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Thesis Abstract

Corner detection is a fundamental computer vision problem that has been widely studied in image
retrieval, object tracking, motion estimation, visual localization and 3D reconstruction. The accuracy
and repeatability of corner detection are important for image matching and retrieval, while the detection
accuracy and localisation ability are vital for visual localisation, motion estimation and 3D
reconstruction. For real-time computer vision tasks, it is important to achieve fast corner detection with
high detection accuracy and repeatability.

This thesis addresses the problem of corner detection and localisation with high accuracy and
repeatability. In order to improve the detection performance of the current state-of-the-art in corner
detection, an improved shearlet transform and a novel complex shearlet transform are proposed to
overcome the problems of traditional shearlets and achieve better localisation of distributed
discontinuities, particularly with the ability to extract phase information from geometrical features.
Moreover, a multi-directional structure tensor and a multi-scale corner measurement function are
proposed to make full use of the structural information from the improved shearlets for detection, and a
new rotary phase congruence tensor is proposed to utilize all amplitude and phase information of the
complex shearlets for detection. As a result, two new corner detectors are proposed. Experimental
results demonstrate that their localisation ability and detection accuracy are superior to current
detectors, and their repeatability is generally higher than current corner detectors as well as recent
deep learning based interest point detectors. Therefore, they have great potential for applications in
computer vision tasks.

To meet the needs of real-time computer vision tasks, especially real-time portable tasks, a new type of
filter that can enhance corners and suppress edges as well as noise simultaneously is proposed to
simplify the detection architecture and improve its parallel computing performance, and a novel corner
detector with high computational efficiency is proposed. The corresponding field programmable gate
array (FPGA) design is provided as well. Experimental results show that, with very low computational
cost and simple architecture, the proposed detector can achieve similar detection accuracy and
repeatability of current corner detectors while being potentially useful for real-time computer vision
applications.






Originality, Copyright and Authenticity Statements

ORIGINALITY STATEMENT

© | hereby declare that this submission is my own work and to the best of my knowledge it contains
no materials previously published or written by another person, or substantial proportions of material
which have been accepted for the award of any other degree or diploma at UNSW or any other
educational institution, except where due acknowledgement is made in the thesis. Any contribution
made to the research by others, with whom | have worked at UNSW or elsewhere, is explicitly
acknowledged in the thesis. | also declare that the intellectual content of this thesis is the product of
my own work, except to the extent that assistance from others in the project's design and conception
or in style, presentation and linguistic expression is acknowledged.

COPYRIGHT STATEMENT

® | hereby grant the University of New South Wales or its agents a non-exclusive licence to archive
and to make available (including to members of the public) my thesis or dissertation in whole or part
in the University libraries in all forms of media, now or here after known. | acknowledge that | retain
all intellectual property rights which subsist in my thesis or dissertation, such as copyright and patent
rights, subject to applicable law. | also retain the right to use all or part of my thesis or dissertation in
future works (such as articles or books).

For any substantial portions of copyright material used in this thesis, written permission for use has
been obtained, or the copyright material is removed from the final public version of the thesis.

AUTHENTICITY STATEMENT

& | certify that the Library deposit digital copy is a direct equivalent of the final officially approved
version of my thesis.






Inclusion of Publications Statement

UNSW is supportive of candidates publishing their research results during their candidature as detailed in the UNSW Thesis Examination
Procedure.

Publications can be used in the candidate's thesis in lieu of a Chapter provided:

» The candidate contributed greater than 50% of the content in the publication and are the "primary author", i.e. they were responsible
primarily for the planning, execution and preparation of the work for publication.
« The candidate has obtained approval to include the publication in their thesis in lieu of a Chapter from their Supervisor and Postgraduate

Coordinator.

« The publication is not subject to any obligations or contractual agreements with a third party that would constrain its inclusion in the

thesis.

® The candidate has declared that their thesis has publications - either published or submitted for publication - incorporated into
it in lieu of a Chapter/s. Details of these publications are provided below..

Publication Details #1

Full Title:

Authors:

Journal or Book Name:
Volume/Page Numbers:
Date Accepted/Published:
Status:

The Candidate's Contribution to the
Work:

Location of the work in the thesis
and/or how the work is incorporated
in the thesis:
Publication Details #2

Full Title:

Authors:

Journal or Book Name:
Volume/Page Numbers:

Date Accepted/Published:

Status:

The Candidate's Contribution to the
Work:

Location of the work in the thesis
and/or how the work is incorporated
in the thesis:

Corner Detection Based on Shearlet Transform and Multi-directional Structure Tensor
Mingzhe Wang, Weichuan Zhang, Changming Sun, Arcot Sowmya

Pattern Recognition

Volume 103, Pages 107299: 1-15

July 2020

published

Primary author: methodology design, algorithm design, programming, carrying out
experiments, and writing paper.

The work is incorporated in the thesis in Chapter 3.

Complex Shearlets and Rotary Phase Congruence Tensor for Corner Detection
Mingzhe Wang, Changming Sun, Arcot Sowmya

Pattern Recognition

submitted

Primary author: methodology design, algorithm design, programming, carrying out
experiments, and writing paper.

The work is incorporated in the thesis in Chapter 4.



Publication Details #3

Full Title: Efficient Corner Detection Based on Corner Enhancement Filters
Authors: Mingzhe Wang, Changming Sun, Arcot Sowmya

Journal or Book Name: Digital Signal Processing

Volume/Page Numbers: Pages 103364: 1-13

Date Accepted/Published: Accepted, Dec. 2021

Status: accepted

The Candidate's Contribution to the Primary author: methodology design, algorithm design, programming, carrying out

Work: experiments, and writing paper.

Location of the work in the thesis The work is incorporated in the thesis in Chapter 5.
and/or how the work is incorporated

in the thesis:

Candidate's Declaration

0 I confirm that where | have used a publication in lieu of a chapter, the listed publication(s) above meet(s) the
requirements to be included in the thesis. | also declare that | have complied with the Thesis Examination Procedure.



Abstract

Corner detection is a fundamental computer vision problem that has been widely
studied in image retrieval, object tracking, motion estimation, visual localization and
3D reconstruction. The accuracy and repeatability of corner detection are impor-
tant for image matching and retrieval, while the detection accuracy and localisation
ability are vital for visual localisation, motion estimation and 3D reconstruction.
For real-time computer vision tasks, it is important to achieve fast corner detection

with high detection accuracy and repeatability.

This thesis addresses the problem of corner detection and localisation with high ac-
curacy and repeatability. In order to improve the detection performance of the cur-
rent state-of-the-art in corner detection, an improved shearlet transform and a novel
complex shearlet transform are proposed to overcome the problems of traditional
shearlets and achieve better localisation of distributed discontinuities, particularly
with the ability to extract phase information from geometrical features. Moreover,
a multi-directional structure tensor and a multi-scale corner measurement function
are proposed to make full use of the structural information from the improved shear-
lets for detection, and a new rotary phase congruence tensor is proposed to utilize
all amplitude and phase information of the complex shearlets for detection. As a
result, two new corner detectors are proposed. Experimental results demonstrate

that their localisation ability and detection accuracy are superior to current detec-



tors, and their repeatability is generally higher than current corner detectors as well
as recent deep learning based interest point detectors. Therefore, they have great

potential for applications in computer vision tasks.

To meet the needs of real-time computer vision tasks, especially real-time portable
tasks, a new type of filter that can enhance corners and suppress edges as well
as noise simultaneously is proposed to simplify the detection architecture and im-
prove its parallel computing performance, and a novel corner detector with high
computational efficiency is proposed. The corresponding field programmable gate
array (FPGA) design is provided as well. Experimental results show that, with very
low computational cost and simple architecture, the proposed detector can achieve
similar detection accuracy and repeatability of current corner detectors while being

potentially useful for real-time computer vision applications.

ii
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Chapter 1

Introduction

The detection and matching of local features in two or more images is a long-standing
and fundamental problem in computer vision [1,2], and its solutions have been widely
used in image retrieval [3], object matching [4], image stitching 5], parallel tracking
and mapping for augmented reality [6,/7], object tracking [8], motion estimation [9],
simultaneous localisation and mapping [10,/11], robot navigation |12}/13], image and
object classification [14,/15] and stereo vision [16}|17]. Naturally, it has attracted

tremendous attention in computer vision.

Local features in images may be roughly divided into two categories: local sparse
features and local dense features. Local sparse features fall into the framework
of detection first and then description. In the detection stage, keypoints such as
corners or blob-like structures are detected, and then local sparse descriptors are
extracted from the image patches around the keypoints. Local dense features forego
the detection stage and descriptors are extracted directly from images using deep
learning approaches. Unlike local sparse features, which are focussed on low-level

image structures including corners and blobs, local dense features arise from close



CHAPTER 1. INTRODUCTION

attention to locally unique descriptors in feature maps generated by deep learning.

Local sparse feature detection is memory-efficient, and local features can be matched
efficiently by using the nearest neighbours approach [18], which is important for ap-
plications such as image retrieval, object tracking and robot navigation. Moreover,
keypoints especially corners can be accurately localised in images. This is vital for
image stitching, visual localization, 3D reconstruction and motion estimation. In
comparison, local dense feature extraction is memory-consuming, as is the matching
process. Suffering from limited generalisation ability, dense feature extraction can-
not reach the performance of local sparse feature extraction [19-21], however under
some extreme imaging conditions such as severe illumination changes and extreme
appearance variations or in weakly textured scenes, dense features outperform local
sparse features in matching accuracy at the cost of higher computations and memory
consumption. It has also been demonstrated that keypoint detection is a significant
weakness and bottleneck in the overall performance of the sparse feature extraction.

These are the motivations for the research in this thesis.

1.1 Background and Existing Methods

Corner detection as an area of study was pioneered by Moravec [22], who found an
obvious property in the grayscale patterns of images. As a significant and stable local
structure pattern in images, corners can provide an alternative choice for keypoints
of local sparse features [23]. Corner detection has continued to attract great atten-
tion in computer vision and has been widely used as a critical pre-processing step in
many image processing and computer vision tasks. The key performance indicators

for corner detection are its detection accuracy, localisation ability, computational
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efficiency and detection repeatability under image scaling, rotation, noise corrup-
tion, JPEG compression, illumination variations and viewpoint changes, amongst
others. The importance of these indicators varies with the nature of the computer
vision applications. For instance, detection repeatability is more important for im-
age matching and retrieval, while detection accuracy and localisation ability are
vital for visual localisation, motion estimation and 3D reconstruction. For real-time
computer vision tasks, especially real-time portable tasks, it is important to achieve
stable and accurate corner detection with a very low computational cost and simple

architecture.

Currently, there are four types of corner detectors including derivative-based, contour-
based, template-based and multi-scale analysis based corner detectors. Early work
on corner detection focussed on image gradients. The classical approach was that
of the Harris corner detector [24], in which a two-directional structure tensor was
constructed with image derivatives, and then a ‘corner score’ was derived per image
pixel from the structure tensor and compared with a specific threshold to detect
corners. Subsequent research focussed mainly on two aspects. The first was the
extraction of more stable derivatives from images, where the Hessian matrix [25],
Hilbert transform [26], wavelets and Gabor wavelets [27-30] were considered. The
second was performance improvement of the ‘corner score’ function [31-35]. Non-
maximum suppression (NMS) [36] and adaptive parameterised functions [37,38] were
used. Meanwhile, template-based methods have also been presented, which perform
corner detection by matching parameterised templates with local image areas. In or-
der to cover different types of corners such as T-, Y- and X-shaped, various templates
were constructed with Gaussian kernels [39-42], curvature characteristics [43], para-
metric models [44], combined models [45], and colour models [46]. Representative

detectors amongst template-based methods are SUSAN [47-52] and FAST [53}54].
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In order to significantly improve computational efficiency, only one circular template
was adopted in the SUSAN detector and corner detection was performed by match-
ing the circular template with local areas of images. In FAST [53], instead of the
circular template, a ring template was used for the match and a decision tree was
adopted to improve detection performance and avoid unnecessary comparisons [54],
and the computational efficiency has been improved further. Due to its excellent
computational efficiency, the FAST algorithm has been widely used in many machine

vision tasks.

Derivative-based corner detectors generally perform corner detection by comparing a
‘corner score’ with a specific threshold. The ‘corner score’ is obtained by analysing a
two-directional structure tensor constructed with the first or second-order derivatives
of images. While template-based methods such as SUSAN and FAST detected cor-
ners by matching a specific template with local areas of images, they are also simple
and computationally efficient. However, since derivative-based and template-based
methods are both sensitive to noise, affine transformations and illumination varia-
tions amongst other factors, the detection repeatability of the two types of corner
detectors is insufficient for many image matching and retrieval applications. More-
over, the parameterised corner templates cannot handle all types of corners that have
different orientations and subtended angles, and the two-directional derivatives are
not sufficient to accurately distinguish between corners and edges [55]. For example,
Noble [56] analysed the principle behind the Harris corner detector and pointed out
that the Harris detector can only detect ‘L’ shaped corners well. Therefore, the de-
tection accuracy of derivative-based and template-based methods is often not high

enough for visual localisation, motion estimation and 3D reconstruction tasks.

In order to improve corner detection accuracy, contour-based methods have also been
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presented. These methods detect corners by analysing the shape characteristics of
edges in images. Earlier works detected corners by using fixed-scale curvature cal-
culations or polynomial fitting on chain codes generated by the contour maps of im-
ages [57H63|. Then, the curvature scale space method was adopted to achieve multi-
scale local curvature estimation |[64-66] through various scale space theories [67-69)
and curvature estimation functions [70-72]. The chord-to-point distance [73] has
also been used to improve the robustness to noise and local variations [74}/75]. In
general, they are more accurate than the template-based and derivative-based corner
detectors, and some of them also enable corner detection at different scales, which is
important for visual localisation, motion estimation and 3D reconstruction applica-
tions. However, their performance greatly depends on the qualities of the extracted
contours, which are relatively sensitive to noise, affine transformations, viewpoint
changes and illumination variations, and their detection repeatability is insufficient
for image matching and retrieval applications. Moreover, they are time-consuming
and cannot meet computational efficiency requirements of real-time computer vision
tasks. Recent works [76-81] on contour-based corner detection have attempted to
extract more accurate and stable contour maps from images by using multi-scale
and multi-directional analysis tools instead of the conventional edge extractors such
as Canny [82] and LSD [83], or perform more accurate contour analysis using recent
contour analysis methods such as the directional curvature field [81] and circumfer-

ential anchors [77].

Due to their promising detection performance, multi-scale analysis based detec-
tors have attracted more attention recently. Early works namely scale-space detec-
tors [84-89] extended the classical derivative-based detectors to multi-scale space to
realise scale invariant or multi-scale corner detection. For example, Mikolajczyk and

Schmid successfully embedded Laplacian of Gaussian into Harris and Hessian de-
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tectors and developed two scale invariant corner detectors called Harris-Laplace [84]
and Hessian-Laplace [85]. Subsequent works focussed on improvement of corner de-
tection accuracy and repeatability by merging the multi-scale decomposition results
for corner detection. Wavelets, lifting wavelets, and dual-tree complex wavelets [90]
have been used for corner detection [87-89,91]. Since two-dimensional wavelets
have a limited capability for capturing directional information, Gabor wavelets [92],
Log-Gabor wavelets [93] and anisotropic Gaussian derivative filters [94] were used for
considering more directional information in corner detection. Natural images contain
intrinsic geometrical structures that are important for corner detection. However,
while wavelets are good at isolating the discontinuities at edge points, they can-
not handle equally well distributed singularities such as those along curves [95,96].
As a result, contourlets [97], ridgelets [98], curvelets [99] and shearlets |[100] have
been utlised to capture intrinsic geometrical structures and applied to corner detec-

tion [101-109).

In recent years, deep learning has been extended for interest point detection [110-
124]. Unlike the corner detectors which focus on low-level image structures, recent
deep learning-related interest point detectors pay close attention to locally unique
descriptors in feature maps generated by deep learning. It is well known that corner
detection belongs to the first stage of sparse local features in a framework of first
detection and then description. In the detection stage, a set of interest points such
as corners or blobs is obtained, and then local descriptors are extracted from the
image patches around the interest points. On the contrary, recent deep learning-
related interest point detectors follow the framework of first description and then
detection [110-122]. They first generate a group of feature maps with deep learn-
ing, and then the interest points are detected from the maps. D2-Net [113] directly

marked the central points of the local maximum descriptors as interest points, and
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SuperPoint [112] performed interest point detection by using a decoder branch. Re-
inforced SP [111] retrained SuperPoint via reinforcement learning to improve per-
formance. In general, interest points detected by deep learning are less accurate
but have high repeatability which is important for image matching and retrieval
tasks, while low-level image structures such as corners or blobs are more accurate
and memory-efficient, and their accurate localisation ability is very useful for visual
localisation, motion estimation and 3D reconstruction [125]. Consequently, the ac-
curate detection of corners with high repeatability remains a core issue of computer

vision.

1.2 Inadequacies of Existing Methods

Multi-scale analysis based detectors can provide promising detection performance,
and their detection accuracy and repeatability, under image scaling, rotation, noise
corruption, JPEG compression, illumination variations and viewpoint changes, are
superior to other types of corner detectors as well as the recent deep learning-related
interest point detectors. Their computational efficiency is also remarkably higher
than that of contour-based detectors. However, there are still some weaknesses that
limit extensive application. First, multi-scale analysis based detectors achieve supe-
rior detection accuracy and repeatability through the use of multi-scale information,
however the introduction of information from rough scales and downsampling op-
erations commonly used in multi-scale decomposition tools may dampen the corner
localisation ability. Therefore their corner localisation ability may be lower than
that of derivative-based and template-based detectors, which will degrade their ap-
plication in visual localisation, motion estimation and 3D reconstruction. Second,

compared with the Harris and FAST detectors, multi-scale analysis based detectors
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require more computational time to deal with multi-scale information, therefore their
computational efficiency is lower than that of the derivative-based and template-
based detectors, which limits their applications in real-time computer vision tasks.
Finally, although their detection accuracy and repeatability have been proven to
be superior to other types of corner detectors as well as the recent deep learning-
related interest point detectors, their detection accuracy and repeatability are also
insufficient for accurate computer vision tasks. Therefore, improving their detec-
tion accuracy, repeatability and localisation ability simultaneously while reducing
computational complexity remains a challenging problem. In addition, for real-time
computer vision tasks especially real-time portable tasks, it is important to achieve
stable and accurate corner detection with very low computational cost and simple
architecture. Although the Harris and FAST detectors are simple and computation-
ally efficient, their low detection accuracy and repeatability degrade the application
level and scope of real-time computer vision tasks. Therefore, for real-time computer
vision tasks especially real-time portable tasks, the design of a simple and compu-
tationally efficient corner detector with sufficient detection accuracy, repeatability

and adaptability remains important for real-time corner detection.

There are two factors that seriously affect the performance of multi-scale analy-
sis based corner detectors. One is the multi-scale analysis tool used, the other is
the use of multi-scale and multi-directional information for corner detection. Up
till now, Laplacian of Gaussian, wavelets, lifting wavelets, Gabor wavelets, Log-
Gabor wavelets, anisotropic Gaussian derivative filters, contourlets and shearlet
transform have been used for image decomposition. Among them, shearlets can
capture intrinsic geometrical structures as well as anisotropic features from natural
images, and also have the best performance due to some unique and excellent prop-

erties [100,/109]. However, there are still some weaknesses in the current shearlets.



1.2. INADEQUACIES OF EXISTING METHODS

First, shearlet filters are all real functions so they can only capture the amplitude
information and neglect the phase information completely. Second, shearlets have a
narrow bandwidth in the Fourier domain, making the corresponding spatial filters
have a large envelope. In areas around edges, this leads to structural information
being extended at the end of the edges, i.e., the problem of edge extension. Third,
the fast decay of shearlets in the Fourier domain will result in a strong side-lobe
effect in the spatial domain, which leads to large side-lobes around the locations
where the grayscale values drastically change, thereby resulting in bilateral margin
responses for prominent edges. Finally, the shearlet decomposition at different scales
has different numbers of directions, and one direction of a coarse scale corresponds
to two directions of the adjacent finer scale. This makes it inconvenient to merge

multi-directional information from different scales for image analysis.

In addition to the multi-scale analysis tool used, another factor that seriously affects
the performance of corner detectors is the use of multi-scale and multi-directional
information for corner detection. Current multi-scale analysis-based corner detec-
tors utilise the amplitude information of multi-scale decomposition results in three
ways. The first is to select amplitude coefficients in the orthogonal direction of the
maximum response at the fixed scale for corner detection [93,108,[109]. In the sec-
ond, coefficients in all directions at all scales are weighted and summed into vertical
and horizontal directions to establish a two-directional structure tensor for corner
detection [84,8593]. In the third, a multi-directional structure tensor is constructed

by using all directional information at the finest scale for corner detection [94].

Since the neglect of most directional information in the first approach will tarnish
the distinction between corners and other pixels and make detectors sensitive to local

variations and additive noise, such detectors have a limited detection accuracy and
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repeatability. In the second method, the consideration of all directional information
at all scales will greatly improve corner detection accuracy and reduce the effects of
noise. However, the fixed direction of the structure tensor is sensitive to image ro-
tation. Moreover, the introduction of directional information from rough scales will
seriously reduce corner localisation accuracy. The multi-directional structure tensor
in the third method is less sensitive to image rotation and additive noise, but only
the directional information at the finest scale is used for detecting candidate corners,
which makes this stage sensitive to image scaling and JPEG compression. Moreover,
it needs more computation time to deal with the multi-directional structure tensor,
so such detectors have the highest computational complexity of all multi-scale anal-

ysis based methods.

1.3 Contributions

Based on the detailed analysis of current multi-scale analysis based corner detectors,
this thesis addresses the challenging problem of improving corner detection accuracy,
repeatability and localisation ability simultaneously while reducing computational
complexity as much as possible. It also addresses the urgent need to provide a simple
and computationally efficient corner detector with sufficient detection accuracy, re-
peatability and adaptability to achieve real-time detection. The main contributions

are summarised as follows:

1. Two novel multi-scale and multi-directional analysis tools, namely improved
shearlet transform and complex shearlet transform, are proposed, which can
capture both amplitude and phase information, effectively mitigate the weak-

nesses of traditional shearlets and extract clear and accurate multi-scale and
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multi-directional structural information from images. The detailed structural
information provided by the two proposed shearlet transforms can improve the
corner detection and localisation accuracy, and the use of multi-directional and
multi-scale information especially phase information can greatly improve the
robustness of detection and the ability to distinguish corners from other pixels.

Thus, they are potentially useful in the computer vision field.

. Two corner detectors with two novel structure tensors that makes full use of
multi-directional and multi-scale structural information are proposed, which
can provide better ability to distinguish corners from other pixels with high
robustness. Experiments show that the two proposed corner detectors present
improvements to current state-of-the-art in corner detection as well as the re-
cent deep learning interest point detectors on most key indicators including
detection accuracy, localisation accuracy and repeatability under image scal-
ing, rotation, noise corruption, JPEG compression, illumination changes and

viewpoint changes.

. A novel efficient corner detector with a simple architecture and high parallel
computing characteristics is presented, which provides similar detection accu-
racy and repeatability as multi-scale analysis based detectors and has a good
adaptability to achieve real-time detection. It is potentially useful as an effi-
cient corner detector for computer vision applications, especially for portable

real-time tasks.

. The ideas of enhancing corners and suppressing edges at the same time by
directly filtering raw images, and the rotary phase congruence structure tensor
for properly merging all the amplitude and phase information into a 2 x 2

structure tensor with high stability for corner detection are novel and different
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from the existing corner detectors, offering a new lead for corner detection

research.

The remainder of this thesis is organised as follows:

1. Related works are briefly reviewed in Chapter 2] In this chapter, the literature
review of the recent corner detector algorithms is given, which contains the
classification of existing algorithms, the development trajectory of each type of
detectors, as well as the analysis of advantages and disadvantages of each type
of algorithms. Then the possible research directions for further improving the

performance of corner detection are pointed out.

