(_vm 1) —1) * (Gedge - Gihrcshold)
___min(ziry) ) _ (6.9)
* (exp ( maz{a,(a;ta:(€/2))} ) 1 — 1) ,
where SD positive represents the detectable corners at scale ¢ with the value proportional to the

confidence level; SD negative represents the blurred or undetectable corners at smoothing scale o;

D=0 represents the turning point.

Correspondingly, the combined displacement can be represented as

Datias = o/ sin (8/2) + g—g

*< DSiso) " DSiso (610)
o 3 U o-—5—)

where $Dg and §D,, represent for the detectability value of the corner of interest and the nearest

neighbor corner/edge (assuming they are isolated). The first term originates from the decrease
of the corner sharpness. To represent the worst case, the maximum displacement is used as the

corner displacement value. The second term originates from the merging or repelling trend of two
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neighboring corners, as pointed out in [Fredrik Bergholm, 87], though the term is generalized by
taking the strength of the corner into consideration. Theoretically, the sum should be a sum of
vectors, since two displacements might be in different directions, here we simplify the problem by

the worst case where both are in the same direction. So the worst case result becomes the scale sum.

In the following section, we will carry out some experiments to see how well our equations

represent reality.

Experiments
In Predicting the Corner Scale Behavior

In this section, we will give some tests to prove that the significance value can be used to predict
the scale behavior of the corners. To compare with the results obtained by traditional methods,
such as multi-scale corner detection, we choose the test images used in [Anothai Rattarangsi &
Roland T. Chin, 92], where corners detected in different scales are represented in a sparse tree.
In our experiments, the corners are marked as a, b, c,..., shown in Fig. 6.9, ranked in order of
their detectability value, and compared to the corresponding sparse tree in [Anothai Rattarangsi &

Roland T. Chin, 92].

Figure 6.9 Test Image

In ranking the corners, both the detectability value and the displacement value, as well as the
cornerness are considered. Cornerness is defined as the curvature, which can be obtained by
o Imlj + I, I2 - 21, 1,1,
(12 + 13)**

Note that there might be a confusion as whether the corners are displaced or disappeared when

= 1/|VI|(kny) (6.11)

two neighboring corners are in the same level of detectability, such as m and n. In this situation, the
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stronger corner is recognized as the persistent one, in our case, corner n is said to be persistent rather
than corner m. The corners are ranked, in the order of significance value, as b, a, f, ¢, d, e, h, i, j,
k, 1, p, g, n, m. We can tell this order is almost consistent with the corresponding scale space tree
given in [Anothai Rattarangsi & Roland T. Chin, 92], with the exception of corner a, which is failed
to be detected at coarse scale in the tree representation. But intuitively, we see no reason that corner
a is not detected while corners i, j, k, ... are detected. This is due to the weakness of the corner
detector applied in [Anothai Rattarangsi & Roland T. Chin, 92], and suggests that a new corner
detector is required for multi-scale applications which can provide more consistent results. This issue

is addressed in details in the following sections where multi-resolution image registration is studied.
Selecting Scale Invariant Corners

For the multi-resolution image registration, ideally, the corner detector should be designed
to be proportional to the significance value associated with the detectability, ie., SD =
(exp(D_sfm‘l) —1) * (Gedge — Gihreshold) * (exp(r@('::f—(7§/L*1°~+'f(Z*JL/ZW)"1 —1) , and inversely propor-
tional to the displacement value, which is Suii,s = 0/ sin (6/2) + %’: * (a - D—‘zm-) * u(a — 2%&),
where L’s are the corner edge length, # is the corner aperture, G is the corner amplitude, o is
the smoothing scale, DS is the D-significantly-isolated as defined in section 4 & 5. In addition,

cornerness is also considered as a proportional factor, which is defined as the rate of change of

gradient direction along an edge, multiplied by the gradient magnitude,

c= el t Ik _sfzyu” = 1/|V|(kns) 6.12)
(2 +13)

To be proportional to cornerness and detectability and inverse proportional to the displacement,
in corner attributes, implies being proportional to corner amplitude (or depth), corner arm length L1 &
L2, and inversely proportional to the smoothing scale 0. As to the aperture, it should be proportional
to cos (§/2) due to cornerness, sin (6/2) due to detectability, and tan (§/2) due to displacement.
This results in a conflict situation. Since from the cornerness point of view, which has been used
as a criterion so far, cosf/2 should be used (the smaller the corner, the higher the curvature), while
from the persistent/displacement point of view, the sin6/2 should be used in the criterion (the smaller

the angle, the larger the displacement, and less detectable as well). This conflict in detecting corners

is one main reason behind the inconsistent result of the traditional corner detection where only
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cornerness is used as the criterion. To compromise among these factors, we propose to use sinf as

the criterion in designing a corner detector.

From the above analysis, we can see that the key to consistent corner detection is to form a
measure that considers all these factors and is less expensive computationally. This can be used to

evaluate the corner detectors or as a guideline in designing new corner detector.