2. In Chapter [3| a novel corner detector based on improved shearlet transform
and multi-directional structure tensor is proposed. To improve corner detec-
tion accuracy, repeatability and localisation ability simultaneously, and over-
come the weaknesses of the traditional shearlets, a new shearlet transform has
been proposed, which can provide better ability to extract clear and accurate
multi-scale and multi-directional structural information for detection, with
more flexibility for multi-scale decomposition. To make full use of the multi-
scale and multi-directional information of the proposed shearlets for corner
detection, a novel multi-directional structure tensor is constructed to detect
candidate corners, and a multi-scale corner measurement function is proposed
to refine candidate corners. Experimental results demonstrate that the pro-
posed corner detection method outperforms the current corner detectors in
corner detection and localisation accuracies, as well as repeatability under im-
age blurring, viewpoint changes, affine transformations, illumination changes,

and JPEG compression.

12
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3. In Chapter [ a corner detector based on complex shearlet transform and
rotary phase congruence structure tensor is proposed. This work attempts
to improve the detection accuracy, repeatability and localisation ability fur-
ther while reducing computational complexity as much as possible. A novel
shearlet transform namely complex shearlet transform is proposed. Different
from traditional shearlets, complex shearlets have a greater ability to localise
distributed discontinuities and capture the phase information of geometrical
features. Moreover, a type of phase congruence function is introduced and
its tolerance to noise and ability of corner localisation have been improved
further. Then for corner detection, a novel rotary phase congruence structure
tensor is proposed to properly merge the amplitude and phase information of
all scales into a 2 x 2 structure tensor. With less sensitivity to image scaling,
rotation, blurring and noise, the rotary phase congruence structure tensor can
make full use of all amplitude and phase information of complex shearlets to
detect corners. Experimental results demonstrate that the proposed method
presents improvements to the current state-of-the-art in corner detection on
corner localisation ability, detection accuracy and repeatability under image
scaling, rotation, JPEG compression, noise corruption, illumination changes
and viewpoint changes with the lowest computational cost of all multi-scale
analysis based detectors. It has great potential to be applied in many computer

vision tasks.

4. Chapter |5| addresses the problem of providing a simple and computationally
efficient corner detector with sufficient detection accuracy, repeatability and
high adaptability to achieve real-time detection. In order to simplify the corner
detection architecture and improve its parallel computing performance, a new

type of filter is proposed that can enhance corners and suppress edges as well

13
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as noise simultaneously. Then a novel corner detector with high computational
efficiency is proposed, and the corresponding hardware design on FPGA is also
presented. Experimental results show that, with very low computational cost
and simple architecture, the proposed detector can achieve or even exceed the
detection accuracy of multi-scale analysis based detectors, and its repeatability
is similar to multi-scale analysis based detectors and clearly higher than that
of other types of corner detectors. It is potentially useful as an efficient corner
detector for computer vision applications, especially for portable real-time

tasks.

5. Finally, in Chapter [0, a summary of the researches and contributions made by
this thesis is provided. The novelties of the proposed methods are presented
and analyzed. Based on the discussion of the proposed methods in this thesis,

further potential works and applications are discussed.
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Chapter 2

Literature Review

As a stable sparse feature of images, corners contain important structural informa-
tion and play a key and irreplaceable role in computer vision and image processing
with applications in many fields. Currently, there is no strict mathematical defini-

tion of corners. It is generally agreed that a corner is a pixel where

1. The grayscale changes drastically in multiple directions,

2. A local maximum of curvature on the contour map is attained, or

3. Multiple edge curves intersect.
Therefore, according to different principles, current corner detection algorithms can
be roughly divided into four categories: derivative-based methods, contour-based
methods, template-based methods, and multi-scale analysis based methods. These

four types of methods have their own advantages and disadvantages, with different

degrees of defects in practical applications.
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In this chapter, a literature review of recent corner detector algorithms is presented,
which contains the classification of existing algorithms, as well as an analysis of
the advantages and disadvantages of each type of algorithms, then possible research

directions for further improving the performance of corner detection are pointed out.

2.1 Derivative-based Corner Detectors

The derivative-based corner detection algorithms mainly detect corners by checking
for grayscale changes within a local image area. As early as 1977, Moravec [22,23]
found obvious differences in the grayscale change patterns between edges, corners
and homogeneous regions in images. The grayscale changes in different directions in
homogeneous regions are very small, while there is only one large grayscale change
perpendicular to the ridge around an edge. For corners, there are large grayscale
changes in all directions of gradients. Based on this observation, a well-known
corner detection algorithm, namely the Harris corner detector [24], was developed
by Harris and Stephens. The Harris corner detector [24] pioneered the research on
derivative-based corner detection, and it has been widely used in many computer

vision tasks.

The Harris corner detector [24] detects corners by obtaining a ‘corner score’ from a
two-directional structure tensor formed by image gradients. It has achieved great
success, formed the framework of derivative-based detectors, and is widely adopted
in many other detectors. The Harris corner detector [24] obtains grayscale informa-
tion by moving a detection patch over the input image and detecting corners by an
analysis of local intensity changes using a two-directional structure tensor function.

In an input image I, after placing the detection patch over an area around (z,y)
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and shifting it by (u,v), the intensity change E(u,v) of the response of the detection

patch is defined as

E(u,v) =" go [[(x +u,y +v) = I(z,y)]” (2.1)

where g, is a Gaussian filter with scale factor o. To reduce the number of compu-

tations, I(z + u,y + v) can be simplified by the Taylor function to

[z +u,y+v) = I(z,y) + Lu+ v+ Ou?v?) (2.2)

where I, and I, are the two directional partial derivatives of the input image. Then

Equation (2.1) can be rewritten as
E(u,v) = goll(z,y) + Lu+ Ly + OW? v*) — I(z,y))?
x7y

~S g, [Lou+ L)
% ’ (2:3)

u
= [u,v] M
v

where M is the structure tensor

2 LI
M =Y g,(z,y) !
o LI, I?

)

(2.4)

As shown in Fig. , each pixel (z,y) of the image can be classified by the eigenvalues

A1 and Ay of M, and there are three cases that can be summarized as follows:

L. If Ay > Ay or Mg > Aq, pixel (z,y) can be considered as a point on an edge.

2. If A\; and A\, are small values, pixel (z,y) can be considered as a point on a

flat region.
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A2

A

Figure 2.1: The classification of pixels by the eigenvalues \; and Ay of M .

3. If A1 and A\, are both large values, pixel (z,y) can be considered as a corner.

Due to the high computational complexity of calculating eigenvalues, in order to
reduce computing resources in practice, Harris and Stephens proposed an ap-

proximate function, called the corner response function R, defined as

R = det(M) — k.(trace(M))? (2.5)

where k. is a constant and is usually set between 0.04 and 0.06, det(-) and trace(-)
are the determinant and trace of a matrix respectively. The value of R is the ‘corner
score’. When the ‘corner score’ is a large positive value, pixel (x,y) can be considered

as a corner.

Based on the structure tensor and ‘corner score’ from the Harris corner detector ,
many researchers have proposed improved algorithms to achieve better performance.

In the Harris corner detector , the response function cannot show sufficient de-
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tection performance and robustness. The selection of the empirical constant in the
response function affects the detection accuracy, and the detection procedure is more
time-consuming than template-based corner detection algorithms that is discussed
in Section [2.3] Therefore, many improved algorithms for the analysis functions of
gradient and corner response functions have been proposed. Shi and Tomasi [31]
constructed a new response function established directly through the smaller eigen-
value of the structure tensor, which can increase the number of detected corners and
improve the detection performance. In other work [37,38], two adaptive parame-
terised functions were proposed for replacing the suppression constant k. to improve
adaptability. Ryu et al. [32] proposed a new response function with a local weight
function to improve the robustness to local variations. They also showed that the
Harris corner detector [24] can be extended to have better localisation performance
by applying the log-log scale to gradient vectors of image pixels [33]. Ando pro-
posed an approach with image field categorisation to construct a covariance matrix
of the gradient vector in a small window and applying canonical correlation analysis
for each pixel to detect corners [34]. Mainali et al. [36] reduced the computational
complexity by using integral images and an improved efficient non-maximum sup-
pression (NMS). Bongjoep et al. [35] used an adaptive structure tensor for different
regions to detect corners, which can improve the detection and localisation accuracy

of the Harris corner detection [24].

However, the aforementioned algorithms still depend on an analysis of the two-
directional derivatives of images. From the point of view of filtering, the envelope of
the derivative filter is too small and sharp, only contains two directions and much
detailed high frequency information is lost. Therefore, the acquired image struc-
tural information is relatively insufficient and lacks details, which is very sensitive

to noise, affine transformation and local variations. Also, even though the derivatives
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in two directions can estimate the grayscale changes in any direction, there are still
large errors in practice especially in complex image regions. Therefore, robustness
to rotation of these algorithms is insufficient. To address these shortcomings, many
derivative-based corner detectors have been proposed based on more advanced filters
to obtain structural information for detection. Férstner [29] proposed a least-square
function to achieve better localisation accuracy than the Harris detector [24]. More-
over, other methods such as the Hessian matrix [25] and the Hilbert transform [26]
have also been used to derive a ‘corner score’ for corner detection. Lindeberg [30]
proposed an adaptive scale selection algorithm based on the maximum normalised

gradient to extract image feature information.

Wavelets have shown strong performance on image decomposition and feature ex-
traction in the field of image processing. They have been used to obtain the local
grayscale changes of images and have been embedded into the Harris algorithm
framework [24] to achieve corner detection [27,/126]. Furthermore, Gabor wavelets
were used to obtain structural information to achieve better performance [28]. Multi-
resolution methods such as Log-Gabor wavelet [127], dual-tree complex wavelet [90],
contourlets [97], ridgelets [98], curvelets [99] and shearlets [100] have been introduced
to capture the intrinsic geometrical structure and widely used in corner detection
algorithms to improve performance on noise suppression, image feature extraction
and corner localisation accuracy. These methods involve multi-scale detection and

will be discussed in greater detail in Section [2.4] .

The aforementioned methods for derivative-based corner detection were proposed
within the Harris algorithm framework, with more effective algorithms for the ex-
traction of local structural information and detection of corners. Generally speaking,

these algorithms perform corner detection by extraction of two-directional struc-
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tural information in images to establish the structure tensor and response functions
through the autocorrelation matrix. The advantage is that the simple process and
fewer directions have low computational complexity, with acceptable robustness to
affine transformations such as noise and illumination changes when the filter is se-
lected appropriately. However, the shortcomings are also very obvious. These algo-
rithms use fixed scale filters to decompose images in two directions, thus a finer scale
filter can provide good localisation accuracy and detection performance, however it
is very sensitive to noise and local variations, while a coarser scale filter can provide
better robustness, but its detection performance and localisation accuracy are poor.
Furthermore, the use of only two-directional structural information in fixed direc-
tions can only detect ‘L type corners, and cannot distinguish corners from other
pixels well [56]. In consequence, the two-directional structure tensor loses a lot of
useful information available in images, and cannot provide sufficient detection per-
formance, localisation accuracy and repeatability under affine transformations and

noise.

2.2 Contour-based Corner Detection

In the contour map of an image, corners always have larger curvature values than
other pixels. Therefore, singularities with large curvatures on edges can be used
for corner detection [57]. Contour-based corner detection algorithms mainly detect
corners by analysing the characteristics of contour shapes in images. Generally,
these methods first extract the edge map from images, then form closed or non-
closed contours from the edges and finally detect corners by finding the maximum
curvature of pixels on the contours or sharp changes in gradient directions, or by

using polygonal approximation.
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In early algorithms, images were segmented first to extract the Freeman chain code
from the segmented image contour, then the average change of gradient and angle
of each contour pixel [58], or the average change of slopes [59] within the chain code
were calculated to detect corners. Beus and Tiu [60] improved the detection algo-
rithm by calculating the average local curvature and determining outliers. Cooper
et al. [61] used the pixel coordinates of the chain code to estimate the curvature
and detected corners through the local maxima. Hsin-Teng [62] used polygons to
approximate the shape for the chain code, and Arrebola and Sandoval [63] used a
resolution coupling method to process the curvature represented by the chain code

to improve the detection performance.

Compared with the Harris corner detection algorithm [24], the aforementioned al-
gorithms need to analyse the chain code formed by contours pixel by pixel and
they have much higher computational complexity. However, these algorithms do
not show better performance, due mainly to the reason that the analysis of curva-
ture depends heavily on the quality of the image contours. In general, to achieve
good localisation and detection performance, the window of curvature calculation
should be small. However, the small detection window cannot smooth low quality
parts in the contour map. Thus the breaks, offsets and jagged edges in the contour
map seriously affect detection performance, and a large number of pseudo corner
responses will be generated. To solve this problem, Mokhtarian and Suomela ap-
plied the curvature scale space (CSS) [64] method to corner detection to propose the
well-known CSS corner detection algorithm [65]. In this algorithm, the Canny edge
detector [82] is used to extract the contour map of an image. For a pixel u in the

contour map, different scale Gaussian kernels g(u, o) are used to smooth the edges
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to obtain a multi-scale local curvature estimation K (u, o), which is defined as

X(u,0)Y (u,0) — X(u,0)Y (u,0)

) = R o + V(w0)2]] 20
where
X(u, o) =xz(u) ® ¢(u,0)
X(u, o) =xz(u) ® j(u,0) 27)

Y (u,0) = y(u) ® g(u,0)

Y(u,0) = y(u) ® §(u,0)

The ¢(u,0) and §(u,o) are the first and second order derivatives of the Gaussian
kernel respectively, and x(u) and y(u) are the path lengths along the contour map
in z and y directions. Pixels with maximum local curvature at the coarsest scale
are identified as candidate corners. Then the candidate corners are tracked from
the coarsest scale to the finest scale to make the positions of candidate corners more
accurate. CSS has become the standard technology for describing contour shapes of

images in MPEG-7.

Although the CSS detector [65] has achieved great success, it still suffers from three

main shortcomings 67,68, 70H72]:

1. The scales of Gaussian filters used for detection are fixed.
2. The detection results are sensitive to the noise on edges.

3. The selection of the corner threshold has a great impact on performance.

In order to solve these problems, Mokhtarian and Mohanna [66] used Gaussian ker-

nels of different scales adapted to the contour lengths to better extract the curvature

23



CHAPTER 2. LITERATURE REVIEW

of pixels and suppress noise. Ray and Pandyanp [69] obtained an adaptive scale to
smooth contours by calculating the variance of curvatures. Zhong and Liao [67] used
the direct curvature scale space to model the corners and extracted the invariant
geometric characteristics to reduce the computational complexity and improve noise
robustness. Zhang et al. [70] proposed a multi-scale curvature product algorithm
to improve detection performance, which can better suppress false corners. Gao
et al. [68] proposed a detection algorithm through the saliency-scale space based on
maxima modulus of wavelet transform at different scales. Masod [71] used recursive
optimization to remove false corners. He and Yung [72] proposed an adaptive cur-
vature threshold function based on a dynamic support interval to reduce the impact

of threshold on performance.

However, these methods obtain candidate corners in the coarsest scale, making the
contour map too smooth and causing these algorithms to miss a lot of corners.
Also, the curvature of pixels still need to be calculated within a small window,
which is greatly influenced by the quality of the contour map. To address these
shortcomings, Awrangjeb and Lu [74] used the affine length instead of arc length
for curvature estimation and proposed an improved CSS corner detector as an al-
ternative to calculation on curvature. The CPDA detector [75] was proposed by
applying a chord-to-point distance accumulation method 73] to estimate curvatures
and achieve corner detection. In these algorithms, the curvature is estimated indi-

rectly, which can reduce dependence on the quality of contours.

In recent years, researchers have realized that the uniqueness of grayscale patterns of
corners is very effective for detection. Compared with curvature estimation, analysis
of the grayscale pattern is more independent of the quality of the contour map and

can provide more robust detection results. Therefore, gradients have replaced curva-
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ture estimation in some contour-based methods. Zhang et al. [76] used the gradient
distribution to construct a gradient correlation matrix for each pixel on contours
and obtained the eigenvalues of the matrix to detect corners, which is very similar
to the ‘corner score’ in the Harris corner detector [24]. Rimon and Robot [77] used
the change of gradient direction on edge pixels to detect corners. Zhang et al. [7§]
detected corners by finding pixels with large grayscale changes obtained by Gabor
filters in all directions on the contour map. The ACJ corner detector [79] detects
corners through statistical modelling of normalised image gradients. Zhang and
Shui [80] proposed a detector that uses the principal direction of the anisotropic di-
rectional derivatives to detect corners. Kim estimated the curvature of each pixel in
the whole image through the gradients to remove the step of obtaining the contour

map to improve computational efficiency [81].

In summary, the contour-based detectors detect corners by analysing the charac-
teristics of pixels on the contour map obtained from images. The state-of-the-art
contour-based detectors can provide stable detection results through indirect curva-
ture estimation [74}75] or grayscale analysis [76-81]. However, their results depend
heavily on the prior segmentation and boundary tracking, with the highest com-
putational complexity among all the corner detection methods. In state-of-the-art
methods [75-80], edge detection methods such as Canny [82] or LSD [83] are gen-
erally used to obtain edge contours. However, neither of these two methods can
provide sufficient quality contour maps for corner detection, especially in the LSD
method where contours are decomposed into many straight lines, greatly reducing
the detection performance. Also, image discretisation and local variations will fur-
ther increase the number of low-quality parts in the contour map such as breaks,
offsets and jagged edges. This will greatly affect the subsequent analysis of the

contour map, thereby greatly reducing the performance and robustness of corner
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detection. Although detection on the coarsest scale can slightly overcome this prob-
lem, it also has a great impact on localisation accuracy. If a more complex and better
edge detection algorithm is used, the originally high computational complexity will

be further increased, making the detector impracticable.

In addition, when tracking candidate corners on multiple scales [65-72] or accumu-
lating point-to-chord distances on contours [74.|75], a large number of repeated op-
erations on a single pixel significantly increases the computational complexity [12§].
Furthermore, multi-scale information is only used to improve the localisation ac-
curacy of candidate corners instead of to improve overall detection performance.
For methods based on grayscale analysis [76-80], the fixed detection scale of gra-
dients greatly influences detection performance and localisation accuracy, and two-
directional gradients cannot provide sufficient structural information for detection.
Also, compared with the derivative-based detector, computation of the chain code
from the contour map not only increases the computational complexity, but also

makes the algorithms susceptible to the quality of contours.

2.3 Template-based Corner Detection

The basic approach of template-based corner detection algorithms is to use different
types of parameterised templates to match corners from images. These methods
do not perform analysis on first-order or second-order information from images or
estimate curvatures. Therefore, template-based corner detection algorithms can
provide good computational efficiency among all the types of corner detectors, and
many of them can also meet the real-time requirement in some computer vision

tasks.
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Figure 2.2: Different types of corner models.

Early research on template-based corner detection focussed on building and com-
bining different types of corner models shown in Fig. 2.2, Guiducci estab-
lished a wedge-shaped corner model based on representation of the Gaussian kernel,
and the amplitude characteristics of the representation were analyzed. Rangara-
jan et al. established an L-shaped corner model based on the Gaussian kernel,
and optimized the peak signal-to-noise ratio and localisation error of the model
based on Canny edge detection [82]. Singh and Shinier proposed a method that
combines different types of corner templates to detect corners. Rohr extended
the wedge-shaped corner template to T-shaped, Y-shaped and X-shaped corner
templates. On this basis, Derrich and Giraudon [42] used the Gaussian kernel to
characterise and analyse the wedge-shaped and Y-shaped corner models to achieve
better localisation accuracy. Blaszk and Derrich proposed a parametric model
to describe high-order information of corners to realise detection and classification of
corners. Furthermore, Parida et al. proposed a model-based corner detection,
classification and reconstruction method by using high-order information. Based on
contour analysis, Rosin analysed the curvature characteristics of wedge-shaped
corners to establish corner models. Ruzon and Tomasi extended the framework

of template-based corner detection to colour images.

Based on the aforementioned models of corners, to meet the requirement of real-time

computing, Smith and Brady proposed the well-known SUSAN corner detection
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algorithm that combined all the corner types. The principle of SUSAN is to compare
the centre pixel with its neighbourhood and count the number of pixels that have a

similar grayscale value as the centre pixel, which is defined as

1, I(r)—1I(rg)| <t
o7 ) = [1(7) = 1(r0)] 28)
0, [I(r) = I(ro)| >t

where 7 represents the position of centre pixel (g, yo) and 7" represents the position
of another pixel in the neighborhood. I(7) is the grayscale value of 7, and t is a
constant threshold used to evaluate the similarity. Then, the count of the SUSAN

template is defined as

Nc<x0a yO) = Z C(Fa TB) (29)

If No(xo,yo) is larger than a given threshold, pixel (zg,yo) will be considered as a
corner. Obviously, different from the detection method using first-order or second-
order partial derivatives of images or the contour map of images, the SUSAN detector
only compares the local zero-order information from images. Thus, this method can
avoid complex analysis and processing, and provide extremely high computational
efficiency. However, its detection performance and localisation accuracy are poor
and it cannot detect X-shaped corners at all. Based on the SUSAN detector [47],
Trajkovic and Hedley |48] futher reduced the computational complexity of corner de-
tection. However, as with SUSAN detector, detection performance is unstable with
many false corner responses in the diagonal direction edges. Bae et al. [49] combined
the idea of SUSAN with a derivative-based algorithm, using two crossover operators
to filter the image separately and detected corners according to the grayscale change
of pixels. Cazorla and Escolano [50] extended the SUSAN template to parameterised
templates with multiple angles to match corners of different structures, and achieved

corner classification based on a Bayesian model of parameter estimation. Lepetit

28



2.3. TEMPLATE-BASED CORNER DETECTION

and Fu [51] extended the SUSAN algorithm for 3D images. Lan and Zhang [52)
proposed a double-circle template to replace the circular template in the SUSAN

detector [47] to improve detection performance and robustness.

Although the SUSAN detector and its improved versions have extremely high com-
putational efficiency, their performance is poor. Especially for complex scenes and
noisy images, the measuring function of similarity causes a large number of pseudo
corner responses which greatly reduces detection accuracy. In light of SUSAN,
Rosten et al. [53] proposed an algorithm that uses a ring template to replace the
circular template in SUSAN [47] and counts the number of pixels in the template
with a large enough grayscale difference from the centre pixel, instead of measuring
the similarity. The detection performance is further improved through the use of a
machine learning algorithm, namely decision tree, to optimize the search space of
corners and improve robustness of the detection template [54]. This algorithm is the
well-known FAST corner detection algorithm. Compared with the SUSAN detec-
tor |47], the detection performance of the FAST detector is significantly improved,
and its robustness to different image types is also significantly higher. Also due to
the introduction of a relatively small template and decision trees [53}54], the FAST

detector is more computationally efficient.

The FAST detector has been widely used in many computer vision tasks due to
its excellent computational efficiency and acceptable detection performance. Based
on the FAST detector, Xiu et al. |[130] proposed a new template with a filled cir-
cle and outer ring, and used an adaptive threshold function to improve detection
accuracy and repeatability. Combined with the ‘corner score’ in the Harris corner
detector [24], Rublee et al. [131] extended the FAST corner detector to multi-scale

for feature description. Karim and Nasser [132] further improved the computational
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efficiency by applying Haar wavelet to reduce the feature space. Through adaptive
contrast enhancement, Kadhim and Araheemah [133] achieved better repeatability
on illumination change. Wen et al. [134] extended the FAST algorithm to event

cameras.

Template-based corner detection methods represented by the FAST detector [53,54]
have been applied to many computer vision tasks due to higher computational ef-
ficiency among all types of corner detectors. However, these methods lack prior
knowledge about grayscale change information and detect corners directly through
comparison of grayscale values. Thus the detection performance of these detectors is
not high, especially for complex scenes and noisy images. Meanwhile, without image
smoothing, their detection performance is unstable and repeatability under affine
transformations, local variations and noise is low. Furthermore, since the response
function of these methods counts the number of different or similar pixels, there
will be a large number of repeated responses around one corner, and non-maximum
suppression does not handle it well. In practical applications, parameterised cor-
ner templates cannot handle complex image scenes well. Therefore, compared with
state-of-the-art corner detectors, the template-based corner detection methods can-
not achieve efficient detection performance and repeatability, and they only have an

advantage in terms of computational complexity.

2.4 Multi-scale Analysis Based Corner Detection

In early research on corner detection, most algorithms detected corners at a fixed
scale. Soon, researchers found that due to image characteristics as well as the influ-

ence from illumination, noise and local variations, detection algorithms based on a
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single scale cannot extract all corners well. Meanwhile, whether in derivative-based
methods, template-based methods or contour-based methods, detection performance
is greatly affected by the size of the detection window. A large detection window,
e.g., large-size filter, large-scale curvature estimation or large-size template, can
greatly increase the robustness of detection results. However, it will still miss many
corners, reduce detection performance and significantly lower the localisation ac-
curacy. On the contrary, a smaller detection window can detect more corners and
achieve more precise localisation accuracy, but the repeatability to local variations
and noise will be greatly reduced. Therefore, researchers have gradually realized
the importance of multi-scale information for corner detection. In recent years,
with the development of multi-scale geometric analysis technology, local grayscale
changes and geometric structure of images can be described more finely with better
robustness. In consequence, these methods have begun to be widely used in corner
detection algorithms to improve noise suppression capabilities, extraction perfor-

mance of feature information and corner localisation accuracy.

Early work on multi-scale analysis based detectors, namely scale-space detectors,
focussed on extracting corners from scale space using classical detectors. For exam-
ple, Mikolajezyk and Schmid proposed the well-known Harris-Laplace detector [84],
in which the Harris corner detector [24] is applied with scale space theory [30],
and scale adaptive selection is performed to obtain salient corners on each scale by
using the Laplacian operator. Similarly, the Hessian-Laplace corner detector [85]
and multi-scale Plessey detector [86] were proposed, in which the Hessian matrix
and the Plessey operator were extended into multi-scale. Furthermore, some multi-
resolution image analysis tools such as wavelets were used to obtain more precise
and detailed information. For example, pyramid decomposition in wavelet analysis

was used for corner detection at multiple scales [87-89]. However, these methods
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repeatedly apply the single-scale corner detection algorithm to different scales, al-
though repeatability under scale change is improved, these methods cause a large
number of repeated detections for one corner at different scales, and the shortcoming

of the fixed detection window still exists.

In recent years, multi-scale analysis algorithms have attempted to take full advan-
tage of multi-scale structural information to improve corner detection performance
and robustness. Recently, due to their promising detection performance, these de-
tectors have attracted more attention. Since wavelets have limited ability for direc-
tional decomposition, lifting wavelets [91], dual-tree complex wavelets [90], Gabor
wavelets [92], and Log-Gabor wavelets [93] were used for obtaining structural infor-
mation from images. Gao et al. [93] proposed a corner detection method, namely
LGWTSMM, in which the average Log-Gabor wavelet coefficients from multi-scale
in all directions were weighted and summed to establish a two-directional structure
tensor as defined in Eq. for corner detection. This method outperforms the
other wavelet-based methods. However, the Gabor wavelet kernel is highly non-
orthogonal and can cause redundancy in the decomposition coefficients [96], which
will decrease the distinction between corners and other pixels. Moreover, the aver-
aging process of the weighted summation of structural information in all directions
will lead to the loss of some useful structural information and increase corner local-
isation error. Zhang and Sun [94] proposed a corner detector based on anisotropic
Gaussian derivative filters. Based on eight directional derivative coefficients at the

finest scale, an 8 x 8 structure tensor was constructed for candidate corner detection,
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which is defined as
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where V7 . = V2 . I(x + i,y + j) is the directional derivative coefficients along

direction k, o and p are the sigma and anisotropic factor of the Gaussian kernel. The
structure tensor is computed within a (u + 1,v + 1) area of the center pixel (x,y).
The coefficients of other scales were used to pick up any falsely detected corners
from the candidate corners. The multi-directional structure tensor is less sensitive
to image rotation and noise, but more computation time is needed to deal with the

multi-directional structure tensor, therefore this detector is more time-consuming.

Natural images contain intrinsic geometrical structures that are important for cor-
ner detection. The aforementioned wavelets are good at isolating discontinuities
at edge points, however they cannot handle equally well distributed singularities
such as those along curves [95,/96]. As a result, contourlets [97], ridgelets [98],
curvelets [99] and shearlets [100] have been introduced to capture the intrinsic ge-
ometrical structures, and have been successfully embedded in some existing corner
detection frameworks [101}{109] such as Harris [24] and SUSAN [47] corner detectors.
Among these methods, shearlets provide the best performance due to the optimal
and sparse representation of geometrical structures, high noise robustness and rel-
atively simple generation functions [100]. The details and theoretical derivations
are provided and discussed in Section [3.1] Some detectors based on shearlets have

been introduced to achieve better performance and robustness. Duan et al. [106]
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employed a 3D version of the traditional shearlet transform with a dual-tree struc-
ture to capture structural information from 3D magnetic resonance images, then
the structure tensor in the Harris corner detector was used to analyse the structural
information for image fusion. Malafronte et al. [107] constructed a spatio-temporal
interest point detector based on the shearlet transform, in which the shearlet coef-
ficients in all directions at each scale were summed. The products of the resultant
values at the two finest scales were compared with a threshold for interest point
detection. Duval-Poo et al. [135] proposed another interest point detection method
based on shearlets. They developed a measure function by summing the shearlet
coefficients in all directions at all scales for interest point detection, which has been
proven to be relatively accurate in detection and highly robust to noise and scale
variations. Then they proposed an edge and corner detection method with a modi-
fied shearlet transform [108,/109]. They first calculated the mean of all scale shearlet
coefficients in each direction, and then the sum of all directional means weighted by
a sinusoidal function was considered for corner detection. Benefitting from the mod-
ified shearlets, this method yields better performance in terms of detection accuracy

and robustness to noise compared with the traditional shearlet-based methods.

In summary, current multi-scale analysis based algorithms focus on merging informa-
tion from multiple scales, which can address the shortcomings of the fixed detection
window in single-scale detectors, and can improve detection performance with higher
robustness. Multi-scale analysis based detectors contain two main parts: multi-scale
decomposition of images and merging decomposition results for corner detection. For
multi-scale decomposition, the shearlet has been adopted and achieved good perfor-
mance [106-109,/135]. However, the traditional shearlet transform suffers from some

inadequacies in corner detection including the following:
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. The shearlet transform suffers from a strong side-lobe effect. The local struc-
tural information at the locations where the grayscale values drastically change,

such as along edges or at corners, has multiple peaks.

. Since a corner is not simply formed by straight lines, and there might be some
intensity changes in several directions in its background, the structural infor-
mation in two adjacent directions is not completely independent. However,
in the shearlet transform, there is no overlap between the shearlets of adja-
cent directions in the Fourier domain, making the structural information of

adjacent directions independent.

. The mother function of shearlets has limited support in the Fourier domain,
consequently the corresponding spatial filter has a larger envelope. This results
in the problem of edge extension which causes erroneous detections in the case

of the extensions of two edges intersecting with each other.

. The spatial filter with a larger envelope depresses the high-frequency compo-

nents in the image, making the detailed information less clear, and

. In shearlets, the orientation variable is associated with the scale index. For
different scales, the number of directions is different and is determined by the
scale index. This is a great obstacle for subsequent corner detection when

using multi-scale directional information.

Another key factor affecting the performance of corner detectors is how to use multi-

scale decomposition results to detect corners. In current methods, only the am-

plitude information is considered, and another important structural information,

namely phase information, is neglected. In methods [911/93,/132], only the amplitude

coefficients of one scale are utilised for corner detection. This limits their detec-
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tion accuracy and repeatability under affine transformations, viewpoint changes and
noise. Also, the averaging process of the weighted summation of structural informa-
tion in all directions will lead to the loss of some useful structural information, and
the introduction of amplitude information from coarse scales seriously reduces cor-
ner localisation accuracy. In other work [108,/109], the simple usage of the amplitude
coefficients at all scales by simply summing them up and comparing with a given
threshold cannot accurately distinguish corners from edges, and merging multi-scale
directional information by calculating their means, especially merging information
from coarse scales, will greatly increase corner localisation errors. Elsewhere [94],
only the amplitude coefficients at the finest scale are used for detecting candidate
corners, making the results of this stage sensitive to image affine transformations
and local variations, while the amplitude coefficients of other scales are used to
eliminate false candidate detections. This means that information from these scales
only helps reduce the false detection rate rather than improve the overall detection

accuracy.

In summary, current multi-scale analysis based methods yield the best performance
among all existing detectors. However, these methods do not make full use of multi-
scale and multi-direction structural information from images, which influences their
detection accuracy, localisation accuracy and repeatability. Multi-scale decompo-
sition tools cannot provide sufficient structural information for detection, which
causes the loss of detailed information in images and falsely detected corners. More-
over, the processing of multi-scale information and removal of false candidate corners
need more computation time. Therefore, such detectors have a higher computational

complexity than template-based detectors and derivative-based detectors.
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2.5 Deep Learning Based Interest Point Detector

In recent years, deep learning has been extended for interest point detection. Due
to there is no large database of corner labelled images that can be used for train-
ing a neural network, unlike the corner detectors which focus on low-level image
structures, recent deep learning-related interest point detectors pay close attention
to locally unique descriptors in feature maps generated by deep learning. Most of
these algorithms cannot detect corners, but provide features similar to blob features
such as DoG [136] and SIFT [137], so they are mentioned as interest point detectors

in this thesis.

Early work of deep learning based interest point detectors focussed on replacing
handcrafted feature detection and description pipelines with neural networks [114}-
116]. However, since their limited generalization abilities, these methods cannot
reach the accuracy of their replaced handcrafted features [19-21}|138]. Recently,
other works [110,|113/117-122] attempted to generate and select locally unique de-
scriptors in feature maps, and focussed on optimization of feature matching scores
with metric learning. They used image patches which are pre-cropped by hand-
crafted features such as DoG [136] and SIFT [137] for learning and training a patch
similarity network [139]. Some methods replaced the handcrafted feature detec-
tion for training by synthetic data and perform homographic adaptation for better
domain adaptation performance [111,|112], while some others totally discarded in-
terest point detection in their algorithms [123,|124]. However, the optimized accu-
racy in matching does not perform improvement on performance in high-level vision
tasks [21,/111]. For example, the SuperPoint method [112] which is superior to
SIFT [137] on matching, cannot reach the performance of SIFT [137] for estimating

an essential matrix for an image pair. The LIFT detector [110] cannot provide bet-
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ter reconstructions than SIFT [137] in a structure-from-motion pipeline [21]. The
reason may be concluded that although the feature detection based on higher-level
information can provide better performance for patches matching, which is benefited
from optimization of the description of features, these methods inherently provide
less accuracy for keypoints localisation and detection [113]. Meanwhile, compared to
sparse features, the deep learning approaches are much less computational efficient
due to the need to densely extract descriptors and generate a group of feature maps

for a whole image.

The focusses of these deep learning algorithms are not on feature detection, but
mainly on generating and selecting locally unique descriptors in feature maps and
optimizing feature matching processing. Therefore, they are very different from
sparse corner detection. It is well known that corner detection belongs to the first
stage of sparse local features in a framework of detection first and then description.
In the detection stage, a set of interest points such as corners or blobs is obtained,
and then local descriptors are extracted from the image patches around the interest
points. On the contrary, recent deep learning-related interest point detectors follow
the framework of description first and then detection. They first generate a group of
feature maps with deep learning, and then the interest points are detected from the
maps. D2-Net [113] directly marked the central points of the local maximum de-
scriptors as interest points, and SuperPoint [112] performed interest point detection
by using a decoder branch. Reinforced SP [111] retrained SuperPoint via reinforce-
ment learning to improve performance. In general, interest points detected by deep
learning are less accurate but have high repeatability which is important for im-
age matching and retrieval tasks, while low-level image structures such as corners or
blobs are more accurate and memory-efficient, and their accurate localisation ability

is very useful for visual localisation, motion estimation and 3D reconstruction [125].
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Consequently, the accurate detection of corners with high repeatability remains a

core issue of computer vision.

2.6 Discussion

Corner detection algorithms have undergone considerable development in recent
years, especially multi-scale analysis methods that have achieved good detection
performance and robustness. However, there are still some problems to be addressed.
First of all, the existing corner detection algorithms only use the information of
images in the horizontal and vertical directions to form a structure tensor [91,93/101}-
1054/132], or even just the information in a single direction to form a single-directional
measure function [93,108/109]. Many multi-resolution analysis tools such as wavelets
can only provide structural information in two directions. However, corners are the
special pixels in two-dimensional images, and their characteristics are anisotropic.
The discarding of information in other directions reduces the ability of algorithms
to distinguish corners from other pixels and lowers the detection performance and

repeatability.

Meanwhile, in the existing methods including multi-scale analysis based methods,
multi-scale information has not been fully utilised for corner detection. Many ex-
isting methods detect corners based on a fixed scale or perform repeated detection
on multiple scales [94/|101-105|,132]. This greatly affects detection performance, lo-
calization accuracy and repeatability. Although some methods average multi-scale
information for better performance [93}/108,|109}/135], simple average processing in
multi-scale will reduce the localisation accuracy of the algorithms, and make them
ignore some small regions with few grayscale changes in images. In some reported

methods [65H72,194], structural information of multiple scales is used to eliminate
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false candidate detections. This means that information from these scales only helps

reduce the false detection rate rather than improve overall detection accuracy.

From simple image gradients to shearlets, the tools used to extract image structural
information for corner detection are more advanced and can provide better perfor-
mance. The latest multi-resolution analysis tool, namely the shearlet transform, can
provide multi-directional and multi-scale information with high robustness and has
shown effectiveness in corner detection. However, shearlets are designed for sparse
representation rather than feature detection, therefore, the decomposition results
for images suffer from some drawbacks, and the insufficient information greatly
influences detection performance. In addition, existing decomposition tools can-
not extract phase information from images. However, compared with amplitude
information, phase information can achieve better localisation accuracy for geomet-
ric features, and provide more robustness information, especially for illumination
change [140,/141]. Therefore, introducing phase information into corner detection

could be beneficial to detection performance, localization accuracy and repeatabil-

ity.

In terms of computational complexity, although derivative-based and template-based
methods have high computational efficiency, neither can provide sufficient detection
performance and robustness. Especially in template-based methods, too many anal-
ysis and smoothing steps are omitted for computational efficiency. Contour-based
methods need to obtain the contour map and analyse the chain code pixel by pixel,
so they generally have the highest computational complexity. Although multi-scale
analysis based algorithms have higher detection performance, their computational
efficiency is relatively poor due to the processing of multi-scale information. If more

multi-scale and multi-directional information is used to improve detection perfor-
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mance, the computational complexity will also increase. Therefore, an appropri-
ate balance in the tradeoff between computational complexity and performance is

needed.

This thesis addresses these issues in designing corner detection algorithms. In order
to improve detection accuracy, repeatability and localisation accuracy of the cur-
rent state-of-the-art in corner detection, an improved shearlet transform and a novel
complex shearlet transform, which can overcome the problems of bilateral margin
responses, edge extension and lack of phase information in traditional shearlets, are
proposed to better localise distributed discontinuities, especially to extract phase
information from geometrical features. Moreover, a multi-directional structure ten-
sor and a multi-scale corner measurement function are proposed to make full use
of the structural information from the improved shearlets for corner detection, and
a new rotary phase congruence tensor is proposed to utilise amplitude and phase
information at all scales and directions of the complex shearlets for corner detection.
As a result, two new corner detectors are proposed. Experimental results demon-
strate that their localisation ability and detection accuracy are superior to current
detectors, and their repeatability is generally higher than current corner detectors
as well as recent deep learning interest point detectors. The proposed detectors have

great potential for applications in the aforementioned computer vision tasks.

To meet the needs of real-time computer vision tasks, especially real-time portable
tasks, a new type of filter that can enhance corners and suppress edges as well as
noise simultaneously is proposed to simplify the corner detection architecture and
improve its parallel computing performance. Then a novel corner detector with
high computational efficiency is also proposed, and the corresponding FPGA design

is provided as well. Experimental results show that, with very low computational
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cost and simple architecture, the proposed detector can achieve similar detection
accuracy and repeatability of current corner detectors and be potentially useful for

real-time computer vision applications.
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Chapter 3

Corner Detection Based on
Improved Shearlet Transform and
Multi-directional Structure

Tensor™®

As discussed in Chapter [2] current methods for corner detection do not make full
use of multi-directional and multi-scale structural information, and the traditional
shearlet transform suffers from some drawbacks which greatly influence corner de-
tection performance. In this chapter, all these inadequacies are focussed and solved.
An improved shearlet transform with a flexible number of directions and reasonable

support is presented, which can accurately obtain multi-scale and multi-directional

* This chapter has been published: M. Wang, W. Zhang, C. Sun, and A. Sowmya, “Corner Detec-
tion Based on Shearlet Transform and Multi-directional Structure Tensor,” Pattern Recognition,

vol. 103, pp. 107299:1-15, 2020.
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structural information from images. In order to make full use of the multi-scale and
multi-directional information, a multi-directional structure tensor is constructed for
corner detection based on the shearlet coefficients, and a multi-scale corner measure-
ment function is proposed to reduce the influence of noise and suppress edges. The
proposed corner detection method is compared with other representative corner de-
tectors. The results obtained show that the proposed corner detection method yields
some improvements on the current state-of-the-art in corner detection in terms of
the detection accuracy, corner localization accuracy and robustness to affine trans-

formations, illumination changes, noise, image blurring and viewpoint changes.

The main contributions of this chapter are summarized as follows:

1. A novel multi-scale and multi-directional analysis approach, namely improved
shearlet transform, is proposed to extract accurate multi-scale and multi-
directional structural information from images, and effectually mitigate the

weaknesses of the traditional shearlets.

2. A multi-directional structure tensor and a multi-scale corner measurement
function are proposed to take full advantage of the multi-scale and multi-
directional structural information, which can effectively improve detection ac-

curacy and depress false detection.

3. As a result, the proposed detector yields improvements to the current state-
of-the-art in corner detection in terms of detection accuracy, localization accu-
racy and repeatability under image scaling, rotation, noise corruption, JPEG

compression, illumination and viewpoint changes.

The remainder of this chapter is organised as follows. The traditional shearlet

transform is briefly reviewed in Section [3.1I] In Section the inadequacies of the
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traditional shearlet transform for corner detection are discussed and addressed, and
an improved shearlet transform is developed. A novel corner detection with multi-
directional structure tensor and a multi-scale measurement algorithm is proposed
in Section [3.3] The experimental framework, datasets and extensive experimental

results are given in Section Finally, the concluding remarks are provided in

Section B.5]

3.1 Shearlet Transform

In recent years, several multi-directional image analysis methods such as ridgelets [98],
curvelets [99], contourlets [97] and shearlets [100] have been introduced to capture
the intrinsic geometrical structures. Compared to the other methods, shearlets can
efficiently represent anisotropic features, and also have the best performance due to
some unique and excellent properties |100] including the following:

1. Shearlets are generated by a single or a small set of functions.

2. Shearlets can provide optimal and sparse representation for anisotropic func-

tions.
3. Shearlets have compact support in the Fourier domain.
4. Shearlets have fast algorithmic implementations.
5. Shearlets can provide a unified treatment for continuous and digital signals.
6. Shearlet transform is associated with classical approximation spaces.

For these reasons, shearlets are chosen in this work as a reference framework for cor-

ner detection to overcome the limitations of current state-of-the-art corner detection
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methods that do not make full use of the multi-directional structural information
from images. In Section [3.1.1] the theory behind the shearlet transform is reviewed,
followed by the introduction of a discretization scheme for shearlets in Section [3.1.2]

and the computational complexity is analyzed in Section [3.1.3]

3.1.1 Construction of Shearlet Transform

A shearlet is generated by a mother shearlet 1) in the space of square-integrable func-
tions of 2D real space R? (i.e., L?(R?)) through dilation, shearing and translation,

in the following manner [100]:

Yasi(7) = a~ 1A, 1S (o — 1)) (3.1)

The shearlet depends on three parameters, the scaling matrix A,, the shear matrix

S, and the translation parameter t € R%. A, and S, are defined by

a O 1 s
A, = . S = (3.2)

0 Va 01

where a is the scale variable in the positive real space RT which controls the scale of
the shearlet, and s is the orientation variable in the real space R which determines
the orientation of the shearlet. The representation of the mother shearlet in the

Fourier domain v can be factorised as

o~

B, w2) = Paleon) o (j) (33)

where 151 is the Meyer wavelet and 122 is a non-zero square-integrable function with

suppvzg C [-1,1]. Here, suprZQ denotes the support of function 1;2, and &2 is given
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NI

=

RN

Figure 3.1: A shearlet transform system in the frequency domain with 3 shearlets
of different a, s, ¢t shown in gray.

N

by

. VD(14w), w<o0

D(1 —w), otherwise

where D(x) is expressed as

0, <0
D(z) = 35z% — 842 + 702% — 2027, 0<z <1 (3.5)
1, z>1

Thus, the shearlet in the frequency domain can be written as

Wa + Swy

—2mi(wy,w2)-t
oo Je (3.6)

Qza,s,t(wh wo) = agﬂl(awl)ﬂg(
@Ems’t with different values of a, s and t has a different support in the frequency
domain, and a shearlet system which is formed by many ?Za,s,t is a Parseval frame
for L?(R?) and has compact support in the entire frequency domain. The tiling of
the frequency plane of the shearlet system is shown in Fig. 3.1 The gray parts of
the shearlet system in Fig. [3.1| are three shearlets in three different directions with

three scales.
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Figure 3.2: Cone-adapted decomposition of a shearlet system in the frequency do-
main.

For the shearlet transform defined in Eq. , controlling the shearlet orientation is
complex during computation. For ease of calculation, the concept of cone-adapted
shearlets was introduced [100], whose construction is based on a partition of the
Fourier domain into two cones and a square low frequency region shown in Fig. [3.2]

The horizontal cone and vertical cone C., ¢ € {h,v} can be defined as

1
Cn = {(wl,wg) cR?: |2 < 1,|wi| > }
w1 2
" 1 (3.7)
Co= {(WI,WQ) eR?: |2 <1, |wy| > }
09)) 2

The central square region in Fig. is the low frequency part, which is defined as

{(wi,w2) €R?: fwy| < 1, |wn| < 1} (3.8)

For a signal f € L?(R?), the shearlet transform SH(f) is defined by

SH(f)(a,s,t) = (f 05, 4(x)) (3.9)

where (f, 45 ,(z)) is the scalar product in f € L*(R?) and ¢ € {h,v} is the param-

eter for the selection of two cones.
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3.1.2 Discretisation of Shearlets

In order to deal with discrete signals such as images, the shearlet system should be
discretised. There are many different discretisation schemes available [142-145]. In
this work, the fast finite shearlet transform (FFST) [142,/143] is adopted, which is
constructed in the frequency domain and can provide more computation efficiency.
For a digital image I with size N; x N, the scaling, shearing and translation pa-
rameters a, s and t are discretised as

a; =274, 7=0,...,50—1

shpy=hkx27, —21<k<2 -1
| | | (3.10)
sip=hkx27, —“241<k<

= (m,m) mel

where I = {(my,m2): my =0,...,N;—1,my=0,..., Ny — 1} and jy and k are the
number of considered scales and directions respectively. It is worth noting that the
number of directions in each scale is 2712, and the number of directions in a coarse
scale is half the number in the adjacent finer scale (see Fig. . Therefore, the
shearlet in the frequency domain for horizontal cone can be written as

i W9 2mi(mywi +maowy)

s ot (2) =201 (2 Jw1)¢2(22; —k)e N XCp (w1, wa) (3.11)
1

where XC.,c € {h,v} is a Boolean operation to select cones. Similarly, the shearlet
for vertical cone only needs to swap the positions of w; and ws. The discrete shearlet

transform of an image [ is now defined as
SHIL) (3, kym) = (1.4, 0, () (3.12)

? Fag,sktm

Based on the Plancherel formula, the discrete shearlet transform can be efficiently

computed by applying the 2D fast Fourier transform (fft2) and its inverse (ifft2).
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Thus, the discrete shearlet transform can be rewritten as

ifft2 <@Z(4‘jw1, 47 kwy + 279 w,) - f(wl, w2)>, for h cone
SHIG km)={ )
ifft2 <w(4jw2, 47 kwy + 279w - Iwy, wQ)), for v cone

(3.13)

~

where [(wy,ws) is fit2(1). As discussed earlier in this subsection, shearlets have
compact support in the entire frequency domain. Therefore, shearlets can be used
to obtain multi-scale and multi-directional local structural information for corner
detection from images without any loss. For pixels from the flat areas of images,
|SH(I)(j, k,m)| is very small in all directions. For edge points, |SH(I)(j, k, m)| only
reaches its peak in the orthogonal direction of an edge. As for corners, |SH(I)(j, k,m)|
has multiple extreme values. This property can be used to accurately distinguish
and detect corners. In addition, the effect of noise, which is not strong enough
to observably change the structure characteristics of |[SH(I)(j, k,m)| in all coarse
scales, can be reduced effectively by verifying the detected candidate corners based

on the shearlet coefficients at coarse scales.