An alternative will be to apply one corner detector to obtain corner points, estimate the corner
attributes and evaluate the corners’ significance value. To calculate the significance values, we
start with corner arms orientations. They are obtained using the gradient orientation histogram as
introduced in [Rosin, 96]. Then the angle is obtained as the difference between the two corner arms’
orientations with high gray level area designated as corner area, and the depth is obtained as the
mean difference between corner area and non-corner area in the window centered at the corner. The
surface smoothness is added to the significance value to represent the noise level of the corner, so
that corners in the noisy area is discarded as well. The surface smoothness is defined as the variance
of the corner area. On the other hand, the corner arm lengths are not used since it is complicated to
calculated, the same with the D-isolation value. In computer graphics where the geometry of objects
are known, and view point is changing with zooming, these attributes and significance values can

be obtained and used as scale consistency measure.

We first applied the selection process on Fig. 6.1. There is a general improvement in the
percentage of matching points, as shown in Fig. 6.10. As we can see, more improvement are
obtained in applying the selection process to image after smoothing. The result can be close by

applying the right amount of smoothing scale which is not always known.
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The Comparison of Matching Point No.
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Figure 6.10 Solid: partial smoothing+selection; Dashdot: full smoothihg; Dashed: Selection; Dot: no selection.

6.4 Summary

In this chapter, we addressed the inconsistency problem in the corner detection, and studied the
possibility of solving this problem. The concept of significance value of corners is introduced, as
well as the DS-isolation and detectability. Analytical formulas to calculate these values are obtained
using a simplified smoothing function, which proved to be representative for general smoothing
function as well. An implementation measure is proposed and experimental results are given to
show that some improvements are obtained in increasing the percentage of matching points for

multi-resolution registration.

The advantages of this approach: 1) only one scale of corner detection is required; 2) corners are
extracted on the finest scale, which gives least localization error; 3) the spurious corners and false
corners detected on the fine scale can be filtered out by thresholding the significance value, since

very small significance values are assigned to these corners by our definition.

By no means have we covered all the factors and aspects in detecting the scale consistent corners,
and the reliability and feasibility of our approach still needs to be studied. Problems remaining: (1) the
significance values are derived based on the linear approximations; (2) significance value equations

are only proportional representation. An elaborate form can be obtained by more experiments; (3)
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the adjacency problem is far more complicated than a simple equation can represent. And in our

experiments, this is not addressed due the complexity of the computation.

There are many issues that need further study in this area, this chapter studied the feasibility of
RST estimation using corner matching directly without any brute force search, and found there are
two issues need to be studied beforehand. One is to increase the percentage of corresponding corners
across two resolution images, another one is the reliability of matching schemes. We analyzed the

source of the first problem, and proposed a measure to improve the results. The latter issue is still

. an open issue and needs further study. Consequently, this approach was not adopted in our final

approach to recover RST values.
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Chapter 7 Image Fusion and Proposed Approach

Once the images are registered, the next step is to fuse them into one image. In hardware, they
can be projected onto one screen. In this chapter, a software fusion is discussed and implemented.
This involves recovering possible relative distortion, re-sampling, normalization and transition band

smoothing. Details are given in the following sections.

Also in this chapter is a complete software implementation flowchart as a summary of the
previous analysis and experiments. It adopts a multi-process approach where the optimal process is

used based on the given initial values of the RST change range.

7.1 Radial Distortion Recovery

Pictures taken with cameras of different RST are subject to lens distortion to different extents,

which means there is relative distortion between two pictures.

A simple radial distortion is the first order model represented as follow:

z' = zkyr?
y' = ykyr? (7.1)
rP=(z—2)’ + (y -y
2’ = zkyr?
y' = ykyr? (7.2)
2= (2= 2e) + (v - ge)? |
where X’ = (2',') represents the distorted location of the point X = (z,), k1 is the coefficient

of the radical distortion and (z.,y.) is the true optical centre.

In our experiment, first order radial distortion is recovered, following the corner match. The
results show no significant visual differences. Therefore, this step is not included in our final
implementation. Other image enhancement schemes, such as deconvolution using point-spread
function, are tested, but showed no consistent improvement of the presentation, and are not adopted

in our final approach.
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7.2 Up-sampling & Down-sampling

Re-sampling is needed to present two pictures on one screen, where the resolution is uniform. To
have better overall resolution, up-sampling the low resolution background is needed, the disadvantage
is that a much higher pixel numbers are required for the display which is not always available. Another
way to fuse two pictures is to down-sample the high resolution image to match the low resolution
picture. The disadvantage is the loss of the details in the insert. The result of both approaches are
shown in Fig. 7.1. There is in-between sampling as well, where both up-sampling and down-sampling
are done to meet in some level of middle resolution. The disadvantage is twice the computation.

The resampling are done the same way as in section 4.5, with linear interpolation.
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7.3 Normalization and Smoothing in Transition Band

Following the re-sampling will be the intensity level normalization of the transition band between
AOI and WFOV. Both mean and variance normalization is applied to obtain better results. This is

done by normalizing the WFOV image with the insert mean and variance, as
Iwrov(i,j) = (Iwrov (i, J) — Mwrov)/Vwrov * Vaor + Maor (7.3)
where Mwrov and M 40 are the means of the insert area of the WFOV and AOI, while Viyrov
and V4o are the variance of these two areas.
In smoothing the transition band, the principle is to keep the high resolution insert area as much
as possible, while trying to smooth the sharp intensity changes around the boundary. As discussed

in Chapter 3, there are several ways of doing this, and method (iii) is chosen with linear weighting

proportional to the distance. That is,

Ifusion(i’j) = IAOI(iaj) * (1 - T/RS) + IIFOV(i’j) * T/R3 (74)
where r is the pixel distance to the image centre, R3 is the width of the transition band chosen as
10% of the AOI or R1, and R2 is the WFOV.