3.1.3 Computational Complexity

For applications in high-level tasks, high computation speed for corner detection is
very important. For an image I of size N x N, the computational complexity of
the shearlet transform defined in Equation is O(XN? + 2X N?logN), where
X is the number of shearlets used. Although X is proportional to the exponential
of the number of considered scales jg, for high resolution images, the localization of
corners is inaccurate at large scales. In other words, jo should not be very large.

In this case, the computational complexity of the shearlet transform is O(N?logN),
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which is the same as the 2D fast Fourier transform.

3.2 Improved Shearlets for Corner Detection

The inadequacies of the traditional shearlet transforms for corner detection are dis-
cussed in Section In Section [3.2.2] these inadequacies are focussed and ad-
dressed, and an improved shearlet transform is proposed to accurately extract the

local structural information at multiple scales and in multiple directions.

3.2.1 Inadequacies of Shearlets for Corner Detection

As discussed in Section [3.1] the mother shearlet ¢ € L?(R?) is constructed by using
@El and @Eg. The usual choice for 151 is the Meyer wavelet as shown in Fig. (a), and
1;2 is a non-zero square-integrable function which is defined by Eq. . The gen-
eration of the 2D shearlet can be described simply by rotating the one-dimensional
wavelet 1/71 in a two-dimensional coordinate system. The rotation allows the wavelet
to have limited support in its orthogonal direction and make the wavelet anisotropic.

The angle of rotation is determined by suppizg.

The frequency tiling of the traditional shearlet transform with 3 scales in the Fourier
domain are shown in Fig. [3.3(b), and one of the shearlets in the Fourier and spa-
tial domain is shown in Fig. [3.3|c) and Fig. 3.3(d) respectively. In Fig. [3.4] the
absolute values of shearlet coefficients in each direction from an image are added
in 3 scales to measure the ability of the shearlet transform to obtain local struc-
tural information [10§]. It is worth noting that all the resultant images in Fig.

are complement images for convenience of viewing. As shown in Fig. (a), the
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Figure 3.3: The traditional shearlet transform. (a) Function envelope of 151, ie.,
Meyer wavelet mother function, (b) frequency tiling for 3 scales in the Fourier do-
main, (c) shearlet for j = 1 and k£ = 0 in the Fourier domain, (d) the corresponding
version in the spatial domain.

Meyer wavelet is a band-limited function where the speed of decay is very fast in
the Fourier domain. This will lead to a strong side-lobe effect in the spatial do-
main (see Fig. [3.3(d)), causing multiple responses at locations where the grayscale
values drastically change, such as along edges and at corners. The structural infor-
mation obtained by the traditional shearlet transform in Fig. also confirms this.

Therefore, duplicate detections may occur for a corner.

As can be seen from Fig. [3.3(b), in the traditional shearlet transform, there is no
overlap between the shearlets of adjacent directions. The advantage of this property
is that the shearlets can provide optimally sparse representations for anisotropic
functions, and this is very advantageous for image compression and sparse represen-

tation. However, the non-overlapping shearlets cannot provide sufficient structural
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(a)

Figure 3.4: Original images and resultant images of local structural information ob-
tained by the traditional shearlets with 3 scales. (a) Original images, (b) resultant
images of local structural information with j = 2, (c) resultant images of local struc-
tural information with j = 1, (d) resultant images of local structural information
with 7 = 0.

information to detect corners. In other words, because a corner is not simply formed
by straight lines and there might be intensity changes in several directions in its
background, the structural information in two adjacent directions is not completely

independent. Therefore, the relevance of structural information in all adjacent di-

rections should be considered.

Since 152 is a non-zero square-integrable function with supplzg C [-1,1], the mother
function of shearlets has limited support in the Fourier domain, and consequently
the corresponding spatial filter has a larger envelope. In areas around edges, this
leads to the structural information being extended at the end of the edges, namely
the problem of edge extension, which causes erroneous detections in the case of
extensions of two edges intersecting with each other. Furthermore, a filter with

limited bandwidth in the Fourier domain and a larger envelope in the spatial do-
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main depresses the high frequency components, making the detailed information
extracted from images less clear. It can be observed that the structural information
in Fig. is unclear and has multiple peaks with the problem of edge extension.

These problems will greatly affect the subsequent corner detection.

It can be seen from Eq. and Fig. [3.3|(b) that the number of directions in scale
j is 29%2. In other words, the orientation variable s is associated with the scale
index j. Thus, the shearlet decomposition at different scales has different number
of directions, and one direction of a coarse scale corresponds to two directions of
the adjacent finer scale (see Fig. [3.3[(b)). At the coarse scales, shearlets cannot
provide sufficiently clear local structural information, and fewer directions can effec-
tively reduce the number of shearlet coefficients. This is very important for image
compression and sparse representation. However, for corner detection, a unified de-
tection framework that can be easily applied to multiple scales is very important.
Keeping the same number of directions in the shearlet coefficients of different scales
is very beneficial to make full use of multi-scale information for corner detection and

reduce the difficulty of algorithm design.

3.2.2 Improved Shearlets for Corner Detection

In order to overcome the problem of multiple peaks resulting from the side-lobe
effect, in the improved shearlets, an odd wavelet proposed by Mallat and Zhong [146]
with an analytical expression in the Fourier domain is selected to replace the Meyer

wavelet, which is defined as

>2n+2 (3.14)

As shown in Fig. 3.5{(a), the decay speed of this wavelet is much slower than the
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Meyer wavelet. Accordingly, the side-lobe effect in the spatial domain can be de-

pressed.

To overcome the problem of edge extension and make the structural information of

adjacent directions interrelated, 122 is redefined as

N % D(1+w/b), w<O0
Po(w) = ( ") (3.15)

/D1 —w/b), w>0

where b € Rt and D(x) is the auxiliary function defined in Eq. (3.5)). It is easy to see
from Eq. 1) and Eq. 1} that the new ), has a flexible support suppt, C [—b,b]

in the Fourier domain, which can be easily adjusted by the value of b. Therefore,

the shearlet in Eq. (3.6) can be rewritten as

. . aw 2n+2
Mi\/D(l n wo + Swl) (Slna(w141)> 6—27ri<(w1,w2),t>7
ba? \/Eb&}l 4
wa + sw1q <0
@Za,s,t (Wla w2) = ) . 2n+2 \/awl
w1 wa + S sm(%) —2mi{(w1 w2),t)
i D(]- - ) awi € R )
ba7 Vabw, e
Wy + Swq <0
\/5w1
(3.16)

In order to make the improved shearlet transform provide a uniform number of

directions for different scales, the parameter s in Eq. (3.10)) is re-defined as

C_ptr g
st = k277 x =—, —2¥<k<2-1
’ K K
S (3.17)
w4
Sa=h2T X =2 =P H1<k<O

where p is a nonnegative integer and K = 2P which is the number of directions for

all scales. It is easy to see from Eq. (3.17)) that for the continuous orientation variable
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Figure 3.5: The modified shearlet transform constructed by using the odd wavelet
defined in Eq. as U instead of the Meyer wavelet. (a) Function envelope of the
odd wavelet 1y, (b) shearlet of the modified shearlet transform for j = 1 and k = 0
in the Fourier domain, (¢) the corresponding version in the spatial domain.

s, the number of sampling points can be adjusted by K which is independent with
scale index j. However, for the coarse scales such as 7 = 0, too many directional
divisions will lead to an excessive overlap of shearlets in adjacent directions, so the
support of QZQ should be adjusted in accordance with K and scale index j. Therefore,

12)\2 is finally rewritten as

Kw
" g | P F i) w0
halw) =17 I (3.18)
w
2i+2p D(1 - 2j+2b)’ w>0

In this way, the support of each shearlet at all scales has an appropriate size for

corner detection, and every directional shearlet at each scale corresponds to one
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Figure 3.6: Original images and resultant images of local structural information
provided by the modified shearlet transform with 3 scales. (a) Original images, (b)
resultant images of obtained structural information with j = 2, (c¢) resultant images
of obtained structural information with j = 1, (d) resultant images of obtained
structural information with j = 0.

directional shearlet in other scales. Therefore, Eq. (3.11]) can be rewritten as

i KWQ + 4]{‘(,}.}1 —27T'i(m] w1 +m2w2)
D (w1, w2) = 272 91 (477001 ) (2 ke
o =2t iKw e Kuw, + 4kw1) sin(4._j_1w1) 2t
b 4bW1 47'771(,01
—omi( TR 4 2 Kuwy + 4kw,
e

N1 XCh(wl,wg) T S 0
1

Y wal \/D 1 Ren ot Al (sin(4_j_1w1)>2n+2

XCh(wl, CUQ)

4bw, 4=,

_omi(MLeL y maw K 4k
(& 2mi( 13]11+ 2 %) XCh(wl,MQ) —W2 + 1 >0
le

(3.19)

Similarly, the shearlet for the vertical cone only needs to swap the positions of wq

and ws.

In contrast with the traditional shearlet, it can be seen from Fig.|3.3|(d) and Fig.[3.5(c)
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Figure 3.7: The improved shearlet transform with b = 3. (a) An improved shearlet
for j = 1 and & = 0 in the Fourier domain, (b) the corresponding version in the
spatial domain, (c) diagram of directions with 3 scales and 16 directions in the
Fourier domain.
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Figure 3.8: Original images and resultant images of local structural information
obtained by the improved shearlets with 3 scales. (a) Original images, (b) resultant
images of obtained structural information with j = 2, (c) resultant images of ob-
tained structural information with j = 1, (d) resultant images of obtained structural
information with 7 = 0.

that, by replacing the Meyer wavelet with Eq. (3.14)), the side-lobe effect in the spa-
tial domain is effectively suppressed. As a consequence, it can be seen from Fig. [3.6
that compared with Fig.[3.4] the problem of multi-peak responses is overcome and

the obtained structural information at each scale is clearer.
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Moreover, according to Eq. , by redefining @Eg, the envelope size can be con-
trolled by changing the value of b. It can be seen from Fig. [3.7[(a) that the envelope
of the improved shearlet in the Fourier domain is significantly enlarged, which can
extract more high frequency information in each direction. Accordingly its envelope
in the spatial domain has been significantly reduced and the extension of structural
information can be effectively depressed. Moreover, an adjustable and larger band-
width of shearlet in the Fourier domain means that shearlets in adjacent directions
will have an adjustable overlap area, and the relevance of structural information in
all adjacent directions can be considered. It can be seen from Fig. [3.7(c) that the
envelope of the improved shearlet is b times larger than that of the traditional shear-
let, and the overlap size between the adjacent shearlets is b — 1. As can be observed
from Fig. , by redefining 12, the problem of extension of structural information
has been effectively alleviated, and the obtained structural information at each scale

is much clearer compared with Fig. [3.5] and Fig. [3.3

Furthermore, according to Eq. and Eq. , the number of directions K
is independent of the scale index j, and the number of directions in each scale can
be adjusted and kept consistent with other scales (see Fig. [3.7(c)). Obviously, the
same number of directions has a benefit for subsequent corner detection by using

multi-scale directional information.

3.3 Multiple Directional Corner Detection and Mea-

surement Algorithm

As discussed in Section [2.4] current multi-scale analysis based corner detectors usu-

ally utilise the results of multi-scale decomposition for corner detection in two ways.
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One is to establish a two-directional structure tensor based on the weighted sum-
mation of the structural coefficients in all directions, and the second is to select the
perpendicular direction of the maximum response in multi-scale decomposition or
the weighted summation of all directional means of all scale shearlet coefficients.
Obviously, these corner detectors do not make full use of the multi-scale and multi-
directional structural information. The two-directional structure tensor cannot ef-
fectively distinguish corners from pixels with complex backgrounds or on curves with
large curvatures. Moreover, the merging or selection process will lead to loss of some

useful structural information and increase the corner localisation error.

In this thesis, a novel multi-directional structure tensor with multi-directional shear-
let coefficients is constructed for corner detection, and a multi-scale corner measure-
ment function is developed to remove false candidate corners by using multi-scale
directional information. The proposed multi-directional structure tensor obtains
structural information by moving a detection patch in the input image, and detects
corners by finely mining the local intensity changes in multiple directions and scales.
For an image I, after placing the multi-directional detection patch over a circular
area around (z,y) and shifting it by At, the intensity change F(At) of the response

of the detection patch can be defined as

NS
vlg

1

B(A) = 11

c(z,y) [I(x + Atcosy, y + Atsinby) — I(z, )]
k=1

NS

:—% y=—

(3.20)

with a square patch having width w + 1 centred at (z,y). c¢(x,y) is a circular mask
where the values within the circle are 1 and 0 outside, K is the number of directions

and 0 is the angle between the horizontal axis and the k-th direction. In Eq. (3.20)),
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the term I (z + Atcosfy,y + Atsinfy) can be simplified by the Taylor function to

I(z 4 Atcosty, y + Atsinby,) = I(z,y) + Atl,cosby + Atl,sinfy+ (3.21)
3.21

O(At?costz, At*sindy)

where I cost), and I,sinf), are the directional derivatives along direction k. Then

Eq. (3.20) can be rewritten as

E(At) =———— c(x,y)[I(z,y) + Atl,cosby + Atl,sinf,+
K(w+1)2 Mo y_;)kz::l Y
O(At?cost;, At*sinb) — I(z, y)]?
= c(z,y)[Atlcosby, + Atl,sinf,+
K(w+1) p=— L y=—¥ k=1
O(At?cost;, At*sind}))?
LY Y S ALty + Lty
N c(x,y)|At(Lycos0y, + I,sindy,
K(w+1) o e i
(3.22)
It is worth noting that
I.cosby + I,sinby, ~ SH(I)(j, k, m) (3.23)
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Therefore, Eq. (3.22) can be rewritten as

] 5y
PO R 1 2y 2 Y
~ - 2
At
. . . At
[SH(I)(4,1,m), SH(I)(5,2,m),...,SH(I)(j, K, m)]
_At_
]
L anar A |
K(w + 12 S0 Ak A
_At_
(3.24)
where M is defined as
M = c(x,y)
T=-gy=—3
SHi (1) SHij(I)SHo;(I) ... SHi,;(1)SHk (1) 3.25)
SHa;(1)SHy (1) SHy;(I)?2 o SHa (DSH(I) '
| SHi (DSH(I) SHi (1SHa,(I) ... SHis(1)? |

where SHy, (1) = SH(I)(j, k,m). M is a structure tensor with K directions at scale
j which is a symmetric K x K matrix. Since the magnitudes of the eigenvalues of
M can represent the intensity changes of a pixel in K directions, the K eigenvalues
A1, Ag, ..., A of M can be used to form a new corner detection function to distin-

guish corners from other pixels. For each image pixel (z,y), the corner response
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function R is defined by

IT A
R=-t=L (3.26)
Ak +q

M=

k=1

where ¢ is the minimum float number in a specific programming system, e.g., ¢ =
2.2204 x 1071 in MATLAB, which is used to avoid zero denominator. For each
image pixel, if the value of the corner response function R is larger than threshold

T7, this pixel can be considered as a candidate corner.

For an edge pixel, the structural information only reaches its peak in the orthogonal
direction of the edge. In other words, the structure tensor M of the edge pixel has
one large eigenvalue while the other eigenvalues are small. In contrast, a corner will
have two or more large eigenvalues. This property can be used to better distinguish
corners from edge pixels. Meanwhile, the effect of noise, which is not strong enough
to observably change the structure characteristics of eigenvalues in all coarse scales,
can be reduced effectively by verifying the detected candidate corners at all scales.
In the proposed method, a corner measurement function V is proposed to remove
false detections from candidate corners, which is defined as

K

&

~ max(\g)

(3.27)

For a candidate corner, if the value of the corner measurement function V' is larger

than threshold 75 at all scales, the candidate corner can be confirmed as a corner.

The proposed corner detection algorithm is summarised in Algorithm [3.1]
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Algorithm 3.1 Proposed Shearlet-based Multi-directional Corner Detection Algo-

rithm.
1: Use the improved shearlet transform to obtain local structural information from

images at 3 scales in K directions.

2: For each pixel, compute the multi-directional structure tensor (see Eq. )
at the finest scale.

3: Obtain the eigenvalues of the structure tensor for all pixels and compute the
corner responses based on Eq. .

4: If the response of a pixel is a local maximum within a 7x7 area and is larger
than T}, mark this pixel as a candidate corner.

5: Check all candidate corners based on Eq. . For each candidate corner, if
the corner measure is larger than 75 at all scales, then the candidate corner is

confirmed as a corner.

3.4 Experimental Results and Performance Anal-

ysis

Experimental assessments on the proposed corner detector were performed. The
detection performance, robustness to affine transformations, illumination changes,
noise, image blurring, viewpoint changes and JPEG compression, and computational
cost were evaluated and compared with representative corner detectors such as Har-
ris [24], Hessian-Laplace [85], FAST [53], ORB [131], CF [81], ANDD [80], ACJ [79],
LGWTSMM [93], SMCD [10§] and Zhang and Sun’s method [94]. Representative
interest point detectors such as DoG [136], SIFT [137], SURF [147], deep learning
based method LIFT [110] and shearlet blob detector (SBD) |135] were also used for

robustness evaluation.
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3.4.1 Evaluation Metrics and Datasets

The evaluation metrics and datasets for detection performance, localisation accuracy

and repeatability for corner detectors are introduced in Sections[3.4.1.1] and [3.4.1.2]

3.4.1.1 Metrics and Datasets for Detection Precision and Localisation

Accuracy

In detection performance evaluation, the key performance indicators including de-
tection precision and corner localisation accuracy were considered. For each corner
(x;,y;) of the ground truth, if a corner (Z;,y;) can be detected within a distance
of 4 pixels, the two corners are regarded as a matched pair. Otherwise, the corner
(xi,v;) is counted as a missed corner. Similarly, for each detected corner (z;,9;), if
a corner (x;,y;) can be found in the ground truth within a distance of 4 pixels, the
two corners are regarded as a matched pair. Otherwise, the corner (Z;, ;) is counted
as a false corner. For all the match pairs, the localisation error L is defined as the

average distance of the matched pairs, which is calculated by

L= 1132 @ =2 + (G — ) (3.28)

where P is the number of the matched pairs. Let NV, denote the number of missed
corners, and Ny be the number of false corners. Suppose there are N, labeled
corners, then F-score is defined as [2]

2 X precision X recall

F-score = — (3.29)
precision + recall
where precision is given by
recision = .
b N, — Np + N; (3:30)
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and recall is defined as
N, — N,
N,

p

recall =

(3.31)

The precision, F-score and localisation error L were used as the metrics of detection

accuracy.

For detection accuracy and corner localisation accuracy evaluation, a total of 20
different images with ground truth including 7 real images and 13 synthetic images

were collected from different sources , ,,, parts of which are
shown in Fig. 3.9

Figure 3.9: Sample images (a) from the 7 real images and (b) from the 13 synthetic
images.
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3.4.1.2 Metrics and Datasets for Repeatability

In evaluating the robustness to affine transformations, illumination changes, noise
and JPEG compression, the repeatability score RS on a given image sequence is

regarded as the metric, which is defined as [108]

|C' Ry
min<|cl|7|ci|)

RS, = (3.32)

where C; is the set of detected corners in image [;, and C'Ry; is the set containing
all the corner correspondences between image I; and the transformed image I;. To
calculate C'Ry;, the regions representing the corners are mapped from one image to
the other using homography. Then their overlap with a corner region from the other
image by more than 60% was checked. Since repeatability score RS can reflect the
potential of all interest point detectors to be extended into local feature descriptors,
representative interest point detectors such as DoG [136], SIFT [137], SURF [147],
deep learning based method LIFT [110] and shearlet blob detector (SBD) [135] were

also used to compare robustness evaluation.

In evaluating the robustness to affine transformations, illumination changes, noise
and JPEG compression, three datasets were considered. Some of the images are
shown in Fig. and Fig. [3.11] Dataset I, namely Oxford Affine Dataset [94}[108,
135], consists of 36 real images forming 6 image sequences including two sequences
with blur acquired by varying the camera focus, one sequence with illumination
changes obtained by varying the camera aperture, two sequences with viewpoint
changes captured by varying the viewpoint of a fronto-parallel view camera from
20° to 60° with an increment of 10°, and one sequence with JPEG compression

produced by setting the quality factor as 40, 20, 10, 5, and 2 respectively.

Dataset II partly used elsewhere [80,94] contains 1,800 images transformed from 50
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o

R

(f) Wall

Figure 3.10: Sample frames of Dataset I produced by image blurring, illumination
changes, viewpoint changes and JPEG compressions. (a) ‘Bikes’ (blur), (b) ‘Graffiti’
(viewpoint change), (c) ‘Leuven’ (illumination change), (d) ‘Tree’ (blur), (e) ‘Ubc’
(JPEG compression), (f) ‘Wall’ (viewpoint change).
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Figure 3.11: Sample images of Dataset II.

natural images, which are combined into six different styles of image sequences. The
blur sequence and illumination change sequence were obtained by using Gaussian
blur and Gamma correction to deal with the 50 natural images respectively, the
standard deviation of Gaussian blur varies from 1 to 3 with an increment of 0.5 and
the Gamma changes from 1.5 to 2.3 with an increment of 0.2. Each natural image
was transformed with rotation and scale transforms, with the rotation angle varying
from 15° to 165° with an increment of 15° and the scale factor changing from 1.2 to 2
with an increment of 0.2, producing the rotation and scaling sequences respectively.
The viewpoint change sequence was acquired by using homography transformation

to simulate the viewpoint varying from 20° to 60° with an increment of 10°.

Dataset III contains three types of image sequences formed by 840 images which were
generated from Datasets I and II by adding three types of noise in the following
manner. For the per image sequence, the first frame was corrupted by Gaussian
noise with zero mean, and the standard deviation was set to 7, 9, 11, 13, and 15

respectively, forming 56 image sequences. Similarly, another 112 image sequences
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were generated, 56 sequences of which were corrupted by salt and pepper noise
with density varying from 0.03 to 0.15 with an increment of 0.03. The others were
corrupted by multiplicative speckle noise with normalised standard deviation varying

from 0.12 to 0.2 with an increment of 0.02.

3.4.2 Setting of Parameters

Among the 20 test images with ground truth shown in Fig. two real images
and four synthetic images were selected and used for setting the parameters of the
proposed and compared corner detectors. For each method, its threshold was set to

the value at which the detector achieves the maximum average F-score.

For threshold 77 of the proposed corner detector, step 5 in Algorithm was by-
passed, and the candidate corners determined by the first four steps with b = 3.4,
K = 16, and T, varying from 0 to 10* were regarded as the resultant corners.
The average recall on the six images is summarised in Fig. |3.12(a). As can be
seen, most of the marked corners can be correctly detected until 7} reaches 10,
Therefore, in subsequent experiments, 7} was set to 103, For threshold T5, all
steps in Algorithm were used, with 7} = 10'3® and Th varying from 1 to 1.3
with an increment of 0.01. The corresponding average precision and F-score on
the six images are summarised in Fig. |[3.12(b) and Fig. |3.12{c) respectively. From
the two figures, it can be seen that as T, increases, the false corners have been
effectively picked out from the candidate corners, and the average precision and
F-score increase as well. When T is beyond 1.11, beside the false corners, some
marked corners have also been picked out, so the average precision continues to
increase and the F-score begins to decline. Therefore, in the detection performance

evaluation experiments, T, is set to 1.11. Note that when 75 approaches 1.3, most
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Figure 3.12: Setting of parameters. (a) Recall curve on threshold Ty, (b) Precision
curve on threshold T3, (c) F-score curve on threshold T3, (d) F-score curve on
parameter b.

of the false corners have been eliminated from the candidate corners, and the corre-
sponding precision approaches 1. This demonstrates that in the proposed detector,
by adjusting parameter 75, the number of false and missed corners can be tuned for
different applications. With T} = 103, T, = 1.11 and b varying from 1 to 6 with
an increment of 0.1, the average F-score of the proposed detector on the six images
is given in Fig.|3.12{d). As can be seen from this figure, for a smaller value of b, the
extensions of edges will induce many false detection corners, which results in a low
F-score. As b increases, the extensions of edges have been effectively depressed and
the F-score increases as well. When b is beyond 3.6, beside the extensions of edges,

the differences between the responses on edges and corners are been depressed, and
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F-score begins to decline. Therefore, in the subsequent experiments b is set to 3.6.

The threshold parameter for each compared corner detector was also finetuned to
make its average F-score on the six images to be the best, and the corresponding
threshold value was determined and fixed in the subsequent detection performance
evaluation experiments. However, the aim of the robustness evaluation experiments
was to verify the tolerance of each method to affine transformations, illumination
changes, noise and JPEG compression, rather than detection accuracy. For the sake
of fairness, it is important to ensure that all detectors achieve a similar number of
corner detections for the first frame of each image sequence. Therefore, in robustness
evaluation experiments, for each image sequence, the thresholds of all the compared
methods and the proposed detector were adjusted to obtain a similar number of

corners detected on the first frame.

3.4.3 Evaluation of Detection Performance

To verify the detection precision and corner localisation accuracy of the proposed
corner detector, precision, F-score and localisation error L defined in Eq. ,
Eq. and Eq. were used as the metrics. Except the six images used in
Section [3.4.2] the remaining 14 images with ground truth including five real images
and nine synthetic images were considered. Representative corner detectors such as
Harris [24], FAST [53], CF [81], ANDD [80], ACJ [79], LGWTSMM [93], SMCD [108§]

and Zhang and Sun’s method [94] were used for comparison.

Detection results on two typical images are shown in Fig. |3.13| and Fig. [3.14] and
the average and maximum precision, F-score, and localisation error on all the 14

images are summarised in Table |3.1. From the results, several observations can be
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made:

1. The average precision, average F'-score, and maximum F-score of the pro-
posed detector are evidently higher than those of other detectors. This indi-
cates that for most images, the proposed method outperforms current corner
detectors in detection accuracy. Since ANDD [80] and CF [81] methods detect
corners based on edge contours, for the second synthetic image in Fig. (b)
which has distinct edge contours, they could achieve a good performance.
Therefore only the maximum precision of the two methods is slightly higher

than that of the proposed method.

2. The corner localisation accuracy of the proposed method is relatively higher
than that of the other methods. This is because the proposed method performs
corner detection on the finest scale and there is no down-sampling operation

in the improved shearlet transform. The relatively high localisation error of

Table 3.1: Detection performance and localization accuracies.

Detectors Precision (%)  F-score (%)  Localization error
Avg. Max. Avg. Max.

Harris [24] 60.59 85.45 63.91 80.99 1.538
FAST [53] 53.93 86.49 61.56 75.81 1.644
CF [81] 74.55  96.77 64.20 77.23 1.526
ANDD [80] 76.37 96.88 73.48 93.33 1.446
ACJ [79] 66.87 87.10 67.86 87.72 2.173
LGWTSMM [93]  73.88 92.00 71.12 84.40 1.944
SMCD [108] 70.73 8491 66.44 80.36 2.071
Zhang and Sun [94] 83.10 94.44 74.10 84.40 1.748
Proposed (K=4) 85.86 93.94 76.02 90.60 1.427
Proposed (K=8) 86.48 94.59 T77.37 95.89 1.433
Proposed (K=16) 88.43 96.30 78.08 97.30 1.414

73



CHAPTER 3. CORNER DETECTION BASED ON IMPROVED SHEARLET
TRANSFORM AND MULTI-DIRECTIONAL STRUCTURE TENSOR

Figure 3.13: Detection results of the proposed method and the compared corner
detectors on the image ‘Block’ (a) Ground truth, (b) Harris, (¢) FAST, (d) CF,
(e) ANDD, (f) ACJ, (g) LGWTSMM, (h) SMCD, (i) Zhang and Sun’s method,
(j) proposed method (K=4), (k) proposed method (K=8), (1) proposed method
(K=16).

ACJ detector [79] is the result of the down-sampling operation in the line
segment detector. Since merging information from coarse scales in the multi-
scale analysis based corner detectors such as LGWTSMM and SMCD
will increase localisation errors, their localisation errors are higher than the

other methods except for ACJ .

3. Compared with current multi-scale analysis based corner detectors especially
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0w 0 (x)

Figure 3.14: Detection results of the proposed method and the compared corner
detectors on the image ‘Lab’ (a) Ground truth, (b) Harris, (¢) FAST, (d) CF,
(e) ANDD, (f) ACJ, (g) LGWTSMM, (h) SMCD, (i) Zhang and Sun’s method,
(j) proposed method (K=4), (k) proposed method (K=8), (1) proposed method
(K=16).

SMCD, all of the listed indicators of the proposed method are remarkably
higher. This demonstrates that the proposed method outperforms current

multi-scale analysis based corner detectors.

4. From the results of the proposed detector with different K, it can be concluded
that using structural information from more directions is useful to improve

the detection accuracy. The slight difference in the localisation errors of the
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proposed detector for different K may be the result of the change in the number

of detected corners.

In order to verify the performance of the proposed corner detector further, a cross-
validation procedure was also performed. The 20 images with ground truth were
randomly divided into three folds. Folds 1 and 2 consist of two real images and four
synthetic images, and fold 3 comprises three real images and five synthetic images.
One fold was used for setting parameters, and the remaining folds were utilised
for corner detection. The average F-score on the test images in each fold and the
average value of the results from three folds are summarised in Table 3.2l It can
be observed from these results that the proposed corner detector achieves a high

detection accuracy close to that of the above experiment on all folds.

Table 3.2: Detection performance of the proposed method with cross-validation.

Fold 1 Fold 2 Fold 3 Average result
Avg. F-score 78.15% T77.91% 78.46% 78.17%

3.4.4 Evaluation of Repeatability

The robustness of the proposed method to viewpoint changes, affine transformations,
illumination changes and JPEG compression is evaluated in this subsection. The
two datasets shown in Fig. and Fig. were considered and the repeatability
score RS defined in Eq. was utilised as the metric. A comparison with rep-
resentative corner detectors including Harris [24], Hessian-Laplace [85], FAST [53],
ORB [131], CF [81], ANDD [80], ACJ [79], LGWTSMM [93|, SMCD [108] and Zhang
and Sun’s method [94] was performed. Considering that repeatability can reflect the

potential for all interest point detectors to be extended into local feature descrip-
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Figure 3.15: Repeatability scores of the proposed method and the compared detec-
tors on Dataset I. (a) ‘Bikes’ (blur), (b) ‘Graffiti’ (viewpoint change), (c¢) ‘Leuven’
(illumination change), (d) ‘“Tree’ (blur), (e) ‘Ubc’ (JPEG compression), (f) ‘Wall’
(viewpoint change).

tors, in order to comprehensively evaluate the potential of the proposed detector, the
representative interest point detectors such as DoG [136], SIFT [137], SURF [147],
deep learning based method LIFT [110] and shearlet blob detector (SBD) [135] were

compared as well.

The experimental results on the six sequences in Dataset I are summarised in
Fig. 3.15] For Dataset II, it should be noted that each type of image sequence
was divided into 50 subsequences according to the source images. For each type of
image sequence, the average repeatability score on 50 subsequences was determined

and considered as the result. The corresponding results are summarised in Fig. [3.16]

As can be seen from Fig. a),(c),(d) and Fig. [3.16(a),(c),(e),(f), in terms of ro-
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Figure 3.16: Repeatability scores of the proposed method and the compared de-
tectors on Dataset II. (a) Blur, (b) viewpoint change, (c¢) illumination change, (d)
JPEG compression, (e) scaling, (f) rotation.

bustness to image blurring, scaling, rotation and illumination change, the proposed
method with K = 8 and 16 outperforms all compared methods, and its performance

with K = 4 is similar to that of Zhang and Sun’s method but higher than that

of the other compared methods.

For JPEG compression, as can be observed from Fig. [3.15(e) and Fig. [3.16{d), the
repeatability scores of all methods tend to drop as the quality factor decreases,
among them the downward trend of the proposed method is slower than that of
the other methods. It is also clear that for JPEG compression with larger quality
factors, the decreases in the repeatability score of the derivative-based methods such

as Harris and Hessian-Laplace are lower than those of the other methods,
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which may be due to the fact that the two-directional structure tensor constructed
from derivatives is less sensitive to the loss of very high frequency information in im-
ages. These observations demonstrate that the robustness of the proposed method
to JPEG compression is generally higher than that of the other methods, and only
for JPEG compression with larger quality factors, the derivative-based methods
outperform the proposed method. As for viewpoint change, it can be seen from
Fig. (b) that the average repeatability score of the proposed method is higher
than that of the compared methods. This indicates that for most images, the pro-
posed method yields a higher robustness to viewpoint change in comparison with
the other methods. It should be noted from Fig. [3.15|(b),(f) that this type of robust-
ness on a specific image is not only associated with the detectors, but also strongly

dependent on the characteristics of the image.

In summary, the proposed method outperforms current corner detectors and repre-
sentative interest point detectors in terms of robustness to image blurring, viewpoint
change, affine transformations, illumination changes and parts of JPEG compres-
sion. Only for JPEG compression with larger quality factors, the robustness of the
proposed method is slightly lower than that of the derivative-based corner detectors

but higher than that of the other methods.

3.4.5 FEvaluation of Noise Robustness

In this subsection, experiments were conducted to verify the robustness of the pro-
posed method in the presence of image noise. The three typical kinds of image noise,
namely Gaussian noise, salt and pepper noise and multiplicative speckle noise, con-
tained in Dataset III were considered in this experiment. Each kind of noisy sequence

consists of 56 subsequences, and the average repeatability score was obtained and is
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Figure 3.17: Repeatability scores of the proposed method and the compared detec-

tors on image sequences corrupted by noise. (a) Gaussian noise, (b) salt and pepper
noise, (c¢) multiplicative speckle noise.

summarised in Fig. [3.17]
From the results, several observations may be made:
1. Multi-scale analysis based corner detectors such as SMCD [108], LGWTSMM [93],

SBD [135] and the proposed method can provide higher tolerances to the three

typical kinds of image noise in comparison with the other detectors.
2. The proposed detector with K = 8 and 16 outperforms the other methods.

3. From the results of the proposed method with different K, it can be concluded

that using structural information from more directions is helpful in reducing

the effects of noise.

3.4.6 Evaluation of Computational Cost

The computational cost of the proposed corner detector was evaluated and compared

with the aforementioned corner detectors. The experiments were run on a personal
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computer with Intel Core i5-6500 CPU and 4 GB memory, using MATLAB 2018a on
Microsoft Windows 10 Enterprise, and the 20 images in Fig. were considered.

Table 3.3: Computational cost of the eleven corner detectors.

Detectors Computation time (s)
Harris [24] 0.045
Hessian-Laplace [85] 0.263
FAST [53] 0.019
ORB [131] 0.144
CF [81] 0.278
ANDD [80] 6.515
ACJ [79] 3.617
LGWTSMM [93] 0.622
SMCD [108] 0.591
Zhang and Sun [94] 0.942
Proposed (K = 16) 1.891
Proposed (K = 8) 0.997
Proposed (K = 4) 0.785

Each detector performed corner detection on each image ten times. The average
computation time on the test images was obtained and listed in Table It can
be seen from Table that among all the detectors, the computational efficiency
of the template-based method FAST [53] is highest and the contour-based detectors
such as ANDD [80] and ACJ [79] have the highest computational cost. As for the
derivative-based detectors, the Harris [24] and Hessian-Laplace [85] detectors have
higher computational efficiencies. Since more computation time is required to deal
with the multi-directional structure tensor, the proposed method and Zhang and
Sun’s method [94] have relatively higher computational costs than LGWTSMM [93]
and SMCD [108]. In Zhang and Sun’s method [94], the number of directions was

fixed to 8, therefore its computational cost is slightly lower than that of the proposed
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detector with K = 8, and higher than that of the proposed detector with K = 4.

For the proposed method, considering the experimental results in the Sections|3.4.3]

13.4.4] and [3.4.5] it can be concluded that using structural information from more

directions is helpful in improving the detection accuracy and robustness, but the
computational cost has increased as well. An appropriate detector could be selected
from the proposed detector with K = 4, 8, or 16 depending on the requirements
of detection performance and computational efficiency in practical applications. It
also can be observed that from K = 4 to K = 8, the performance improvement
is significant, and the average computational time increases by about 20%. How-
ever, compared with K = 8, the improvement on performance of K = 16 is not
significant but the average computational time increases by about 100%. There-
fore, it can be conducted that K = 8 can provide relatively balanced performance
and computational complexity when using multi-directional information for corner

detectors.

3.5 Remarks

In this chapter an improved shearlet transform was proposed, and a novel cor-
ner detection method that can take advantage of multi-scale and multi-directional
structural information was developed based on the improved shearlet transform,
multi-directional structure tensor and multi-scale corner measurement function.
The improved shearlet transform can provide an accurate and highly robust multi-
directional and multi-scale decomposition of images for corner detection, and effec-
tively overcome the inadequacies of the traditional shearlet transform such as edge

extensions and multiple peak responses. Compared with the traditional shearlet
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transform, the improved shearlet transform can extract clearer and more accurate
local structural information with a flexible number of directions from images. Thus

it is potentially useful as a multi-scale decomposition tool in image analysis.

Based on multi-directional and multi-scale information obtained by the improved
shearlet transform from images, a novel multi-directional structure tensor was pro-
posed to effectively improve detection accuracy and robustness. In addition, in order
to further reduce the number of false detections and improve detection performance,
a multi-scale measurement function was proposed by using multi-scale structural in-
formation to further refine the corners. Experimental results demonstrate that the
proposed corner detection method outperforms current corner detectors in corner
detection and localisation accuracies. It was also shown that its robustness to image
blurring, viewpoint changes, affine transformations, illumination changes and parts
of JPEG compression is generally superior to not only current corner detectors but
also representative interest point detectors. Thus, it has great potential for exten-
sion as a local feature descriptor and applications in object tracking, image matching
and many other tasks. However, the computational cost of the proposed method is
higher than that of derivative-based methods and most multi-scale analysis based
methods. Addressing this problem can greatly increase practicability of the poten-
tial applications. In Chapter [4 a corner detector with a more efficient way to use
multi-scale and multi-directional structural information is proposed. This detector
attempts to improve the detection accuracy, repeatability and localisation ability

further while reducing computational complexity as much as possible.
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Chapter 4

Corner Detection Based on
Complex Shearlet Transform and
Rotary Phase Congruence

Structure Tensor®

Current multi-scale analysis based corner detectors do not make full use of multi-
scale and multi-directional structural information from images. They do not provide
sufficient structural information for detection and discard phase information, only
using amplitude information for detection. Their computational complexity is also
high. In order to address these shortcomings, a corner detection method was pro-

posed in Chapter 3| that was based on a multi-directional structure tensor and an

* This chapter has been submitted and is under review: M. Wang, C. Sun, and A. Sowmya, “Com-
plex Shearlets and Rotary Phase Congruence Tensor for Corner Detection,” Pattern Recognition,

2021.
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improved shearlet transform. Experimental results showed that the proposed detec-
tor can provide better detector performance, localisation accuracy and repeatability.
However, only the amplitude coefficients at the finest scale were used for detecting
candidate corners, making the results of structure tensor sensitive to image affine
transformations and local variations, while the amplitude coefficients of other scales
were used to eliminate false candidate detections. This means that information from
these scales only helps reduce the false detection rate rather than improve the over-
all detection accuracy. Also, the improved shearlet cannot obtain phase information
from images, therefore this information cannot be utilised by the detector. Moreover,
the processing of the multi-directional structure tensor and removal of false candi-
date corners are computationally expensive, therefore the proposed detector has the

highest computational complexity among all multi-scale analysis based methods.

In this chapter, these weaknesses of current multi-scale analysis based methods are
addressed, and a novel type of shearlet transform, namely complex shearlet trans-
form, is proposed by redefining the generation functions and the discretisation pro-
cess for shearlets. Contrary to traditional shearlets, complex shearlets have a greater
ability to localise distributed discontinuities, in particular the ability to capture the
phase information of geometrical features. The weaknesses of traditional shearlets
such as the problem of edge extension and bilateral margin responses for promi-
nent edges are effectively suppressed. Moreover, in light of the phase congruence
model [140}/141] and the idea of image denoising based on statistical modelling of
wavelet coefficients [150], a new type of phase congruence function is introduced,
and its tolerances to noise and ability of corner localisation have been improved by
screening and normalising the amplitude information. Based on the phase congru-
ence function, a novel rotary phase congruence structure tensor is proposed to prop-

erly merge all multi-scale and multi-directional information into a two-directional
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structure tensor for corner detection. It is well known that phase congruence is less
sensitive to scaling and blurring than amplitude derivatives |140|, and the rotary
phase congruence structure tensor is invariant to rotation in theory. Therefore, the
rotary phase congruence structure tensor, with less sensitivity to image scaling, rota-
tion, blurring and noise, can make full use of all the multi-scale and multi-directional

information for corner detection.

The main contributions of this work can be summarised as follows:

1. A novel multi-scale and multi-directional analysis approach, namely the com-
plex shearlet transform, is proposed for image processing and analysis, that
can capture both amplitude and phase information, and effectually suppress
bilateral margin responses and edge extensions of traditional shearlets. More-
over, the complex shearlet decomposition at all scales has the same number of
directions, and each direction of any scale is consistent with one direction of
the other scales, which provides benefits for subsequent image analysis by the

combination of multi-scale directional information.

2. A phase congruence function is introduced to combine phase and amplitude
information of geometric features for corner detection, which can provide ben-
efits for detection performance and robustness, and its tolerances to noise and
ability of corner localisation have been improved by screening and normalising

the amplitude information.

3. A novel rotary phase congruence structure tensor is proposed that can properly
merge all multi-scale and multi-directional information into a two-directional
structure tensor. It is less sensitive to image scaling, rotation, blurring and

noise.
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4. Benefitting from the complex shearlet transform and rotary phase congruence
structure tensor, the proposed corner detection method yields improvements
on the current state-of-the-art in corner detection in terms of detection ac-
curacy, corner localisation accuracy and robustness to affine transformations,

illumination changes, noise and JPEG compression.

This chapter is organised as follows: complex shearlets are proposed and analysed in
Section [4.1] followed by the phase congruence function in Section [4.2] In Section [4.3]
the rotary phase congruence structure tensor and corner detector are proposed.
Experimental results and discussions are in Section [{.4] and Section contains

overall remarks.

4.1 Complex Shearlet Transform

In Section [3.1] the traditional shearlet transform was briefly introduced, and the
inadequacies of traditional shearlets for corner detection were discussed. In this
section, a novel complex shearlet transform is proposed, which can better localise
distributed discontinuities and especially with the ability to extract phase infor-
mation from geometrical features, while also overcoming the shortcomings of the

traditional shearlet transform.

According to Eq. ‘) the mother shearlet v € L?R? is constructed by using @El
and 152. In the proposed complex shearlet transform, the two generation functions

155 and 125 are defined as follows:

Definition 4.1 The generation function @f(w) of the proposed complex shearlet
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transform is defined as

W 2042
Yi(w) = 1

0, otherwise

(4.1)

where | is a constant.

Definition 4.2 The generation function V5(w) is defined as

+y/D(l1—w/B), w>0

P5(w) = (4.2)

£y D(1+w/B), otherwise

where B € RT and D(z) is an auxiliary function which is expressed as Eq. .

Definition 4.3 In the proposed complex shearlet transform, the scaling factor a and
shearing factor s are discretised as
aj =274, j=0,...,50—1
SZkaXQ_jX%:% -2 k<20 -1 (4.3)

s}{k:ka‘jx%:@ X +1<k<2P

where jo denotes the number of considered scales, p is a nonnegative integer and K

is 2(P+2)

Definition 4.4 The parameter B in FEq. is defined as

j=0,...,50—1 (4.4)

with b € R™, so Eq. can be rewritten as
K Kw
2742} ( 202

K Kw .
M\/D (]. + 2]+2b>, Oth@rWlse

), w>0

P5(w) = (4.5)
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Remark 4.1 The shearlets constructed by @Ef and QZS are a set of complex filters,

while traditional shearlets are a set of real filters in 2D space.

According to Eq. , in the spatial domain, the shearlet transform can be vi-
sualised as a given image [ being convolved with a set of filters. Without loss of
generality, in the subsequent illustrations the listed remarks are demonstrated in
the case of the h cone which is defined in Eq. , and the filters ¢;,(z,y) are
expressed as
Yk, y) = ifft2 (12 (4’7@11 477 kwy + 2’jw2>>
— (wl (477w1) (2] + k:>> (4.6)

27
= ifft2 (wl (477wn) ( <w2 + k:)))
According to the scaling and translation properties of Fourier transform,
]
ifft (wg ( (w2 + mk)))
= ifft <¢2 (Wz)) 671727@ (47)
w1

w _iker
¢2 ( 1y> i—2my

Thus, Eq. (4.6 can be rewritten as

i, y) = ifft (&1 (4770r) [z (w1y> —12?2@) (4.8)

w1

27

where (y) is ifft({y(w)). Let R(wr,y) be ¥y (4 9w;)

¢2(%), then

~ . kwy -
Uyalay) = it (R (wr,y) e 52 (4.9

For the traditional shearlets, 121 and ng are even symmetric real functions, therefore,

5 (y) is also an even symmetric real function. Obviously, R(w) is an even symmetric

90



4.1. COMPLEX SHEARLET TRANSFORM

~ . kwy
. LD
real function as well. Hence, R(wq,y)e 27 "

Y is conjugate symmetric, so ¥; (2, y)
is a set of real functions. In the proposed shearlet transform, 1$(w) is an even
symmetric real function, and @f(w) is an asymmetric imaginary function. Therefore,
the proposed shearlets wjﬁk(x, y) can be deduced as
~ . ~ . (W
< (x,y) = ifft2 (wg (471 ) (2]2 + k))

w1

(4.10)
. e i K - K w1
= ife2 (5 (471 755 0 <4bw1 (w2 +505)))
Similarly,
c : e (1—J |w1| 4bw, LI
Viw(w,y) = ifft (1/11 (47w) o e | ) e o (4.11)
Let Re(wy,y) be ¥ (479w;) kilyy (43?1 y)a then
c . De —ik—y.27rw1
e, y) = ifft (R (wr,y)e ' > (4.12)

Since 1, (y) is an even symmetric real function and ¥¢(w) is an asymmetric imaginary
function, R(w) is an asymmetric purely imaginary function. Therefore, V(2. )
is a set of complex functions. The generation function 1/71, frequency tiling for 3
scales and shearlet in the Fourier and spatial domains for j = 1 and k£ = 1 of the
traditional shearlets are shown in Fig. [f.I] and the corresponding terms for the
complex shearlets are shown in Fig. 4.2l The transform results of the traditional
and proposed complex shearlets, illustrated with the sum of shearlet coefficients over
all directions at scale j, are shown in Fig. and Fig. respectively. As can be
seen from Fig. and Fig. [£.2] the proposed shearlets are a set of complex filters,
while the traditional shearlets are a set of real filters. Moreover, it can be seen that
in Fig. |4.3(b) and (c), for each edge especially a prominent edge, bilateral margin

responses and edge extensions to their both ends can be observed, whereas the
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Figure 4.1: Traditional shearlets. (a) Meyer wavelet mother function, i.e., ¥y, (b)
frequency tiling for 3 scales, (c) shearlet for j = 1 and k£ = 1 in the Fourier domain,
(d) the corresponding version in the spatial domain.

bilateral margin responses and edge extensions are greatly depressed in Fig. [4.4|(b)
and (c). This results in that Fig. [1.4[b) and (c) are clearer than Fig. [1.3(b) and (c).
Furthermore, compared Fig.[1.3(a) and (c) with Fig. [4.4(a) and (c), more details of
images can be observed. For example, the details in the girl’s face can be hardly seen
in Fig. [4.3|a) but can be clearly observed in Fig. [{.4a). This indicates that either
the real part or the imaginary part of the proposed shearlets can extract clearer

details from images than the traditional shearlet transform.