The transition band was chosen to be rectangular as shown in Fig. 7.2, since this gives larger high
resolution region, and experiments show better visual effect as well. Mean and variance normalization

are used to maintain intensity match between insert and background.

/_\
! / \
R2 R2
——
v
Rectangular Fusion Circular Fusion
R1: High Resolution Zone R2: Insert Zone R3: Transition Zone

Figure 7.2 Comparison Between Rectangular transition & Circular Transition
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7.4 Proposed Approach

From the analysis and experiments obtained in the previous chapters, we can see that a different
process should be applied for different imaging conditions. For a small range of RST changes, a
corner-based process worked well and efficiently, while a hierarchical BFS approach provides better
performance for a larger range of RST changes, and should be used to obtain a finer estimation
of RST before applying corner-based process. As a result, a multi-process approach is proposed
for final implementation, as shown in Fig. 7.4. The idea is to use the optimal process for various
initial values, i.e., the process that is most suitable for recovering the given range of changes. The

flowchart simply combines the hierarchical BFS and corner-based approach discussed in Chapters 4

& 5. The details can be found in these two chapters.
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Figure 7.4 Flowchart of Multi-process Approach for RST Estimation

The processed images after each step of this approach are shown in Fig. 7.5-7.11. The
results show consistent improvements of image merging after each additional step, and verified
the effectiveness of the proposed approach. The images taken consist of variety features, and can

represent typical outdoor images as well, such as the map and the plant image sets.
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Chapter 8 Conclusions and Future Work

8.1 Conclusions

This thesis has addressed some of the issues in developing a DVC system for tele-operation
applications. These include the system specifications, implementation technology, and the processing
system. Examination of the current technology shows that there are many technical difficulties in
matching the capabilities of the human eye. Two of the most advanced DVC systems are introduced
as the state of the art system models with up-to-date performance. For industrial applications, there
are demands for more economic implementations, especially WFOV imaging and display, high
resolution insert tracking and projection device, better display resolution, etc. A few design ideas

are proposed for improving current DVC systems.

The processing system for DVCS is a new issue since the images are taken from remote cameras
instead of computer-generated as in other DVCS such as flight simulator displays. This thesis
performed analysis and experiments on this topic. A final approach for image merging is proposed
and implemented that gives best trade-off of the performance characteristics for various imaging

conditions. In summary, the conclusions are:

* A correlation-based brute force search is reliable and accurate, but can be computa-
tionally expensive;

* A corner-based approach using correlation window in matching is efficient in
recovering small range of RST changes, but may fail in featureless image pairs,
and can be unreliable and computationally expensive when the RST change ranges
are large;

* A corner-based approach using attributes in matching proved to be very difficult
in recovering large RST changes. There are many issues to be resolved before its

practical implementation;

* A hierarchical approach can reduce the computation cost of the correlation-based brute

force search, by adapting a different step size and window size at different levels of
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resolution, and by using low resolution estimation to reduce the search range at higher
resolution levels;

* A approach which combines the hierarchical BFS and comer matching can provide
the performance for various imaging conditions and is implemented and recommended
as the final approach;

* The proposed calibration-free image registration of AOI and WFOV approach is
designed to minimize operations for real-time implementation purposes;

* This software implementation can relax the requirements for position sensing and

camera control devices.

8.2 Future Work

A DVCS is a complex system and is still in the developmental stage. Since none of the
current DVCS can present ideal scene, there are many works to be done for improvements. As new
technology and processing develops, better system will evolve. Increasing computing power will
have great impact as hardware specs can be relaxed by computer processing capabilities. Some of

the future work includes:

* Design of an application specific computing process, including using parallel computing
for real-time implementation;

* Design of a programmable image computing board, which can replace individual
processing boards such as correlation board and warping board. This will significantly
improve the overall software system by reducing the volume and cost;

* Better interfaces for the ease of use;

* Hardware designs for components such as wide angle imaging, position control devices
to achieve cost efficiency required for industrial applications.

* Additional features such as stereo, color and augmented information in the presentation.
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Appendix A
Imaging System Using Intensity Array

Abstract This paper introduce a new concept of intensity array and the digital
imaging system using this array. This system has the potential of wide angle of
view, high resolution and variable resolution pattern, etc. We will present the
concept first, give a simple design as an example and then analyze the possible
problems that might occur in implementation.

Section 1 Introduction

In medical imaging system, such as x-ray, r-ray, there is a high demand for
an imaging system that can provide both aperture and resolution since no lens
is available. Pinhole array(or called coded aperture imaging) is introduced as a
mean to improve the SNR (aperture) while keeping the resolution of small size
of holes. The recorded picture will consist of many overlapping images of the
emitting object and, in general, bears no resemblance to the object. Computer or
optical processing of the picture is required to produce the reconstructed object
which should resemble the original object. In this implemeﬁtation, the detector
should be large enough to observe the entire shadow produced by any source
within the field of view. This restricts the angle of view, the size of the source
image, and the detector size, etc.

3) in visual speétrum region, light diffraction by the pinhole cause the poor
resolution.