Remark 4.2 Any filter 1%, (z,y) of the complex shearlets can be interpreted as the
sum of a pair of complex functions, where one is conjugate symmetric and the other
is conjugate antisymmetric. Their phases in the Fourier domain differ by 5, and

their amplitudes in the Fourier domain are equal.
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A @2

}overlap

1 N

/
— — — | B
205 — ] ] @
(= / // \

/|

(a) (b)
L x107
0.8 0.01 15
0.005 10
0.6
0 5
0.4
-0.005 0
0.2 001 .
0
(c) (d)

Figure 4.2: Complex shearlets. (a) Generation function /¢, (b) frequency tiling for 3
scales, (c) shearlet for j = 1 and k& = 1 in the Fourier domain, (d) the corresponding
version in the spatial domain, left: real part, right: imaginary part.

According to Eq. (4.12)), ¥, (z,y) can be written as

9

k T
2—?27?’&)1 + 5))

~ k ~ k
= ifft (RC (w1,y) cos (2—?;271'001) —iR (wy,y) sin (—y27rw1>>

I
—
=3
=
o
—~
&
=
<
S~—
(@)
o)
wn
|
[\
)
&
S
v
|
~.
=)
o
—~
€
S
Neag
N—
@)
o
wn
VR

with 59 (z,y) = ifft (Rc (w1,y) cos (%QWM)) and 55 (z,y) = ifft (—z’ﬁc (w1,y) X
sin (%ZWM)). Obviously, the phase difference between 59 (z,y) and 5% (z,y) is
5 and their amplitudes are equal. Note that }Aic(w) is a purely imaginary function,
Re (w1,y) cos (%27‘(&11) is a purely imaginary function, and —iR° (wq,y)sin (%2%.;1)

is a real function. Therefore, jok(m,y) is a conjugate antisymmetric function and
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(a) (b)

Figure 4.3: The transform results of the traditional shearlets. (a) Original images;
the sum of shearlet coefficients over all directions at scale (b) j =2, (¢) j =1 and

(d) j=o.

%%(2,y) is a conjugate symmetric function.

Remark 4.3 In the traditional shearlet transform, shearlets in the Fourier domain
(Fig.[4.1(c)) have a narrow bandwidth and their spatial versions (Fig.[{.1(d)) have a
strong side-lobe effect, while the complex shearlets (Fig.[{.4(c)) have a relatively wide

bandwidth in the Fourier domain, and the side-lobe effect in their spatial versions

(Fig.[4.4(d)) has been significantly reduced.

In the traditional shearlets, ¢ (w) was defined as

~

D1(w) = /g2 (2w) + g2 (w) (4.14)
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Figure 4.4: The transform results of the proposed complex shearlets. (a) Origi-
nal images; the sum of shearlet coefficients in real part (top) and imaginary part
(bottom) over all directions at scale (b) j =2, (¢) 7 =1 and (d) j =0.

where g(w) was given by

sin (Zo(jw] = 1)), 1< |w[ <2
9(w) =1 cos (Fv(lw| - 1)), 2<|w| <4 (4.15)

0, otherwise
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with
0, z <0
222, 0<z<i
v(x) = (4.16)
1-21—-2) s<x<1
1, x>1

As shown in Fig. (a), Y1 (w) is a band-limited function ([—4, —3]U[3,4]) with a
steep descending boundary. As a result, there is a strong side-lobe effect in the spa-
tial domain (see Fig. [4.1[d)). For the complex shearlets, ¢¢(w) defined in Eq. (4.1)
has a relatively wide bandwidth, and the bandwidth of ¢5(w) is B times the band-
width of 15(w). So the complex shearlets have a relatively wider bandwidth than

that of traditional shearlets. Moreover, ¥¢(w) declines much slower than ¥, (w) at

their boundary, and the side-lobe effect can be significantly reduced.

Remark 4.4 For the traditional shearlet transform, the total number of directions
at scale 7 varies with j, and the direction k of scale j corresponds to the direction
2k plus one half of 2k — 1 and 2k + 1 directions of scale j+ 1, while complex shearlet
decomposition has the same number of directions at all scales and the direction k of

any scale is consistent with the direction k of other scales.

According to Eq. , in the traditional shearlet transform, the shearing parameter
s is discretised as szk =kx277, —20<k<2 —1and Sip= Ex277, —2141<k<
27, This means that in scale j, the number of directions is 272, and the direction k of
scale j corresponds to the direction 2k plus one half of 2k — 1 and 2k + 1 directions
of scale 7 + 1 (as shown in Fig. |4.1{(b)). For the complex shearlets, according to
9i+2

Definition , the shearing parameter s is discretised as s;”,k =k x277 x =

%, —2p§k§2p—1ands;{k:kx2_jx¥:%, — 2P +1 <k <2P In other
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words, the number of directions in all scales is K = 2°*2) and the direction k of any

scale is consistent with the direction k of other scales (as shown in Fig. [4.2(b)).

Based on these remarks, the advantages of the complex shearlets over traditional
shearlets can be summarised as follows. First, in light of Remark 4.1} the complex
shearlet transform can capture both amplitude and phase information, while the
traditional shearlet transform only provides amplitude information. Secondly, ac-
cording to the phase congruence model [140}[141], the conjugate antisymmetric filter
in Remark will respond maximally to step edges, and the conjugate symmetric
filter will respond maximally to lines and roof shapes. Therefore, complex shear-
lets will produce maximal phase congruence responses at the pixels with drastic
gray-scale value changes, e.g., at corners or along edges. Thirdly, on the basis of Re-
mark [£.3], in the traditional shearlets, the side-lobe effect will cause large side-lobes
around the locations where gray-scale values change drastically. Thus, bilateral mar-
gin responses can be found for prominent edges (as shown in Fig. . In contrast, in
the complex shearlets, the side-lobe effect has been significantly reduced, therefore,
there is only a strong single response for each prominent edge in the results of the
complex shearlet transform (as shown in Fig. . Moreover, the narrow bandwidth
of the traditional shearlet enables the corresponding filter in the spatial domain to
have a large envelope. This leads to the structural information being extended at the
end of edges in areas around the edges, which is named as the problem of edge exten-
sion (see Fig. . Whereas the complex shearlet has a relatively wide bandwidth,
and its envelope in the spatial domain is significantly reduced. Accordingly, the
extensions of edges are also effectually reduced (see Fig. . In addition, complex
shearlets with wide bandwidths can extract more high frequency details, making
the structural information obtained at all scales much clearer than the traditional

shearlet. Finally, according to Remark [4.4] complex shearlet decomposition has the
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same number of directions at all scales and the direction k of any scale is consistent
with the direction k£ of other scales, which provides benefits for subsequent image

analysis via combination of the multi-scale directional information.

4.2 Phase Congruence Model

According to the phase congruence model [140,[141] and Remark , complex shear-
lets will produce maximal phase congruence responses at the locations where gray-
scale values change drastically, such as along edges or at corners. For an image
f(x,y), the multi-scale and multi-directional coefficients csh;(z,y) can be deter-
mined by using the complex shearlet transform. Based on the phase congruence

model, the phase congruence function at location (x,y) along direction k, can be

defined as

35 Aji(a, y) cos (05, y) — di(,y))

(4.17)
Zj Aj,k<x7 y)

where A; ;(x,y) and ¢; (2, y) represent the amplitude and local phase of the complex
shearlet coefficients csh;i(z,y) at position (x,y) respectively. or(z,7) denotes the
average phase along direction k& which can be obtained by

O(z,y) = o ?j’k(x’ v) (4.18)
0

where jy denotes the number of considered scales. At position (x,y) where the
intensity changes drastically, the local phases ¢;x(x,y) tend to be congruent, there-
fore, ¢;1(z,y) approximately equals ¢ (z,y), and PCy(z,y) approaches 1. For flat
regions in images, there is no coherence of phases and PCy(x,y) falls to a minimum

of 0.
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Remark 4.5 The phase congruence function PCy(x,y) is invariant to linear vari-

ations in image illumination.

For an image I(x,y), its transformed image with a linear variation in illumination

is given by

[(1)<$,y) = 5[($7y) (4'19)

where £ € R* reflects the linear variation in illumination. According to Remark ,

csh\(x,y) = T (2, y) « ¢<, (2, y)

= 5 X CShj,k(xa y)
where * denotes the convolution operation. Substituting Eq. (4.20) into Eq. (4.17)),

PCV(x,y) = PCk(z,y) (4.21)

It is well known that phase congruence is less affected by the filter bandwidth, which
means that its positioning accuracy is less affected by the filter envelope |140}/141].
However, for natural images, the amplitude of a frequency component generally
decreases with the increase of frequency [151]. Therefore, the phase congruence
function PCy(x,y) mainly depends on low-frequency components. Compared with
high-frequency components, the phase change of low-frequency components with
spatial position is slower, which will affect the localisation accuracy. For improve-
ment in corner localisation accuracy and noise robustness of the phase congruence

function, and according to the statistical characteristics of wavelet coefficients in

99



CHAPTER 4. CORNER DETECTION BASED ON COMPLEX SHEARLET
TRANSFORM AND ROTARY PHASE CONGRUENCE STRUCTURE TENSOR

(a) Original images (c) NPCk(z,y)

Figure 4.5: Original images and phase congruence images obtained by complex
shearlet transform with 3 scales and 8 directions. (a) Original images, (b) phase
congruence images of PCy(x,y), (c) phase congruence images of N PCy(z,y).

detail components, where noise is usually scattered on all wavelet coefficients while
the useful signal is concentrated on some large wavelet coefficients [141}/150], the

phase congruence function is redefined as

% Ajlw,y) os (650(2: ) = e(r,)

ZAjl',k(ajay) 7é 0

NPCy(z,y) = %:Ajl}k(%y) ’ j
0, otherwise
(4.22)
and
M Ajr(x,y) > er
Al (,y) = { mx(Azn) (4.23)

0, otherwise

where er (= 0.1) is used to reduce the effect of noise. According to Eq. (4.22) and
Eq. (4.23)), the contribution of amplitude to N PCj(x,y) is screened and normalised
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with the maximum coefficient of the same scale, so the effect of the low-frequency
components on localisation accuracy and the effect of noise have been effectively re-
duced. The images shown in Fig. [£.5|a) were decomposed with the complex shearlet
transform into 3 scales and 8 directions. The phase congruence value for each direc-
tion was determined using Eq. and Eq. and added over all directions to
form phase congruence images, which are shown in Fig. [4.5(b) and (c¢). Clearly the

phase congruence images of NPCy(z,y) are much clearer than those of PCy(z,y).

4.3 Rotary Phase Congruence Structure Tensor

and Proposed Corner Detector

In this section, a novel rotary phase congruence structure tensor for corner detection
is proposed by using the multi-directional phase congruence information. For a
pixel (m,n) in image I, a square patch of size P x P is placed over the image area
centered at (m,n) and is rotated until its x axis coincides with the direction k; =
argmax (NPCy(m,n)). After translating the rotated square patch by (Az, Ay), the

corresponding intensity change E(Az, Ay) is given by

-

—1

2

v
—

v ‘

[I(m+u+ Ax,n+v+ Ay) — I(m +u,n +v)]?

P—1
2

1

=07

__pP-1_
u=—* 5= v=

(4.24)

Taylor function can be used to simplify I(m + u + Az, n + v + Ay) to

Ilm+u+ Az,n+v+ Ay) =I(m+u,n+v) +Ax[x+Any+O<A:U2,Ay2)
(4.25)
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where I, is the derivative in the direction k; and I, denotes the derivative perpen-

dicular to the direction k;. Then, Eq. (4.24]) can be rewritten as

P—1 P—1

1 2

)%ﬁ Z

f: Az, + Ayl (4.26)

P -1
2

E(Ax, Ay

3z U=

According to Section the phase congruence information defined in Eq.
can reflect image grayscale changes. Moreover, in image I(x,y), the direction
ki = argmax (NPCy(m,n)) coincides with the z axis. Therefore, NPCy,(m,n)
and N PCigkﬁg(m, n) can be used instead of I, and I, which are calculated by pro-

jecting the phase congruence information of all directions on the ki and ki + 3

directions:

1 2 2 Ar
1 Ay

where 0}, = %(k— k1) and the rotary phase congruence structure tensor M is defined

as

K K

-1
NPCE(m,n)cos® 0, 3 > NPCZ(m,n)sin 20,
=D (4.28)
N
=0

-1
kz—: k
M= 52 K
kZO NPC?(m,n)sin20, > NPC?(m,n)sin? 6,

1
2 k

Since the magnitudes of the eigenvalues of M can represent the intensity changes
near a pixel, the eigenvalues A\; and Ay of M can be used to form a corner detection
function to distinguish corners from other pixels. For each image pixel (m,n), based

on the eigenvalues A\; and Ay of M, a corner response function R is defined by

A1z

=_ e 4.29
AL+ +1 ( )

R
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For pixels in flat areas or on an edge, none or only the phase congruence of the di-
rection perpendicular to the edge is larger, and both eigenvalues or one of them are
small, causing a relatively small value for R. For corners, the phase congruences of
two or more directions are larger, so both eigenvalues of M are larger, forming a rel-

atively larger R. Thus, corners can be detected by comparing R with an appropriate

threshold.

Remark 4.6 The rotary phase congruence structure tensor defined in Eq. 1S

imvariant to image translation and rotation.

For pixel (m,n), any image translation has no effect on its coefficients N PCy(m,n).
So, the phase congruence structure tensor M is invariant to image translation.
In addition, the direction of the rotary phase congruence structure tensor is nor-
malized by rotating the structure tensor until its z axis coincides with direction
ki = argmax (NPCy(m,n)). Thus, it is invariant to image rotation. Moreover,
Eq. can be directly calculated by

~ det(M)

 trace(M) + 1

K—1 K—1 K—1 2
> NPCE(m,n)cos? 0y - NPCE(m,n)sin?0), — 1 NPC?(m,n) sin 26},
k=0 k=0 k=0

K—1
1+ > NPC}(m,n)
k=0

(4.30)

where det(M) and trace(M) represent the determinant value and trace of M re-
spectively. Compared with the multi-directional structure tensor in other meth-
ods [94,/152], in which the matrix eigenvalue decomposition process is necessary for
each pixel, the proposed method (detailed in Algorithm has high computational

efficiency.
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Algorithm 4.1 Proposed Corner Detection Algorithm Based on Complex Shearlet

Transform and Rotary Phase Congruence Structure Tensor.

1:

Decompose the input image with the complex shearlet transform into 3 scales

and 8 directions.

. Calculate the phase congruence function NPCy(z,y) with Eq. (4.22).
. For each pixel, compute R based on Eq. (4.30)).

Pixels with local maximum of R larger than a threshold are regarded as corners.

4.4 Performance Evaluation and Experimental Anal-

ysis

In this section, the performance of the proposed method is evaluated by experiments.

It is well known that corner detection and localisation accuracies, computational

efficiency and repeatability under various image transformations are the main fac-

tors that determine the application potential of corner detectors. Performance was

evaluated from these four perspectives. A comparison of the proposed corner detec-

tor with representative corner detection methods including FAST [53], Harris [24],

Hessian-Laplace [85], ANDD [80], ACJ [79], CF [81], ORB [131], SMCD [108],

LGWTSMM [93], Zhang and Sun’s method [94], the proposed method in Chap-

ter , and the recent deep learning interest point detection methods D2-Net [113]

and Reinforced SP [111] was performed.

4.4.1 Corner Detection and Localisation Accuracies

In this subsection, the corner detection and localisation accuracies of the proposed

corner detector were verified. A total of 20 different images with ground truths
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including 7 real images and 13 synthetic images introduced in Section was
adopted. To measure detection accuracy, F-score and precision were used as met-
rics, and the corner localisation error L was utilized to evaluate the corner localisa-
tion accuracy.

Table 4.1: Detection performance and localisation accuracies.

Detectors Precision (%)  F-score (%) L
Avg. Max. Avg. Max.

Harris [24] 60.59 85.45 63.91 80.99 1.538
FAST [53] 53.93 86.49 61.56 7581 1.644
CF [81] 74.55  96.77 6420 77.23 1.526
ANDD [80] 76.37  96.88 73.48 93.33 1.446
ACJ [79] 66.87 87.10 67.86 87.72 2.173
LGWTSMM [92] 73.88 92.00 71.12 84.40 1.944
SMCD |10§] 70.73 8491 66.44 80.36 2.071

Zhang and Sun [94] 83.10 94.44 74.10 84.40 1.748
Method in Chapter 86.48 94.59 77.37 9589 1.433
Proposed 88.76 97.33 78.73 97.53 1.297

For each method, its threshold was set to the value at which the detector achieves
the maximum average F'-score on 6 images randomly selected from the 20 images.
The remaining 14 images were used for evaluation, and the average and maximum
precision, F-score, and localisation error L are shown in Table [4.1] As can be seen
from the results, the multi-scale analysis based methods perform better among all
compared detectors. Compared with other detectors, all performance measures of
the proposed method are significantly better. The reason is that the multi-scale
structural information merged with the phase congruence function is fully utilised
to improve the detection performance, which can avoid the detection performance
degradation and the impact on localisation accuracy caused by the fixed detection

scale in other algorithms. Further, for the traditional shearlets in SMCD [108§], bi-
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lateral margin responses and edge extensions will cause interference for positioning
edges and details. In the proposed complex shearlet transform, according to Re-
mark the bilateral margin responses and edge extensions have been greatly re-
duced. As a result, the edges or details can be localized more accurately. Compared
with the improved shearlets in the method in Chapter [3 according to Remark [4.2]
one of the proposed complex shearlet can be regarded as the sum of a pair of complex
functions, where one is conjugate symmetric and the other is conjugate antisymmet-
ric. Considering that the conjugate antisymmetric filter will respond maximally to
step edges, and the conjugate symmetric filter will respond maximally to lines and
roof shapes [141], the proposed complex shearlet transform can respond to all types
of discontinuities. So, the proposed complex shearlet transform can better localise
distributed discontinuities, especially with the ability to extract the phase informa-
tion of geometrical features for better corner detection performance. Since the phase
information and the proposed phase congruence model can better locate geometric
features rather than the amplitude information in images, and with higher robust-
ness to local variations especially for illumination changes, the proposed method
performs better than existing methods in terms of precision and F-score, and the
localisation accuracy L is further improved by screening and normalising the ampli-
tude information. Therefore, the proposed method can achieve the best localisation

error L amongst all the compared methods.

4.4.2 Evaluation of Repeatability

The main objective of this subsection is to verify repeatability under image blur-
ring, scaling, rotation, noise corruption, JPEG compression, viewpoint changes and

illumination changes. Three datasets (partly shown in Fig. and Fig. in-
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troduced in Section [3.4.1.1| were used for evaluation, and the repeatability score RS
defined in Eq. used as the evaluation metric for each image sequence. For the
sake of fairness, it is important to ensure that all methods yield a similar number
of detected corners in the first frame of each image sequence. Therefore, in this sec-
tion, for each image sequence, the thresholds of all corner detectors were finetuned

to achieve a similar number of detected corners in the first frame.

Experimental results on Dataset I are presented in Fig. [4.0l Each type of image
sequence in Dataset Il and Dataset III consists of 50 or 56 subsequences, and the
average repeatability score is obtained and summarised in Fig.[4.7]and Fig.[£.8] From
these results, several observations may be made. First, according to Remark [4.5]
the phase congruence function is invariant to linear variations in illumination, there-
fore, the proposed detector has very strong repeatability under illumination changes
(Figs. [4.6[c) and [£.7(c)). Compared with Fig. [4.6[c), in which illumination has
been changed naturally, the downward slope in Fig. [4.7(c) may be the result of us-
ing gamma correction to simulate illumination changes, which is not exactly linear.
Second, it is well known that phase congruence is less sensitive to scaling and blur-
ring than amplitude derivatives [140,(141]. Moreover, the rotary phase congruence
structure tensor is rotationally normalised, therefore, the proposed detector per-
forms better than compared detectors in terms of repeatability under image scaling
and rotation. The changes in the curves of Fig. |4.7(f) may be the result of resam-
pling and relocation errors in rotating discrete images. In terms of repeatability
under image blurring, the proposed detector, the method in Chapter |3| and Zhang
and Sun’s detector [94] outperform the other methods. Also, the reason that the
repeatability of the method in Chapter (3] is superior to the proposed detector could
be due to the usage of a multi-directional structure tensor, which can obtain more

useful information from blurred images. Third, for JPEG compressed images, the
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Figure 4.6: Repeatability scores of the proposed method and the compared detectors
on Dataset I. (a) ‘Bikes’ (blurring), (b) ‘Graffiti’ (viewpoint changing), (c) ‘Leuven’
(illumination changing), (d) ‘Tree’ (blurring), (e) ‘Ubc’ (JPEG compression), (f)
‘Wall’ (viewpoint changing).

proposed detector performs better than the other detectors. Fourth, for viewpoint
change, in Fig.|4.7|(b), the proposed detector yields higher average repeatability score
especially for large viewpoint angles, which demonstrates that the proposed detec-
tor performs better than other detectors in term of repeatability under viewpoint
changes for most images. It is also shown in Fig. [1.6(b) and (f) that repeatability

under viewpoint changes greatly depends on the characteristics of a specific image.

It may be concluded that, compared with other methods as well as the two re-
cent deep learning interest point detectors, the proposed detector yields the highest
repeatability under image scaling, rotation, illumination changes and JPEG com-

pression. In addition, for most images, it yields higher repeatability under image

108



4.4. PERFORMANCE EVALUATION AND EXPERIMENTAL ANALYSIS

——Harris —— Hessian-Laplace FAST —— ORB —— CF —— ANDD ——ACJ LGWTSMM
—— SMCD ——Zhang and Sun Method in Chapter 3 ——D2-Net Reinforced SP ——Proposed
;\S 90 ;\3 80 ’0\3 90
@ 8 @ @
[e] = [e] [e]
@ 70 \ ) 3 &
s R
© © ©
g 50 = =
[0 [0 [0
x X, @ 60
1 15 2 25 3 20° 30° 40° 50° 60° 15 1.7 1.9 2.1 2.3
Viewpoint Angle Gamma
(a) Gaussian blur (b) Viewpoint change (¢) Mlumination change
100 — — 100
S S X
o o o
3 80 3 3 80
(%] ~. n 0 ~ \
2 \ 2 2 ~>——
g 60 @ g 60 .=
T \ T It =
[ [ [
Q. Q. Qo
2 2 2
40 40
40 20 10 5 2 1.2 1.4 1.6 18 2 0° 30° 60° 90° 120° 150°
Quality Factor Scale Change Rotation Angle
(d) JPEG compression (e) Scaling (f) Rotation

Figure 4.7: Repeatability scores of the proposed method and the compared detectors
on Dataset II. (a) Blurring, (b) viewpoint changing, (c) illumination changing, (d)
JPEG compression, (e) scaling, (f) rotation.

viewpoint changes especially large viewpoint changes. Only for repeatability under
image blurring, none but the method in Chapter [3] is superior to the proposed de-
tector. From Fig. [4.8] it may also be concluded that the proposed detector achieves
higher repeatabilities under Gaussian noise, salt and pepper noise with low-density
and multiplicative speckle noise than current corner detectors, and only for salt and
pepper noise with high-density, its repeatability is lower than that of some multi-

scale analysis based corner detectors and the deep learning algorithm Reinforced

SP [111).
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Figure 4.8: Repeatability scores of the proposed method and the compared detectors
on Dataset III. (a) Gaussian noise, (b) salt and pepper noise, (c) multiplicative
speckle noise.

4.4.3 Computational Cost

In this subsection, the computational cost of the proposed detector is tested using
MATLAB 2018a on a personal computer with Intel Core i5-6500 CPU, 4 GB mem-
ory and Microsoft Windows 10 Enterprise. The images in Section [3.4.1.1| were used.
Each detector performed corner detection on each image ten times. The average
computation time on these images was obtained and listed in Table[4.2] From these
results, it may be observed that the template-based method FAST has the low-
est computational cost, while the derivative-based detectors such as Harris and
Hessian-Laplace have a relatively lower computational cost and the contour-
based detectors such as ANDD and ACJ have the highest computational
cost. Another contour-based detector CF does not perform contour extrac-
tion and the tolerance to geometric transformations was not fully considered in its
curvature analysis, therefore, the computational cost is relatively low. Multi-scale
analysis based corner detectors such as LGWTSMM , SMCD , the method
in Chapter , Zhang and Sun’s method and the proposed detector are evidently

faster than the contour-based detectors in general, and slower than the template
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Table 4.2: Computational cost of the evaluated corner detectors.