Section 2 Concept of Intensity Array & the Principles

After studying the advantages and disadvantages of pinholes and pinhole
masks, we propose a new concept of intensity element and intensity array which
can be used in digital imaging system at very low cost of computation time.

We define an intensity element as a pinhole with a detector(sensing material)
and an intensity array as an array of such intensity elements, see Fig.1. It is easy
to obtain the relation between the field of view(FoV) and the size of the intensity
element from the figure. Assume the FoV is 26, pinhole length is P, detector
length is D, the distance between the pinhole and the detector is d, then, we have:

tanf = %,0 = arctan (%&2)
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Fig.1 The Intensity Element and the Relations Between its Parameters

As we can see from the equations, we can get intensity elements with different
FoV simply by changing the structure of the pinhole. This give us the chance
to set up a array consist of intensity elements with different FoV. The idea is to
have each intensity element cover different spatial resolution points of the real
world(FoV), and build up the relations between the intensity array and the spatial
resolution point of the real world. By solving these equations, we can obtain the
image of the real world from the intensity array. A distortion-free, wide FoV
imaging system can be obtained if we set up the intensity array properly. By
properly, we mean several principles to follow in setting the intensity array. We
summarize as follows:

The principle of singularity: Any two intensity array elements should have

* different FoV or cover at least one different spatial resolution point in 2-D, and

vice versa, any two spatial resolution points in real world should corresponds to
at least one different intensity array element.

The principle of resolution distribution: The spatial resolution pattern of
the real world is mainly determined by the overall FoV, the dimension of the
intensity array and the distribution pattern of the intensity array.
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The principle of no-disparity: The overall size of intensity array should be
small enough that assumption of no disparity can be made. This restricts the
number of intensity elements we can have, which means the spatial resolution
points in real world is also restricted since the dimension of the intensity array
decides the number resolution points of the real world.

Once the array is set, the transform function between spatial resolution points
in real world and the intensity array is fixed and can be determined in advance.
So, only matrix multiplications are needed to obtain the real world image from
the intensity array, we will give an example in the following section. in case
of non-uniform-resolution or non-traditional resolution pattern, interpolation and
resampling will be needed as well. Since this is a variable imaging system, the
optimum angular resolution pattern can be arranged according to human visual

perception pattern.

Section 3 Simple Design & its Equations

Assuming that the intensity array has a) no diffraction, b) no-interference
between intensity elements, and c) each intensity element covers integer number
of spatial resolution points in 2-D, in addition to the principles stated in the

- previous section, we can set up simple relation between real world and the intensity

array with singular solution. We call this ideal case, and non-ideal case will be
discussed in the next section. '
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Fig. 2 One Design of Intensity Array

Fig.2 gives one example of such an intensity array.
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Suppose the coverage of each pinhole is M in angular direction, M=1 rep-
resents one spatial resolution coverage in angular direction. In radical direction,
assume the coverage is from the current point to the centre point. For M=1, we
have the following relation:

R = My I x Mg, where

Ry 0 0 1 0 .. 0
R = Ry1 Ry ... 0 M, = 1 1 ... 0 ,
Ryi1 Ry2 ... EBynN 1 1 .. 1
I 0 .. 0 1 0 .. 0
[ = Ion Iy ... 0 _and Mg = 0 1 .. 0O
Iy Ivz o Inw 000 .1

where R is the detected detected intensity array image, M; is the left mod-
ification matrix, I is the real world image, M; is the nght modification matrix,

There are many p0331b1e designs, as to which one is more practical highly
depends on the manufacturing side.

Section 4 Reality & the Possibilities

In the visual spectral region the ordinary pinhole camera is of limited useful-
ness, because of its poor resolution due to light diffraction by the pinhole.

In non-ideal case, first, there is a restriction introduced by the diffraction,
which means the size of the pinhole has a limit, this is the main reason we
emphasize our design in X-ray and ['—ray camera, since with X-ray and ['—rays,
diffraction is usually of no consequence. Although application in visual light is
possible, but the benefit wouldn’t be the same. Second, to meet the assumption
of non-disparity between pinholes, the array size has to be small, which means
limited dimension of the intensity array which also means limited resolution.
Third, some noise will be introduced by non-integer number of coverage of the
resolution points of each pinhole, interference from neighboring intensity element
due to non-complete absorption of the energy of the isolating material, etc.




Appendix B
Moving Insert Using a Microlens Array

The idea is to use an array of lenses to shift the image to the location where the insert is expected
by eye-tracking signal. With the object located at a significant distance from the array (within the
aperture of all the lenses), each lens forms a miniature image of the object being photographed.
In our application, we go further than forming multiple images, we use an LCD panel to control
which lens to use each time instant, i.e., one lens is valid each time while all the others are closed
(no passage of light through these lenses). In this way, we are able to move the insert around the

background. See Fig. B-1.

Video from Computers
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Move to Adjust AOI

¢ [ ) S AOQOI LCD Screen
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.,
Viewer
IFOV Screen Half Silvered Mirror

Figure B.1 The Setup of the Optical System with Moving Insert

When designing this lens array, the dimension of the array and the size of the lens should be
considered according to the screen size of both insert and background, insert size on the display,
distortion tolerance and the frame size of the system, etc. On one hand, the insert is expected to
perform the eye-tracking function, i.e., to move around the background. For the insert to move

around the background smoothly, the larger the number of lenses the smoother the movement, i.e.,
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the finer the spatial resolution of eye-tracking . On the other hand, smaller lenses means lower overall
luminance and higher distortion due to diffraction. If the lens size is too small, the luminance of the
insert can be too weak compared to the background, though we can increase the overall luminance
of the insert, there is a limit as to how much we can adjust the luminance. Suppose we de-magnified
the insert by N times, theoretically, the lens size (considering the luminance) should be the LCD
panel size divided by N, if the lens size is smaller than this, we need to enhance the luminance of
the insert panel by LCD size/N/Lens size. To make the full use of the lens size within limited space,
the best design should be a square lens as shown. We choose the size of each lens to be between
LCD size/N to LCD size/4N which make a compromise between the luminance and smoothness of
the insert movement. The lens size is also restricted by light diffraction, in theory, the lens diameter

should be larger than 1mm to avoid significant diffraction effect. See [Davies&Lau, 91]

Since the dimension of the lens array is very restricted, the system’s ability in eye-tracking
performance is also very restricted, since it gives a big step between each insert movement, as'if
the insert is jumping from one place to another. So in addition, we introduce an electronic way
to move the insert between these gaps. Instead of using the whole screen to present the insert,
we use a part of the screen to present one frame of insert picture each time, and move the insert
around to the full use of the screen. Combining the lens array and electronic movement, we are

able to move the insert around the whole display smoothly. From Fig. B-2, we can calculate the

parameters of the display system.
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Figure B.2 The Microlens Projection
The gap is
N * Dlens _ d2 - R
Dyop dy + ds
(B.1)
Dl _ N * Dlens
gap — R

Dgap = Dlens/R
where Djcys is the size of lens, Dy, is the distance of neighboring lens’ projection centres, d is
the distance between display and lens array, d, is the distance between lens array and insert screen,

R is the ratio of these distance, Dy, is the moving range of the insert screen, Dcp; is the LCD

length and Dpcps is the LCD width.

To cover the gap, the centre of the image should be able to move, to get D,,0ue as follow:

N % Digns/R+ Diens/2R = N * Dies _ dy 1R

Dmove + N x Dlens - d_2 B R

Dens 2
Dmove = 11_}/2

While trying to move the insert smoothly, we also want to keep as many pixels as possible. The

(B.2)

following table shows their relations. The percentage of pixels being used is as follow:
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P= (DLCDI - Dmove)(DLCD2 - Dmove) _
Drep1 * Drep2

1 _ Dmove ¥ (Drcp1 + Drcps) D3 ove ©
Drcp1 * Dicp2 Drep1 * Dicp2
ds R focal length of lens Dinove Pixel Usage Percentage
dq 1/2 dy/2 Diens 72.25%
dy/2 173 dy/3 3/4D s 76.2%
dy/3 1/4 dy/4 2/3Diens 81.1%

Figure B.3 Relation of The System Parameters
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Appendix C
Pixel Effect Removal for LCD Screen

In a high quality display system like a helmet-mounted display (HMD), the gap between each
pixel can be very annoying since the human eye has an acuity of vision which gives very high
resolution perception. A person can distinguish two separate points 6 microns apart on the display
if the display is 50mm away from the eye, i.e., the gap size between neighboring pixels on the
display should be less than 6 microns in order for the eye to ignore the gap, otherwise, the eye will
recognize the gap and the whole image will looks like an array of separated dots. Now, it’s not
difficult to get a display component like an LCD panel or fibre optic bundle with pixel gaps less than
6 microns, the problem is when displayed to the eye in some display system like HMD, there will
be a magnifying lens which focuses the image to infinity and at the same time enlarges the image.
As a result, the gap is magnified at the same time. So, there is a need to remove these gaps even
if they are less than 6 microns. As to what size of gap is tolerable will depends on the magnifying

lens and the distance between the eye and the display.

To remove the gap effect, we propose a smoothing method by interpolating the gap area with
neigbouring pixel gray levels. The way to realize it is to use a vibration system to move the fibre
optics bundle or the LCD panel in such a pattern that the neighboring pixels will move back and
forth from the gap position and cover the gap in such a pattern that gives the overall effects of some
sort of interpolation. This is justified by the fact that the human eye has limited resolution perception
of stimuli in time which is called the fusion frequency. The minimum frequency of the subjective
fusion is called the critical fusion frequency (CFF) as illustrated in Fig. 2.5. The maximum CFF is
50 Hz under all luminance conditions. So, we need to vibrate the fibre bundle or LCD panel at the

frequency twice of that which is 100 hz to eliminate the vibration effect itself.

Here, we will discuss different vibration patterns for different display systems, and give the
results of vibration effects that’s equivalent to the interpolation. There are basically two types
of vibration. First, a linear movement, move along the vector which is a combination of all the

necessary movement vectors, this will give the result of filling the gap with near linear interpolation,
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as shown in Fig. C-1. Second, we can move the display end along a circle so that the gap will

be filled by neighboring pixels.

The effect of these two different types of movements are different on different pixel shape.
Basically, linear vibration will require a very accurate moving direction, otherwise it may end up
with a different interpolation in one direction which may be worse than another direction. Circular
vibration does not require direction correction, which means the interpolation effect is very stable,

but might not be the optimum pattern and also gives a more complicated interpolation function.