Detectors Computation time (s)
Harris [24] 0.045
Hessian-Laplace [85] 0.263
FAST [53] 0.019
ORB [131] 0.144
CF [81] 0.278
ANDD [80] 6.515
ACJ [79] 3.617
LGWTSMM [93] 0.622
SMCD [108] 0.591
Zhang and Sun [94] 0.942
Method in Chapter 0.997
Proposed 0.515

and derivative-based detectors. Among them, the proposed detector has the lowest
computational cost, while the high costs of the method in Chapter [3| and Zhang
and Sun’s detector [94] mainly result from the processing of their multi-directional

tensors.

4.5 Remarks

In this chapter, a novel shearlet transform, namely the complex shearlet transform,
was proposed, and a novel corner detection method was developed based on the
complex shearlet transform and a rotary phase congruence structure tensor. The

advantages of the complex shearlets over traditional shearlets include the following:

1. They can capture both amplitude and phase information from images.
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2. Both their real parts and imaginary parts can extract much clearer structural
information from images, and the bilateral margin responses and edge exten-

sions in traditional shearlets are effectually suppressed.

3. The complex shearlet decomposition at all scales has the same number of di-
rections and each direction of any scale is consistent with one direction of other
scales, which provides benefits for subsequent image analysis by a combination

of multi-scale directional information.

Therefore, the complex shearlet transform is potentially useful as a multi-scale de-

composition approach in image processing and analysis.

Based on the proposed complex shearlet transform, a phase congruence function and
rotary structure tensor for corner detection were proposed. Compared with current
multi-scale analysis based corner detectors, the rotary phase congruence structure
tensor can properly merge all the multi-scale and multi-directional information into
a two-directional structure tensor and is less sensitive to image rotation. Moreover,
the proposed phase congruence function is invariant to linear variations in image
illumination and less sensitive to scaling, blurring and noise. In addition, the com-
putation process for the complex shearlet transform using the fast Fourier transform
and the introduction of the rotary phase congruence structure tensor can effectively
reduce the computation cost. Experimental results demonstrate that the proposed
corner detector outperforms current corner detectors in corner detection accuracy,
localisation accuracy and robustness to illumination changes, JPEG compression,
scaling, rotation and viewpoint changes especially large viewpoint changes for most
images. Only for robustness to blurring, none but the method in Chapter [3| is su-
perior to the proposed detector. It was also shown that the computational cost of

the proposed method is lower than that of current multi-scale analysis based corner
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detectors. Therefore, it has great potential as a local feature descriptor and for ap-
plications such as object tracking and image matching. However, for some real-time
computer vision tasks especially real-time portable tasks, the proposed method may
not meet the requirement of the low computational cost and simple architecture. In
Chapter [} a simple and computationally efficient corner detector with sufficient de-
tection accuracy, repeatability and high adaptability to achieve real-time detection

is provided, which is potentially useful for real-time computer vision applications.
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Chapter 5

Efficient Corner Detection Based

on Corner Enhancement Filters*

For real-time computer vision tasks such as on-line visual localisation, motion esti-
mation and 3D reconstruction, it is crucial to quickly and accurately detect corners
with high repeatability. Especially for real-time portable applications, it is impor-
tant to realise corner detection in hardware, e.g., field programmable gate array
(FPGA) device. The popular classical Harris corner detector [24] detects corners
with a 2 x 2 structure tensor formed by the horizontal and vertical derivatives of
images. Since the two-directional derivatives are sensitive to noise and not sufficient
to distinguish between corners and edges, the detection accuracy and repeatability
are unsatisfactory. Another popular classical corner detector, namely the FAST

corner detector [53], performs corner detection by matching a parameterised corner

* This chapter has been accepted by a journal and is in press: M. Wang, C. Sun, and A. Sowmya,
“Efficient Corner Detection Based on Corner Enhancement Filters,” Digital Signal Processing,

2022.
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template with local areas of images. Since the parameterised corner template is sen-
sitive to local variations and cannot handle many complex scenes well, its detection
accuracy is not high enough for many computer vision applications. The advan-
tage of the two detectors is that they are computationally cost-efficient. Although
their detection accuracy and repeatability are insufficient, they are still the preferred

corner detectors in many real-time applications [13],153-155] for this reason.

To improve corner detection accuracy, contour-based detectors have been proposed.
Their detection accuracy is generally high in comparison with derivative-based and
template-based detectors. However, their computational cost is much higher than
that of the other two types of methods, which limits their applications. Recently,
due to their promising detection accuracy and repeatability, multi-scale analysis
based detectors have attracted more attention. In Chapter [3| and Chapter 4} two
multi-scale analysis based detectors were proposed on the basis of making full use of
multi-scale and multi-directional structural information. Their detection accuracy,
repeatability and localisation ability are superior to many existing detectors. The
method proposed in Chapter [4] has also greatly improved computational efficiency,
which is the best among all multi-scale analysis based detectors. However, they are
too complex to be implemented in hardware, are time-consuming and not suitable

for real-time computer vision tasks.

For real-time computer vision tasks, it is important to achieve fast and accurate cor-
ner detection with high repeatability, especially for real-time portable tasks. This
chapter proposes a novel efficient and accurate corner detector with a simple archi-
tecture, high parallel computing characteristics and adaptability to achieve real-time
detection. Experimental results on benchmark datasets show that the proposed de-

tector can achieve or even exceed the detection performance of the multi-scale anal-
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ysis based detectors. Moreover, benefitting from the simple architecture and high
parallel computing characteristic, it has a good adaptability to achieve real-time
detection. Consequently, it has great advantages for application in various real-time

tasks including portable real-time applications.

The main contributions of this work can be summarised as follows:

1. A novel efficient corner detector with a simple architecture and high parallel
computing characteristics is presented, which provides detection accuracy and
repeatability that are similar to multi-scale analysis based detectors and has

a good adaptability to achieve real-time detection.

2. The idea of enhancing corners and suppressing edges at the same time by
directly filtering raw images is novel and different from existing corner de-
tectors, including derivative-based, template-based, contour-based and multi-

scale analysis based detectors, offering a new lead for corner detection research.

3. A FPGA architecture design of the proposed corner detector with parallel ar-
chitecture and pipeline design is presented to meet the requirements of portable

real-time computer vision tasks.

This chapter is organised as follows: in Section|5.1} a corner enhancement filter is de-
fined and its performance on corner enhancement and edge suppression is discussed.
Then, the proposed corner detector is described as well. Its FPGA architecture
design is presented in Section [5.2] Experimental results are presented and discussed

in Section [5.3], and the chapter ends with some remarks in Section [5.4]

117



CHAPTER 5. EFFICIENT CORNER DETECTION BASED ON CORNER
ENHANCEMENT FILTERS

5.1 Efficient Corner Enhancement and Detection

Current corner detectors, including contour-based and multi-scale analysis based
detectors, follow a two-phase framework. The first phase is to enhance useful infor-
mation such as contours or multi-scale and multi-directional structural information,
and the second phase is to detect corners by mining the resultant information of the
first phase with a structure tensor or with contour analysis. Accordingly, they gen-
erally have a relatively complicated architecture, high computational cost and low
parallel computing performance, especially in the second phase. Template-based and
derivative-based corner detectors are simple and efficient, however, their detection
accuracy and repeatability are insufficient for most computer vision tasks. Filtering
is the basic means of signal and image processing, and the related convolution com-
putation has an inherent parallel computing characteristic. In this section, a new
type of filter, namely corner enhancement filter, is proposed, that can enhance cor-
ners and suppress edges as well as noise simultaneously. Its performance on corner
enhancement and edge suppression is also discussed. Based on the definition and

analysis results, the proposed fast corner detector is then introduced.

5.1.1 Corner Enhancement Filter

In the spatial domain, a corner enhancement filter is defined as

0, if =129 or y=1yp
z,y) = 1 (@=20)’+w-v9)®
sign((z — o) (y — %0)) \/ﬁge_ “22 " otherwise
(5.1)

where (g, o) is the centre point of the filter, and sign(-) denotes the sign function.
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For any point (x,y), its symmetry point (z’,4y’) with respect to line x = zy can be

denoted as (2’ = 2xy — 2,y = y), so

0, it x=x9 or y=1yo
l(l’l y/) = 1 ’ 2 ’ 2
’ (=" —20)"+ (¥ —y0)
sign((2’ — x0) (v — e 207 ., otherwise
g (( 0)(y yD)) \/%0
0, if 209 —x =129 or y=1y
- 1 (220 —2-20)%+(y—v)?
sign((2xo —  — x0)(y — ¥o)) 5 e , otherwise
o
0, if t=ux¢ or y=uyp
- 1 (@—20)%+(y—v0)2
—sign((z — x0)(y — v0)) 5 e , otherwise
o
(5.2)

Similarly for any point (x,y), its symmetry point (z”,y") with respect to line y = yo

can be denoted as (z” = x,y” = 2yy — y), and it can be easily deduced that

0, if xt=x9 or y=1yp
" "
(2", y") = n(( ) ) 1 _w therwi
—sign((x — x — e 20 , otherwise
g 0)\Y Yo \/%O'
(5.3)

In other words, the corner enhancement filter is anti-symmetric on either line z = x
or line y = yo. l(z,y) with 0 = 3 is shown in Fig. , and it can be seen from it
that the absolute values of (x, y) are centrally symmetric and decay along the radial
direction in accordance with a Gaussian function. The decay speed can be controlled

with o. Moreover, I(z,y) is anti-symmetric on the horizontal or vertical central axis.

Clearly, in smooth regions of images, pixel values are approximately equal. Since

the filter function is anti-symmetric on the horizontal and vertical central axes, its
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Figure 5.1: Proposed corner enhancement filter [(x,y) with o = 3.

response approaches zero in smooth regions. As for edges, there are six typical cases
including pixels located exactly on a horizontal edge, a vertical edge or a slope edge,
and close to a horizontal edge, a vertical edge or a slope edge. For pixels located
exactly on a horizontal edge (shown in Fig. [5.2(a)) or close to a horizontal edge
(shown in Fig. [5.2(d)), the values of their circumambient pixels are approximately

symmetric on the vertical central axis, so the response of the filter approaches zero.

I ?y
(b)

(d) ()

Figure 5.2: Six typical cases for edges. (a) Pixels located exactly on a horizontal
edge, (b) on a vertical edge, (c) on a slope edges, (d) pixels close to a horizontal
edge, (e) to a vertical edge, (f) to a slope edge.
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Similarly, in cases of pixels located exactly on a vertical edge (shown in Fig. [5.2(b))
and close to a vertical edge (shown in Fig.[5.2{e)), the values of their circumambient
pixels are approximately symmetric on the horizontal central axis, and the response
of the filter approaches zero as well. As for the case of pixels located exactly on
a slope edge (shown in Fig. [5.2(c)), regions labelled with the same number are
symmetric on the horizontal or vertical central axis in pairs, and the response of the
filter approaches zero. Only in the case of pixels close to a slope edge as shown in
Fig. 5.2(f), regions labelled with the same number are symmetric on the horizontal
or vertical central axis in pairs, but the regions labelled with character ‘a’ are not
symmetric. Therefore, the absolute values of the filter responses are generally greater

than those of smooth areas and edges.

Figure 5.3: Three typical cases for corners. (a) Unsymmetrical acute corner, (b)
unsymmetrical obtuse corner, (c¢) symmetrical corner.

For corners, there are two typical cases including unsymmetrical corners and sym-
metrical corners on the horizontal or vertical central axis. In the case of unsymmet-
rical corners as shown in Fig.[5.3[(a) and (b), regions labelled with the same number
are symmetric on the horizontal or vertical central axis in pairs, while regions la-
beled with character ‘a’ are not symmetric. Therefore, the absolute values of the
filter responses at the vertices of corners are generally greater than those of smooth

areas and edges. For symmetrical corners on the horizontal or vertical central axis
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Figure 5.4: Filtered results of two images. (a) Input images, (b) filtered results.

as shown in Fig. [5.3|c), regions labelled with the same number are symmetric on
the horizontal or vertical central axis, and the response of filters at the vertices of

this type of corner approaches zero.

Filtered results on two classical images frequently used in corner detection research
are shown in Fig. 5.4 From the results, the following observations may be made.
First, in smooth regions and regions with low textures, the responses of the filter
approach zero. This demonstrates that the proposed filter can effectively suppress
the background and low textured areas in images. Second, for many corners, the
responses of the filter are higher than in other areas. The reason that some corners
are not enhanced is that the corner is approximately symmetric on the horizontal or
vertical central axis. This indicates that this filter has great ability on unsymmetrical
corner enhancement. Third, at points located exactly on an edge, the responses of
the filter approach zero. However, for points close to a slope edge, the absolute values

of the filter responses are generally greater than that of smooth areas and edges.
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Therefore, in the resultant images, the horizontal and vertical edges are effectively
suppressed, and there are two bright lines located at two sides of a black slope edge
line. This indicates that the proposed filter can effectively suppress various edges in
images, but points located on two sides of slope edges have been enhanced as well.

These issues will be dealt with later in Section B.1.2]

Filtered results on two images corrupted by zero mean white Gaussian noise, mul-
tiplicative speckle noise and salt and pepper noise are shown in Fig. [5.5] As can be

seen from the results, noise has been suppressed to a certain extent, and compared

R

—&

Figure 5.5: Filtered results of two images corrupted by three typical types of noise.
(a) Gaussian noise, (b) multiplicative speckle noise, (c) salt and pepper noise.
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with enhanced corners, the residual noise information is too weak to disturb subse-
quent corner detection. It may be concluded that the proposed filter has the ability
of unsymmetrical corner enhancement and edge suppression. It also has ability to

handle background variation, low texture area and noise suppression.

5.1.2 Proposed Corner Detector

As discussed in Section [5.1.1] the proposed filter has the ability for edge suppression
and corner enhancement. However, there are two drawbacks that must be considered
first. One is the issue of no enhancement on symmetrical corners, and the second
is the enhancement of points close to a slope edge. For symmetrical corners with
respect to the corner enhancement filter defined in Eq. , if the filter is rotated
by 45°, as shown in Fig. these corners are no longer symmetrical for the rotated
filter, and the size of unsymmetrical regions labelled with character ‘a’ reaches a
maximum. This means that the corners missed by the original filter can be enhanced
further by a rotated filter. In light of this, the problem of no enhancement on
symmetrical corners can be solved in the following manner: the input image is
filtered by the proposed filter and the rotated version, and the maximum of the

absolute values of the two filter responses on a pixel is selected to form the resultant

Figure 5.6: Enhancement of a symmetrical corner with respect to the corner en-
hancement filter defined in Eq. (5.1)), with the corner enhancement filter rotated by
45°.
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image.

Note that the proposed filter can effectively suppress various edges in images. The
two bright lines located at two sides of some black edge lines are the result of en-
hancement of points close to the edges. Therefore, to overcome the second problem,
the binary edge image of the input image is obtained by using the Canny edge de-
tector and multiplied pixel by pixel with the resultant image from the two filters.
By this means, the two bright lines located at two sides of a black edge line can
be suppressed effectively. Some resultant images of these two steps are shown in

Fig.[5.7 Note that these images are shown in colour according to the filter response

0.8
0.6
0.4

0.2

0.8
0.6
0.4

0.2
0

Figure 5.7: Some resultant images of the first two steps of Algorithm
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intensities of the pixels for viewing convenience. It can be seen that the corners have
been enhanced remarkably, while the low textures have been suppressed completely.
Although there is some residual edge information resulting from edge location error,
in general this information is weaker than corners and can easily be distinguished

from corners by an appropriate threshold.

As shown in Algorithm [5.1] the proposed corner detector consists of three steps. The
objective of step 1 is to enhance corners, as well as suppress edges and smooth areas
in an image. In this step, the image is filtered by the proposed filter and the rotated
version, and the maximum of the absolute values of the two filter responses on a
pixel is selected to form the resultant image. The purpose of step 2 is to suppress
the enhancement of points close to a slope edge. In this step, the resultant image
from step 1 is multiplied pixel by pixel with the binary edge image obtained by using
the Canny edge detector. Then corners are detected with an appropriate threshold

in step 3.

Algorithm 5.1 Fast Corner Detection Algorithm Based on Corner Enhancement

Filters.
1: The input image is filtered by the proposed filter and the 45° rotated version,

and the maximum of the absolute values of the two filter’s responses on a pixel
is selected to form the output image.

2: The binary edge image from the Canny edge detector is multiplied with the
output image from step 1 pixel by pixel.

3: If the value of a pixel in the resultant image is the local maximum and larger

than threshold T, the pixel is regarded as a corner.
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5.2 Design of FPGA Architecture for Proposed

Detector

The architecture design of the proposed detector is shown in Fig. [5.8} which consists
of three modules including corner enhancement, edge detection and non-maximum
suppression & thresholding. The first two modules deal with an input image in
parallel. Their results are multiplied and pass through the non-maximum suppres-

sion & thresholding module, and then the corner map of the image can be finally

obtained.

T T |

| Corner Corner Enhancement |

: -  Enhancement :

| Filter 1 | Non Maximum Comer

Image —:— Comparator I Suppression & —» Map

| Corner : Thresholding

: »|  Enhancement |

| Filter 2 |

L - ]

_________________________________________________ 1
Edge Detection Directional
Non Maximum

Gradient Suppression _
Gaussian Filter Directionand | | Hysteresis
Magnitude - Thresholding
Computation Adaptive

Threshold

Computation

Figure 5.8: The architecture of the proposed detector.

5.2.1 Sliding Window

It is well known that for FPGA, images are input by rows in a linear manner. How-
ever, to compute convolution, non-maximum suppression and hysteresis threshold,
computations within a sliding window are required. If the computations are per-
formed by loading the corresponding window after the input image is ready, there

would be a long delay and huge storage resource requirements. To synchronise the
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computations with input of an image, a pipeline architecture of a sliding window is
constructed, which can create an M x N window in the image, and can slide by one
pixel to next window per clock cycle. Meanwhile, the required computations can be

carried out at the same time as the input of the image with a few delays.

Lige pixel(M,N)
y i

Reg N-1 —:+> Pixel(M,N-1)

Image [
Pixel

Reg N-2 —:'-» Pixel(M,N-2)
: | :

Reg 1 —=-|-> Pixel(M,1)
|

Column Register I

|
|
|
|
|
|
|
|
»| FIFO Row M-1 Column Register Pixel(M-1,N), Pixel(M-1,N-1), ..., Pixel(M-1,1)
|
|
|
|
|
|
|
|
|

» FIFO Row M-2

Pixel(M-2,N), Pixel(M-2,N-1), ..., Pixel(M-2,1)

FIFO Row 1 Column Register Pixel(1,N), Pixel(1,N-1), ..., Pixel(1,1)

Row Data |

Figure 5.9: Pipeline architecture of sliding window.

The pipeline architecture of sliding window is shown in Fig. [5.9, which consists of
M — 1 cascaded FIFOs to store the image data in a cascading shift way. As the
((M + 1)/2)th FIFO is filled, the row data of the first sliding window is ready.
When the first pixel of the image reaches the ((N + 1)/2)th register of the row,
the first sliding window is established. Each register outputs the pixel data of
the corresponding position at the same time and the required calculation can be
completed through the corresponding arithmetic unit. Then, the window moves
with the input of data in each clock cycle. In this way, only with a few delays, the
required computations such as convolution can be achieved in the same time with
the input of image data. The arithmetic unit only needs to multiply each output

pixel of the sliding window module with its corresponding weight, and then to sum
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them up. In this work, a 5 x 5 Gaussian filter is used for smoothing, two 3 x 3
directional gradient operators are adopted for gradient calculation and two corner

enhancement filters with a size of 9 x 9 are used for corner enhancement.

5.2.2 Submodules of Edge Detection

After filtering the input image, the direction and magnitude of the gradient for
each pixel are required to compute the directional non-maximum suppression result
and the adaptive threshold. Then, the edge map of the input image can be ob-
tained by hysteresis thresholding. The submodules designed for these calculations

are presented in this subsection.

5.2.2.1 Magnitude and Direction of Gradient

After the calculation of gradients, the arctangent and square root functions are
required to compute magnitude and direction for each pixel. However, as these
functions are resource- and time-consuming in FPGA, a challenge is to find a fast
way to simply perform the gradient magnitude and direction calculations in the
pipeline of the edge detection module. To calculate the gradient magnitude, a square
root approximation [156] with a low resource requirement is adopted, in which the

magnitude can be approximately calculated by

M = max((0.875a + 0.5b), a) (5.4)

where

a = max(|fx(z,y)], | fy(z,y)])
b= min(’f:v(xvyﬂv |fy(ac,y)|)
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In this way, the square root can be calculated simply by some compare, shift and
add operations, which can be easily performed by bit operations. The direction of
gradient can be estimated by comparing the |f,(z,y)| with |f,(z,y)|tan22.5° and
| fz(x,y)| tan 67.5°. Here, tan 22.5° and tan 67.5° are approximated as

1 1 1 1
tan22.5° =04142 ~ - — — — — — —
2 16 64 128 (5.6)

tan 67.5° = 2.4142 = 2 + tan 22.5°

Thus, the multiplication of |f,(z,y)| with tan22.5° or tan67.5° can be efficiently
calculated by shifting and adding operations. Then, the direction can be determined

with a Look Up Table (LUT) as listed in Table , and the corresponding FPGA

design is shown in Fig. [5.10]

Sign Flag >

<<1
>>1

>>4 |dx|*tan67.5

>>6

>>7 . L | Direction
XOR —

Gate >>1 T

Gradient A >+
Sign Bit [ >>4g, |
X Gradient M abs R Adder

>>6I
>>7

|dx|*tan22.5

[dy|

Y Gradient

—p» abs —T l

T T >

>>] >>2 >>3
B Comparator vV vy Comparator

Adder ——

Magnitude
—>

Figure 5.10: Gradient direction and magnitude computations.
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Table 5.1: Direction decision in LUT.

Range of f,(z,y) and f,(z,y)

Sign bit Direction

|fy (@, 9)| < | fol, y)| tan 22.5°
|fy (2, 9)| > | fo(x,y)| tan 67.5°

[Fola,y) tan 22.5° < |f, (. )] < |fu (e, y)| tan 67.5°
[Fol@,y)| tan 22.5° < |f, (, )| < |fu(w,y)| tan 67.5°

OO
90°

(1,1) or (0,0)  45°
(1,0) or (0,1) —45°

5.2.2.2 Adaptive Threshold Decision

In the adaptive threshold submodule (see Fig. |5.11)), the threshold is determined

by calculating the histogram of gradient magnitude. Each gradient magnitude is

quantized to six bits (0-63) by a shifter and matched with the addresses of 64

registers. Then, the registers with address greater or equal to the magnitude will

increase by 1. As the input of last magnitude has finished, the address of the register

whose value just exceeds the product of the image size and a pregiven percentage

is rebounded to its original range by a shifter. The result is output as the high

threshold, and multiplied by a pregiven ratio to form the low threshold.

Number of Row
Number of Column

——— | Multiplier

High Edge Rate

Low Edge
Rate

—>| Comparator |—>| Reg 0

Y

Magnitude —>|Comparator|—>| Reg 1

—>| Comparator |—>| Reg 63

Y

[y
'

Comparator

. Low Threshlod
Multiplier

A

Register

High Threshold
AddressI Shifter ;

Figure 5.11: Adaptive threshold.
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5.2.2.3 Directional Non-Maximum Suppression

Directional non-maximum suppression shown in Fig. is executed in parallel with
the adaptive threshold submodule. Note that the thresholds can only be output after
the last magnitude processing is completed. Therefore, this submodule outputs its
results to a buffer. The sliding window with 3 x 3 size is constructed as in Fig. [5.9]
Based on the direction, the selector outputs the amplitudes of two pixels marked
as a and b, which correspond to the specified direction in the sliding window. If
the magnitude of this pixel is greater than a and b, the magnitude will be output,
otherwise the output will be 0. The calculation of this submodule is carried out at
the same time as the output of the magnitude and direction calculation submodule,

which only contains an input delay caused by preparing a few rows of data for FIFOs.

Direction

(x-1, y-1l

(x-1,y) >

(x-1, y+1| a,

1 Comparator
(x,y-1) 1 NMS

Sliding :
Window FEYFD O o lector X Y) AND ] Mux | Magnitude

3*3 (x+1, Y'lg j T
x,y) 0

Magnitude
—P

(x+1, Y)I | Comparator

(x+1, y+}g

(x,y)

Figure 5.12: Directional non-maximum suppression.

5.2.2.4 Hysteresis Thresholding

In the hysteresis thresholding submodule shown in Fig.[5.13], the magnitude from the
buffer is compared with the high threshold. If it is greater than the high threshold,

the strong edge flag Fy is marked as 1, otherwise marked as 0. Meanwhile, the
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magnitude is also compared with the low threshold. The corresponding weak edge
flag Ep is stored at a FIFO, and then its connection with Ey in its 3 x 3 neighbour
sliding window is checked by two logical gates. Finally, gy = 1 or £, = 1 connected
with one or more Ey = 1 will be output as 1, otherwise output as 0 to form the

final edge map.

EH(Xw y)
En(x-1,y-1)
e

¢ EH(X'lv y) >

High Threshold

NMS En(x-1, y+1)

. Sliding
E En(x, y-1
anb Comparator - Window Mﬁ» OR |Flag OR |Edge

3*3 En(x, y+1) »| Gate Gate
En(x+1, y-1)
—————p

En(x+1,y)
———————p
__L_Low Thershold En(x+1, y+1)

L Comparator Epl FFo [ELY) » AND

Figure 5.13: Hysteresis thresholding.

5.2.3 Detection of Corners

The module of non-maximum suppression and thresholding for corner detection is

shown in Fig.[5.14] The 7 x 7 sliding window is constructed as in Fig. [5.9] If a pixel

Threshold

P Comparator

(X, y) A -;
(x-3,y-3 é;tde ‘Cornerl
Sliding [X3.Y-2)

Magnitude i
g > Window

77 (x+1., y+1= Max - Comparator j

(x+3j y+3|2

Figure 5.14: Non-maximum suppression and thresholding for corner detection.
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has the largest magnitude in the sliding window and is greater than the threshold,
the corresponding output of this pixel is marked as 1, otherwise it is marked as 0.

The corner map of the input image can be obtained by the results of this module.

5.2.4 Relevant Parameters

In this design, the relevant parameters are the word length, sizes of the corner
enhancement filter and Gaussian filter in edge detection, which affect its resource
consumption and detection performance. For example, too short a word length will
produce a large calculation error, and too long a word length will increase resource
consumption and computation time. Also, the sizes of the corner enhancement
filter and Gaussian filter determine the resource consumption and time delay of the
cascaded FIFOs in Fig. [5.9, To set these parameters, a dataset with ground truth
including 7 real images and 13 synthetic images introduced in Section [3.4.1.1] of
Chapter [3] were considered, and some of them are shown in Fig. 3.9 The first four
synthetic and two real images in this figure were used for setting parameters, and

the F-score defined in Eq. (3.29) was used as the metric.

The experiments were performed strictly following the fixed point limitations and
operations in this design by using MATLAB 2018a. The average F-scores on the
six images with word length varying from 9 to 20, 7 X 7 corner enhancement filter
and 7 x 7 Gaussian filter are summarized in Fig. [5.15(a). It can be seen that as the
word length increases from 9 to 16, the detection accuracy increases due to the im-
provement in calculation precision. However, when the word length exceeds 16, the
contribution of the improvement of calculation precision to the detection accuracy
is minimal. Therefore, the word length was set as 16. The average F-scores on the

six images with 16 bit word length, 7 x 7 Gaussian filter, and the size of the corner
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Figure 5.15: Module parameter setting. F-score curves on (a) number of bits, (b)
size of corner enhancement filter, (c) size of Gaussian filter.

enhancement filter varying from 3 to 19 are summarized in Fig. [5.15(b). It can be
seen from Fig.|5.15{(b) that as the size of the corner enhancement filter increases from
3 to 9, more relevant surrounding pixels are considered and the F'-score increases
as well, and the slow decline of detection accuracy from 11 to 19 indicates that
the introduction of too distant pixels may be unfavourable to detection accuracy.
Therefore, the size of the corner enhancement filter was set to 9 x 9. Similarly, the
average [-scores on the six images with 16 bit word length, 9 X 9 corner enhance-
ment filter, and the size of the Gaussian filter varying from 3 to 7 are summarized

in Fig.[5.15(c). Based on this figure, the size of the Gaussian filter is set to 5 x 5.

The proposed detector with 16 bit word length, 9 x 9 corner enhancement filter and
5 x 5 Gaussian filter, which is regarded as the fixed point base case, was simulated
using Xilinx Vivado software based on Xilinx’s Virtex-5 XC5VLX155T FPGA. The
simulation results for a 256 x 256 image are listed in Table[5.2] As can be seen, the
overall processing time is 1.33 ms, which is sufficient for real-time applications. From
the aforementioned designs, the reduction of the computation time comes from three
aspects: (1) In Fig.[5.8] the corner enhancement module processes the input image in
parallel with the edge detection module. Furthermore, in the corner enhancement

module, the two corner enhancement filters deal with the image in parallel, and
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in the edge detection module, the directional non-maximum suppression submodule
processes the image in parallel with the adaptive threshold computation submodule.
It is well known that for two parallel modules, only the computation time of the
slower one is considered in the computation time for the entire system. (2) Generally,
the computation time of a system equals to the product of the data size and the
individual datum processing time. But for the pipeline architecture in FPGA, its
computation time is the required time when all the data were passed through the
pipeline architecture. So, its total computation time is the sum of the data size
and the individual datum processing time as well as the delay time in the pipeline
architecture. (3) The design of the pipeline architecture for sliding windows in
Fig. minimizes the required delays for convolution, non-maximum suppression

and hysteresis threshold computations as far as possible.

Table 5.2: Resource occupancy and execution time (for 256 x 256 image).

Used Slices Used Slice LUTs  Frequency Computation Time
7728/24320 15912/97280 100 MHz 1.33 ms

5.3 Performance Evaluation and Experimental Anal-

ysis

In this section, the performance of the proposed method is evaluated on bench-
mark datasets. It is well known that detection accuracy, computational cost and
repeatability are the main factors that determine the application potential of corner
detectors. Therefore, the performance of the proposed corner detector was evaluated
on these three factors. A comparison of this corner detector with other representa-

tive corner detectors including Harris [24], FAST [53], CF [81], ANDD [80], ACJ [79],
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SMCD [108], Zhang and Sun’s method [94] and the method in Chapter [3| as well
as the current deep learning-based interest point detectors D2-Net |113] and Rein-
forced SP [111] were performed. In order to comprehensively verify the performance
of the proposed detector, the results of its fixed point version are provided as well.
In this case, the detector used the fixed point base as described in Section [5.2] The
proposed method was simulated and the evaluation experiments were conducted by
using MATLAB 2018a on a personal computer with Intel Core i5-6500 CPU and 4

GB memory, and the operation system was Microsoft Windows 10 Enterprise.

5.3.1 Corner Detection Accuracy and Computational Cost

In this subsection, corner detection accuracy and computational cost were verified.
A total of 20 different images with ground truth including 7 real images and 13
synthetic images introduced in Section [3.4.1.1] of Chapter |3| were used. The corner
detection accuracy includes two aspects: corner detection and localisation accura-
cies. For detection accuracy, F-score and precision were used as the metrics, and

the corner localisation error L was utilised to evaluate corner localisation accuracy.

In this experiment, four synthetic and two real images in Fig. [3.9] were utilised to
set the threshold parameter. The threshold of each detector was set to the value
at which the detector achieves the maximum average F-score on the six images.
The remaining fourteen images are used for evaluation. The average and maximum
preciston, F-score and average localisation error L on all the 14 images are listed
in Table [5.3] and average computation times are listed in Table 5.4l Note that the
average computation time of each detector listed in Table is calculated with the
average detection time of 10 repeated detections per image for all images. From

the results, the following conclusions may be drawn. First, Harris, FAST and the
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proposed detectors are fast corner detectors, and their computational costs are re-
markably less than that of the other detectors. The proposed detector has a similar
detection speed to the FAST detector, but it has half the computational cost com-
pared with the Harris detector. Its corner localisation accuracy is slightly lower
compared with the Harris detector, but higher than that of the FAST detector.
Furthermore, the proposed detector outperforms the Harris and FAST detectors in
terms of average and maximum precision and F-score. Considering all these fac-
tors, the proposed detector is more advantageous than the two fast detectors for
real-time computer vision tasks. Second, the average precision of the proposed de-
tector is higher in comparison with all compared detectors except for the method in
Chapter [3, and the average F-score is higher than that of some current detectors
including the contour-based detectors CF [81] and ACJ [79], and the multi-scale
analysis based detector SMCD [108]. This indicates that the proposed detector can
achieve or even exceed the detection accuracy of some current corner detectors with

very low computational cost. Hence it is potentially useful as a fast corner detector

Table 5.3: Detection performance and localisation accuracy.

Detectors Precision (%) F-score (%) Localization error
Avg. Max. Avg. Max.

Harris [24] 60.59 85.45 63.91 80.99 1.538
FAST [53] 53.93 86.49 61.56 75.81 1.644

CF [81] 74.55  96.77 64.20 7T7.23 1.526

ANDD [80] 76.37 96.88 73.48 93.33 1.446

ACJ [79] 66.87 87.10 67.86 87.72 2.173
SMCD [10§] 70.73 8491 66.44 80.36 2.071
Zhang and Sun [94] 83.10 94.44 74.10 84.40 1.748
Method in Chapter 86.48 94.59 77.37 95.89 1.433
Proposed 83.93 92.86 68.34 84.62 1.618
Proposed (Fixed Point) 83.85 90.91 67.73 87.67 1.646
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Table 5.4: Computational cost of the evaluated corner detectors.

Detectors Computation time (s)
Harris [24] 0.045
FAST [53] 0.019
CF [81] 0.278
ANDD 80| 6.515
ACJ [79] 3.617
SMCD |[108] 0.591
Zhang and Sun [94] 0.942
Method in Chapter 0.997
Proposed 0.022
Proposed (Fixed Point) 0.024

for computer vision applications. Third, the loss of computation precision in the
fixed point base case generally leads to a slight drop in the corner detection and
localization accuracies. The increase of maximum F-score shows that, for a specific
image, this loss is not always harmful to the detection accuracy especially the recall
rate. Note that the computation time of the fixed point version in Table includes

the time consumption for converting floating-point operations to fixed-point.

5.3.2 Evaluation of Repeatability

The objective is to verify the repeatability of the proposed detector under image
viewpoint change, scaling, rotation, blurring, JPEG compression, noise corruption
and illumination change. Three datasets used to evaluate repeatability in Sec-
tion were considered. The repeatability score RS was used as the metric.
Note that it is necessary to ensure that all detectors acquire a similar number of

detected interest points in the first frame of each image sequence in evaluating re-
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Figure 5.16: Repeatability scores of the proposed detector and the compared detec-
tors on Dataset 1. (a) ‘Bikes’, (b) ‘Graffiti’, (c) ‘Leuven’, (d) ‘Tree’, (e) ‘Ubc’, (f)
‘Wall’.

peatability. Thus, for each image sequence in this experiment, the thresholds of all
detectors were finetuned to ensure that all detectors acquire a similar number of

detected interest points from the first frame.

Repeatability scores on the sequences in Dataset I are shown in Fig.[5.16] In Datasets
IT and III, there are 50 or 56 subsequences in each style of sequences, so the average

repeatability scores on the 50 or 56 subsequences were determined and summarised

in Fig. [5.17 and Fig. 5.18 As can be seen from these figures:
1. Detection repeatability under image blurring for the proposed detector is only

lower than the method in Chapter[3] but higher than the other corner detectors

and current deep learning-based interest point detectors (see Fig. [5.16(a), (d)
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Figure 5.17: Repeatability scores of the proposed detector and the compared detec-
tors on Dataset II. (a) Image blurring, (b) image viewpoint change, (c) illumination
change, (d) JPEG compression, (e) image scaling, (f) image rotation.
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Figure 5.18: Repeatability scores of the proposed detector and the compared detec-
tors on Dataset III. (a) Gaussian noise, (b) salt and pepper noise, (c¢) multiplicative
speckle noise.

and Fig. m(a))

2. Repeatability under viewpoint change for the proposed detector is slightly
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lower than multi-scale analysis based detectors, but higher than the other

detectors (see Fig. 5.16[(b), (f) and Fig. [5.17|(b)).

3. For JPEG compression, the repeatability of the proposed detector is generally
higher than the other methods (see Fig. [5.16(e) and Fig. [5.17(d)).

4. For most images under illumination change, the deep learning-based interest
point detector Reinforced SP [111] achieves the highest repeatability, and the
proposed detector obtains the second-highest repeatability (see Fig. [5.17|(c)
for illumination). For the specified image sequence ‘Leuven’, its repeatability
is lower than Reinforced SP [111] and a little short of the repeatability of the

multi-scale analysis based detectors (see Fig. [5.16/c)).

5. Repeatability under image scaling, rotation and salt and pepper noise is similar
to that of Reinforced SP [111] and two multi-scale analysis based detectors
including Zhang and Sun’s method [94] and the method in Chapter 3 but
higher than the other detectors (see Fig. [5.17(e), (f) and Fig. [5.18(b)).

6. For images with Gaussian and multiplicative speckle noise, repeatability of the
proposed detector is similar to that of the method in Chapter [3land generally

higher than other detectors.

It can be concluded that, with a very low computational cost and simple architec-
ture, the repeatability of the proposed detector is similar to some of the multi-scale
analysis based detectors and the machine learning-based interest point detector Re-
inforced SP [111], and clearly higher than other types of corner detectors as well as
the machine learning-based interest point detector D2-Net [113]. Moreover, the re-

peatability of the fixed point version is similar to that of the floating-point detector.
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5.4 Remarks

In this chapter, a novel fast corner detector was proposed, based on the novel idea of
corner enhancement filtering. Experimental results demonstrate that the proposed
detector has a similar detection speed to the FAST detector, and twice the detection
speed of the Harris detector. It was also shown that the proposed corner detector
performs notably better than existing fast corner detectors such as Harris and FAST
in terms of detection accuracy, tolerances to noise and robustness to affine transfor-
mations, illumination changes, noise and JPEG compression. Therefore, it is more
advantageous for real-time computer vision tasks. Moreover, with a very simple
architecture and low computational cost, the proposed detector can achieve or even
exceed the detection accuracy of some current corner detectors. Its repeatability is
similar to some of the multi-scale analysis based detectors and the deep learning-
based interest point detector Reinforced SP [111], and clearly higher than that of
other types of corner detectors as well as the deep learning-based interest point de-
tector D2-Net [113]. Therefore, it is potentially useful as a fast corner detector for

many computer vision applications.
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CHAPTER 5. EFFICIENT CORNER DETECTION BASED ON CORNER
ENHANCEMENT FILTERS
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Chapter 6

Conclusions and Future Work

Corner detection is a fundamental computer vision problem that has been widely
studied in many computer vision tasks. Current corner detectors cannot provide suf-
ficient detection accuracy, repeatability and localisation ability. Based on a detailed
analysis of current multi-scale analysis based corner detectors, this thesis addresses
the challenging problem of improving corner detection accuracy, repeatability and

localisation ability simultaneously while also reducing computational complexity.

6.1 Thesis Summary

In order to improve corner detection accuracy, repeatability and localisation ability
simultaneously in images, and overcome the weaknesses of edge extension, bilateral
margin responses for prominent edges and different numbers of directions at different
scales in the traditional shearlets, in Chapter [3| a new shearlet transform has been

proposed, which has a greater ability to localise distributed discontinuities, can
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effectually mitigate the weaknesses of the traditional shearlets, and can provide
more flexible direction divisions. To make full use of the multi-scale and multi-
directional information of the proposed shearlets for corner detection, in Chapter [3]
a novel multi-directional structure tensor is constructed at the finest scale to detect
candidate corners, and a multi-scale corner measurement function is proposed to
remove false candidate corners. Experimental results demonstrate that the proposed
corner detection method outperforms current corner detectors in corner detection
and localisation accuracies. It is also shown that its detection repeatability under
image blurring, viewpoint changes, affine transformations, illumination changes and
parts of JPEG compression is generally superior to not only current corner detectors

but also representative interest point detectors.

While the proposed corner detector in Chapter (3| outperforms current corner de-
tectors in terms of corner detection accuracy, repeatability as well as localisation
ability, its computational cost is higher than that of derivative-based methods and
most multi-scale analysis based detectors. Chapter [f] attempts to improve detection
accuracy, repeatability and localisation ability further while reducing computational
complexity as much as possible. In Chapter [ a novel shearlet transform, namely
complex shearlet transform, is proposed by redefining the generation functions and
the discretisation process. Different from traditional shearlets, complex shearlets
have greater ability to localise distributed discontinuities and can capture phase
information of geometrical features. Moreover, in light of the phase congruence
model |140,|141] and statistical characteristics of wavelet coefficients in detail com-
ponents [150], a type of phase congruence function is introduced, and its tolerance
to noise and ability of corner localisation are improved by screening and normal-
ising the amplitude information. Then, for corner detection, a novel rotary phase

congruence structure tensor is proposed to properly merge the amplitude and phase

146



6.1. THESIS SUMMARY

information of all scales into a 2x2 structure tensor. With less sensitivity to image
scaling, rotation, blurring and noise, the rotary phase congruence structure tensor
can make full use of all amplitude and phase information of the complex shearlets
to detect corners. In addition, fast and direct processing of the rotary phase congru-
ence structure tensor is presented, which can greatly reduce the computational cost.
Experimental results demonstrate that the proposed method in Chapter [ presents
improvements to the current state-of-the-art in corner detection on corner locali-
sation ability, detection accuracy and repeatability under image scaling, rotation,
JPEG compression, noise corruption, illumination changes and viewpoint changes

with the lowest computational cost in all multi-scale analysis based detectors.

Finally, in Chapter 5, the thesis also addresses the issue of providing a simple and
computationally efficient corner detector with sufficient detection accuracy, repeata-
bility and high adaptability to achieve real-time detection. In order to simplify the
corner detection architecture and improve its parallel computing performance, a new
type of filter is proposed that can enhance corners and suppress edges as well as noise
simultaneously. Then a novel efficient corner detector is proposed, which can easily
achieve real-time detection with high performance. The corresponding FPGA de-
sign is also presented. Experimental results show that, with very low computational
cost and simple architecture, the proposed detector can achieve or even exceed the
detection accuracy of multi-scale analysis based detectors, and its repeatability is
similar to that of multi-scale analysis based detectors and clearly higher than other

types of corner detectors.
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6.2 Contributions

Based on detailed analysis of current multi-scale analysis based corner detectors,
this thesis addresses the challenging problem of improving corner detection accu-
racy, repeatability and localisation ability simultaneously while reducing computa-
tional complexity as much as possible. It also addresses the urgent need to provide
a simple and computationally efficient corner detector with sufficient detection ac-
curacy, repeatability and high adaptability to achieve real-time detection. The main

contributions are summarised as follows:

1. Two novel multi-scale and multi-directional analysis tools, namely improved
shearlet transform and complex shearlet transform, are proposed, which can
capture both amplitude and phase information, effectively mitigate the weak-
nesses of traditional shearlets and extract clear and accurate multi-scale and
multi-directional structural information from images. The detailed structural
information provided by the two proposed shearlet transforms can improve the
corner detection and localisation accuracy, and the use of multi-directional and
multi-scale information especially phase information can greatly improve the
robustness of detection and the ability to distinguish corners from other pix-
els. Thus, they are potentially useful in corner detection. Moreover, because
the proposed two shearlets have a greater ability to obtain detailed and high
frequency information, and can effectually mitigate the weaknesses of the tra-
ditional shearlets, they are potentially useful as a multi-scale decomposition
and analysis approach for many tasks in the field of computer vision such as de-
tection and analysis of edges and ridges, image compression, image denoising,

interpolating and watermarking.
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2. Two corner detectors with two novel structure tensors that makes full use of
multi-directional and multi-scale structural information are proposed, which
can provide better ability to distinguish corners from other pixels with high
robustness. Experiments show that the two proposed corner detectors present
improvements to current state-of-the-art in corner detection as well as the re-
cent deep learning interest point detectors on most key indicators including
detection accuracy, localisation accuracy and repeatability under image scal-
ing, rotation, noise corruption, JPEG compression, illumination changes and
viewpoint changes. Moreover, the detector proposed in Chapter [ yields im-
provement in computational efficiency, and the proper usage of phase informa-
tion may be helpful in improvements to the detection accuracy and localisation
ability. Thus, the two proposed detectors have great potential to be applied
as robust and accurate feature detectors in many computer vision tasks such

as image retrieval, object tracking, motion estimation, and visual localization.

3. A novel efficient corner detector with a simple architecture and high parallel
computing characteristics is presented, which provides similar detection accu-
racy and repeatability as multi-scale analysis based detectors and has a good
adaptability to achieve real-time detection. It is potentially useful as an effi-
cient corner detector for computer vision applications, especially for portable

real-time tasks.

4. The ideas of enhancing corners and suppressing edges at the same time by
directly filtering raw images, and the rotary phase congruence structure tensor
for properly merging all the amplitude and phase information into a 2 x 2
structure tensor with high stability for corner detection are novel and different
from the existing corner detectors, offering a new lead for corner detection

research.
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6.3 Limitations and Future Work

This thesis addresses the challenging problem of improving corner detection accu-
racy, repeatability and localisation ability simultaneously while reducing compu-
tational complexity as much as possible. However, there are still some existing
limitations. The proposed two shearlet transforms decay too fast on coarse scales,
the two proposed multi-scale analysis based corner detectors are too complex for
real-time detection, and the proposed efficient detector still has room for perfor-
mance improvement. Meanwhile, the proposed detectors have great potential for
applications in many computer vision tasks such as image retrieval, object track-
ing, motion estimation, visual localization and 3D reconstruction. However, the
potential extensions for a feature descriptor and further applications have not been
presented in this thesis. Therefore, potential future research arising from this thesis

is summarised as follows.

First of all, the proposed improved shearlet transform and complex shearlet trans-
form have greatly improved the ability to obtain structural information and locate
geometric features from images compared with the traditional shearlet transform.
However, the obtained detailed structural information decays too fast as the scale
becomes coarser, which restricts the choice of available scales. Moreover, compared
to shearing, rotation is more natural in image processing. The use of rotation instead
of shearing to construct a filter bank of shearlets may provide better performance.
Therefore, further improving the performance of complex shearlet transform is one
of the potential research works in future. The application of the shearlet trans-
form in computer vision tasks can also be further explored, such as detection and
analysis of edges and ridges, image compression, image denoising, interpolating and

watermarking.
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The two proposed multi-scale analysis based corner detection algorithms yield some
improvements to the current state-of-the-art in corner detection on localisation abil-
ity, detection accuracy and repeatability. They have great potential for extension as
feature descriptors and be applied in many computer vision tasks. It is also shown
that the computational efficiency of the detector proposed in Chapter 4] is better
than that of the current multi-scale analysis based corner detectors. However, for
some real-time computer vision tasks especially real-time tasks on portable devices,
the proposed two methods may not meet the requirements with regard to low com-
putational cost, parallel computing, and simple architecture. Thus, how to further
simplify the algorithm architecture and to improve their computational efficiency
and parallel computing characteristics so as to make them suitable for hardware
implementation such as on FPGA will be focused in future work. Furthermore, the
extension of the proposed detectors to local feature descriptors could be addressed,

and other possible applications of corner detectors could also be investigated.

The proposed fast corner detector can provide extremely high computational effi-
ciency. However, the detection performance and repeatability still leave room for
improvement. Extending the proposed corner enhancement filter to multiple direc-
tions and scales may be beneficial to detection performance, and decomposing the
corner enhancement filter into a combination of multiple filters with a better ability
to obtain detailed information is also one of the possible research directions. In fu-
ture work, how to further improve its detection accuracy, localisation accuracy and
repeatability could be addressed. Some potential applications in real-time computer

vision and image processing tasks could be further investigated.

Last but not the least, for the application of corner detection, feature descriptors

are necessary. In this regard, deep learning has achieved some advantages in recent
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years. However, contrary to the idea of sparse features, most existing deep learning
algorithms follow the framework of first description and then detection, they do not
provide sufficient memory efficiency. Therefore, it is possible to consider combin-
ing corner detection with deep learning to propose an architecture that is different
from existing deep learning interest point detection algorithms. The new framework
could first perform detection and then description to provide sufficient detection
accuracy and memory efficiency, while improving the repeatability and robustness

of the feature matching.
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