In addition to the smoothing the gap by vibration, it also reduce the jitter effect caused by the
sudden change of gray level between the gap and the neighboring pixels. As shown in Fig. C.1.
Here we give an example of linear vibration effect on the hexagonal pixel arrays. We can see that
after vibration, the gray level between neighboring pixels is smoothly transferred and filled in the
gap. Although the interpolation is not exactly linear, it gives a much smoother transition between

neighboring pixels, and more important is, no gap any more.

intensity level

10

0 20 40 60 80 100 120 140 160 180 200
neigboring pixel distance

Figure C.1 The Neighboring Pixel Intensity Before/After Vibration
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Appendix D
Additional Experimental Results

To test the algorithms proposed, 7 set of images are taken with different zoom, different rotation,
different space shift, and the algorithms are tested on all of them. The true values of RST are
given by visual examination.

Fig. D-1 & D-2 show the comparison of the estimation error of different methods and the
precision in graphic form. There is a general trend of decreased estimation error after each additional
step, at the cost of the computational time. But, there are also steps where no significant improvement
occurred, though computational cost is high. The optimization approach and corner map correlation
do not give a stable improvement in general, i.e., the improvement is not consistent over different
pictures.

Fig. D-3 shows the number of corner points and its effects on the estimation error. After
studying this relation, 5/10 is selected in the final version. That is, 10 corner points are selected
by using a Plessey corner detector, and matched to locate to the background, and according to the
correlation value, the top five corner pairs with highest correlation values are chosen to give the RST
estimation with MSE methods. Intuitively, we would think that the larger the number of corners, the
better the estimation results. The reality is there are images with a very limited number of significant
comners, and if forced to choose a large number of corners, the threshold has to be lowered to the
level where noise becomes significant. The minimum number needed to estimate RST are two corner

points. So, any number between 375 seems to work fine and give similar results in our experiments.

To choose the final approach, we need to know what precision level can be accepted. From our
experiment in fusion, we found that after two level brute force searches, the change is not significant,
so this level of estimation error is regarded as acceptable in our experiments. For other applications,
there might be different requirement, and the process need to be adjusted accordingly.

Fig. D4 gives the estimation error of the proposed optimal approach. It shows that whether
one level brute force search plus corner matching is used or two level brute force search is used

seems to give similar results. The first approach is used because it can recover radial distortion if

needed, and slightly less expensive computationally.
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Fig. D-5 shows the correlation surface over RS at coarsest level, and Fig. D-6 shows the
second coarsest level. These surfaces give us an idea about the variety of the characteristics of the
images processed, and that’s why caution must be taken in selection of step sizes and methods to
suit general situations. These surfaces contain a lot of information about the sensitivity, and the
noise level, etc., and can be used as guidance as to whether certain approaches or step sizes are
proper or not. The problems is they are obtained after all the calculations are done, and can only be
useful as a way to evaluate how reliable the results are. As one can see, surfaces like CS-lab and
Tool are well shaped to give good estimation, while surfaces like Map and Toys can be vulnerable

to noise. These are reflected in the results.
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Figure D.1 RS Estimation Error Comparison Among Methods
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Figure D.3 Comparison of the Estimation Error of the Steps in Proposed Approach

Figure D7 and up show the errors after each step for each pair of pictures. The true values of
RST are obtained by visual test, and non-maximum stands for the selection of the global maxima
using non maximum suppression over the correlation surface. QLF stands for quadratic Line Fitting
used for sub-step RST value estimation. The four estimation values stands for [R,S,X,Y]. As we
can see, the accuracy is generally improving after each step, at extra computational cost, as given
in Section 4.4.5. From these tables, we can also see each step has different effects on different
pictures. As analyzed before, the success of the registration depend on the feature contents to some
extend, and this is reflected in the results. Detailed examination of these results show that corner
matching works better on pictures with sharp geometric features such as the Box and Toys pictures,
while it fails in the Map picture where no significant features exist. The correlation based method

works best in this case.

Images/RST CS-Lab (R,S$,X,Y)

Figure D.4 Estimation Error of Methods on the Lab Picture Pairs  (Continued) . . .
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True Values (obtained by visual test)

(0.00, 4.00, 241, 237)

Estimation Error after 1-BFS with non-max

(0.03, 0.10, 7, 3)

Estimation Error after 2-BFS with non-max

0.02,0.07,3, 1)

Estimation Error after 2-BFS with QLF

(0.01, 0.00, 3, 1)

Estimation Error after 1-BFS & Corner Match

(0.01, 0.08, 0, 0)

Estimation Error after 4-BFS with non-max

0.00,0.03,1, 1)

Estimation Error after 4-BFS & Corner Map

(0.01, 0.00, 1, 1)

Estimation Error after 4-BFS with non-max & Optimization

(0.00, 0.13, 1, 1)

Figure D.4 Estimation Error of Methods on the Lab Picture Pairs

Images/RST

Toys (R,S,X,Y)

True Values (obtained by visual test)

(0.01, 4.18, 243, 210)

Estimation Error after 1-BFS with non-max

(0.04, 0.28, 5, 2)

Estimation Error after 2-BFS with non-max

0.01, 0.26, 1, 2)

Estimation Error after 2-BFS with QLF

(0.01, 0.20, 1, 2)

Estimation Error after 1-BFS & Corner Match

(0.01, 0.03, 0, 1)

Estimation Error after 4-BFS with non-max

(0.01, 0.14, 0, 1)

Estimation Error after 4-BFS & Corner Map

(0.01, 0.13,0, 1)

Estimation Error after 4-BFS with non-max & Optimization

(0.01, 0.07, 2, 1)

Figure D.5 Comparison of Estimation Error of Methods on the Toys Picture Pairs

Images/RST

Map (R,S,X)Y)

True Values (obtained by visual test)

(0.25, 4.21, 270, 202)

Estimation Error after 1-BFS with non-max

(0.01, 0.15, 2, 6)

Estimation Error after 2-BFS with non-max

(0.02, 0.14, 2, 2)

Estimation Error after 2-BFS with QLF

(0.02, 0.06, 2, 2)

Estimation Error after 1-BFS & Corner Match

(0.02, 0.25, 1, 2)

Estimation Error after 4-BFS with non-max

(0.01, 0.20, 0, 0)

Estimation Error after 4-BFS & Corner Map

(0.00, 0.20, 0, 0)

Estimation Error after 4-BFS with non-max & Optimization

(0.13, 0.20, 52, 38)

Figure D.6 Comparison of Estimation Error of Methods on the Map Picture Pairs
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Images/RST

Tool (R,S,X,Y)

True Values (obtained by visual test)

(0.12, 3.55, 233, 240)

Estimation Error after 1-BFS with non-max

(0.01, 0.15, 7, 0)

Estimation Error after 2-BFS with non-max

0.02, 0.15, 3, 0)

Estimation Error after 2-BFS with QLF

(0.00, 0.05, 0, 4)

Estimation Error after 1-BFS & Corner Match

(0.01, 0.01, 1, 2)

Estimation Error after 4-BFS with non-max

(0.01, 0.16, 2, 2)

Estimation Error after 4-BFS & Corner Map

(0.03, 0.19, 2, 2)

Estimation Error after 4-BFS with non-max & Optimization

(0.00, 0.15, 1, 3)

Figure D.7 Comparison of Estimation Error of Methods on the Tool Picture Pairs

Images/RST

Plant (R,S,X,Y)

True Values (obtained by visual test)

(0.13, 3.65, 218, 245)

Estimation Error after 1-BFS with non-max

(0.03, 0.05, 6, 3)

Estimation Error after 2-BFS with non-max

(0.03, 0.13, 2, 3)

Estimation Error after 2-BFS with QLF

(0.01, 0.07, 2, 3)

Estimation Error after 1-BFS & Corner Match

(0.01, 0.14, 0, 0)

Estimation Error after 4-BFS with non-max

(0.02, 0.01, O, 0)

Estimation Error after 4-BFS & Corner Map

(0.02, 0.00, 0,0)

Estimation Error after 4-BFS with non-max & Optimization

(0.01, 0.19, 0, 2)

Figure D.8 Comparison of Estimation Error of Methods on the Plant Picture Pairs

Images/RST

Me (R,S,X,Y)

True Values (obtained by visual test)

(0.10, 4.02, 242, 230)

Estimation Error after 1-BFS with non-max

(0.00, 0.12, 6, 6)

Estimation Error after 2-BFS with non-max

(0.00, 0.05, 2, 2)

Estimation Error after 2-BFS with QLF

(0.01, 0.02, 2, 2)

Estimation Error after 1-BFS & Corner Match

(0.09, 0.05, 1, 2)

Estimation Error after 4-BFS with non-max

(0.01, 0.03, 2, 0)

Figure D.9 Comparison of Estimation Error of Methods on My Picture Pairs
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(0.01, 0.06, 2, 0)
(0.02, 0.11, 2, 0)

Estimation Error after 4-BFS & Corner Map

Estimation Error after 4-BFS with non-max & Optimization

Figure D.9 Comparison of Estimation Error of Methods on My Picture Pairs

Images/RST

True Values (obtained by visual test)

Box (R,S,X,Y)

(0.00, 2.80, 242, 236)
(0.03, 0.10, 6, 4)
0.01, 0.15, 2, 4)
(0.01, 0.15, 2, 0)
(0.01, 0.00, 1, 0)
0.02,0.01,1, 1)
(0.00, 0.01, 1, 1)
(0.01, 0.00, 2, 1)

Estimation Error after 1-BFS with non-max

Estimation Error after 2-BFS with non-max
Estimation Error after 2-BFS with QLF
Estimation Error after 1-BFS & Corner Match

Estimation Error after 4-BFS with non-max

Estimation Error after 4-BFS & Corner Map

Estimation Error after 4-BFS with non-max & Optimization

Figure D.10 Comparison of Estimation Error of Methods on the Box Picture Pairs

Images\RST True Values Error after 1-BFS with | Error after 2-BFS with
non-max non-max
CS-Lab (0.00, 4.00, 240, 237) (0.03, 0.10, 8, 0) (0.02, 0.07, 4, 4)
Toys (0.01, 4.18, 243, 210) (0.04, 0.28, 5, 2) (0.01, 0.26, 1, 2)
Map (0.25, 4.01, 270, 202) (0.01, 0.11, 2, 6) (0.02, 0.09, 2, 2)
Tool (0.11, 3.50, 233, 240) (0.01, 0.15, 7, 0) (0.02, 0.15, 3, 0)
Plants (0.13, 3.55, 218, 245) (0.03, 0.15, 6, 3) (0.03, 0.05, 2, 3)
Me (0.00, 4.02, 242, 230) (0.10, 0.12, 6, 6) (0.10, 0.05, 2, 2)
Box (0.00, 2.80, 242, 236) (0.03, 0.10, 6, 4) (0.01, 0.15, 2, 4)

Figure D.11 Comparison of Estimation Error Between 1-BFS & 2-BFS on All Pictures
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Images\RST True Values Error after 1-BFS with | Error after 1-BFS &
non-max Corner Match
CS-Lab (0.00, 4.00, 240, 240) 0.02, 0.07, 4, 4) (0.01, 0.08, 0, 0)
Toys (0.01, 4.18, 243, 210) (0.01, 0.26, 1, 2) (0.01, 0.03,0, 1)
Map (0.25, 4.01, 270, 202) (0.02, 0.09, 2, 2) 0.02,0.25, 1, 2)
Tool (0.11, 3.50, 233, 240) (0.02, 0.15, 3, 0) (0.01, 0.01, 1, 2)
Plants (0.13, 3.55, 218, 245) (0.03, 0.05, 2, 3) (0.01, 0.14, 0, 0)
Me (0.00, 4.02, 242, 230) (0.10, 0.05, 2, 2) (0.09, 0.05, 1, 2)
Box (0.00, 2.80, 242, 236) (0.01, 0.15, 2, 4) (0.01, 0.00, 1, 0)

Figure D.12 Comparison of 1-BFS & 1-BFS+Corner Match on All Pictures

Images\RST True Values Error after 2-BFS with | Error after 2-BFS &
non-max QLF
CS-Lab (0.00, 4.00, 240, 240) (0.02, 0.07,4, 4) (0.01, 0.00, 4, 4)
Toys (0.01, 4.18, 243, 210) (0.01, 0.26, 1, 2) (0.01, 0.20, 1, 2)
Map (0.25, 4.01, 270, 202) (0.02, 0.09, 2, 2) (0.02, 0.06, 2, 2)
Tool (0.11, 3.50, 233, 240) 0.02, 0.15, 3, 0) (0.00, 0.05, 0, 4)
Plants (0.13, 3.55, 218, 245) (0.03, 0.05, 2, 3) (0.01, 0.03, 2, 3)
Me (0.00, 4.02, 242, 230) (0.10, 0.05, 2, 2) (0.11, 0.02, 2, 2)
Box (0.00, 2.80, 242, 236) 0.01, 0.15, 2, 4) (0.01, 0.15, 2, 4)
Figure D.13 Comparison of Estimation Error Between 2-BFS
with nonmaximum & 2-BFS with QLF on All Pictures
Images\RST True Values Error after 4-BFS & Error after 4-BFS &
Nonmax Corner Map
CS-Lab (0.00, 4.00, 240, 240) (0.00, 0.03, 1, 4) (0.01, 0.00, 1, 4)
Toys (0.01, 4.18, 243, 210) (0.01, 0.14,0, 1) (0.01,0.13,0, 1)
Map (0.25, 4.01, 270, 202) (0.01, 0.00, 0, 0) (0.00, 0.00, 0, 0)
Tool (0.11, 3.50, 233, 240) (0.01, 0.16, 2, 2) (0.03,0.19, 2, 2)

Figure D.14 Comparison Between 4-BFS & 4-BFS with Corner Map on All Pictures
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Plants

(0.13, 3.55, 218, 245)

(0.02, 0.01, 0, 0)

(0.02, 0.00, 0, 0)

Me

(0.00, 4.02, 242, 230)

(0.09, 0.03, 2, 0)

(0.09, 0.06, 2, 0)

Box

(0.00, 2.80, 242, 236)

(0.02, 0.01, 1, 1)

(0.00, 0.01, 1, 1)

Figure D.14 Comparison Between 4-BFS & 4-BFS with Corner Map on All Pictures

Images\RST

True Values

Error after 4-BFS &

nonmax

Error after 4-BFS &

optimization

CS-Lab

(0.00, 4.00, 240, 240)

(0.00, 0.03, 1, 4)

(0.00, 0.13, 0, 4)

Toys

(0.01, 4.18, 243, 210)

(0.01, 0.14,0, 1)

0.01, 0.07, 2, 1)

Map

(0.25, 4.01, 270, 202)

(0.01, 0.00, 0, 0)

(0.13,0.40,52,38)

Tool

(0.11, 3.50, 233, 240)

(0.01, 0.16, 2, 2)

(0.00, 0.15, 1, 3)

Plants

(0.13, 3.55, 218, 245)

(0.02, 0.01, 0, 0)

(0.01, 0.19, 0, 2)

Me

(0.00, 4.02, 242, 230)

(0.09, 0.03, 2, 0)

(0.12, 0.11, 2, 0)

Box

(0.00, 2.80, 242, 236)

0.02,0.01,1, 1)

(0.01, 0.00, 2, 1)

Figure D.15 Comparison Between 4-BFS & 4-BFS+Optimization on All Pictures
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