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ABSTRACT

Five-dimensional (5-D) light field video (LFV) (also known as plenoptic video) is a
more powerful form of representing information of dynamic scenes compared to con-
ventional three-dimensional (3-D) video. In this dissertation, the spectra of moving
objects in LFVs are analyzed, and it is shown that such moving objects can be en-
hanced based on their depth and velocity by employing 5-D digital filters, what is
defined as depth-velocity filters. In particular, the spectral region of support (ROS)
of a Lambertian object moving with constant velocity and at constant depth is shown
to be a skewed 3-D hyperfan in the 5-D frequency domain. Furthermore, it is shown
that the spectral ROS of a Lambertian object moving at non-constant depth can be
approximated as a sequence of ROSs, each of which is a skewed 3-D hyperfan, in the
5-D continuous frequency domain.

Based on the spectral analysis, a novel 5-D finite-extent impulse response (FIR)
depth-velocity filter and a novel ultra-low complexity 5-D infinite-extent impulse re-
sponse (IIR) depth-velocity filter are proposed for enhancing objects moving with
constant velocity and at constant depth in LFVs. Furthermore, a novel ultra-low
complexity 5-D IIR adaptive depth-velocity filter is proposed for enhancing objects
moving at non-constant depth in LFVs. Also, an ultra-low complexity 3-D linear-

phase IIR velocity filter that can be incorporated to design 5-D IIR depth-velocity



v

filters is proposed. To the best of the author’s knowledge, the proposed 5-D FIR and
ITIR depth-velocity filters and the proposed 5-D IIR adaptive depth-velocity filter are
the first such 5-D filters applied for enhancing moving objects in LFVs based on their
depth and velocity.

Numerically generated LFVs and LFVs of real scenes, generated by means of a
commercially available Lytro light field (LF) camera, are used to test the effectiveness
of the proposed 5-D depth-velocity filters. Numerical simulation results indicate that
the proposed 5-D depth-velocity filters outperform the 3-D velocity filters and the
four-dimensional (4-D) depth filters in enhancing moving objects in LEVs. More
importantly, the proposed 5-D depth-velocity filters are capable of exposing heavily
occluded parts of a scene and of attenuating noise significantly. Considering the ultra-
low complexity, the proposed 5-D IIR depth-velocity filter and the proposed 5-D IIR
adaptive depth-velocity filter have significant potentials to be employed in real-time

applications.
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Chapter 1
Introduction

Light is a fundamental form of conveying information. The light rays emanating
from a scene is completely described by the seven-dimensional (7-D) plenoptic func-
tion, proposed by Adelson and Bergen [1]. The name plenoptic has been derived
by combining the Latin term plenus (meaning complete or full) with the term op-
tic [1]. More specifically, the 7-D plenoptic function describes the intensity of light
rays passing through the center of an ideal camera at every possible location in the
three-dimensional (3-D) space (x,y, z), at every possible angle (6, ¢), for every wave-
length A and at every time ¢ [1], as shown in Figure 1.1.

The two-dimensional (2-D) images and panoramas, the 3-D videos and concentric
mosaics, the four-dimensional (4-D) light fields (LFs) and the five-dimensional (5-D)
light field videos (LFVs) (also known as plenoptic videos) are simplified forms of the
7-D plenoptic function [2] [3]. In particular, the 5-D LFV is derived from the 7-D
plenoptic function by assuming the intensity of a light ray does not change along its
direction of propagation and the red, green and blue (RGB) colour components are
used instead of the wavelength [2]. An LFV may be considered as a 2-D array of 3-D
conventional videos and can be generated by employing a specifically designed LFV
camera or a collection of conventional 3-D video cameras arranged as a 2-D planar
array. A typical planar array of 3-D conventional video cameras, a commercially-
available LF camera and a LFV camera are shown in Figure 1.2. Ideally, an LFV
of a dynamic scene in free space contains all information of the scene because it
captures all the light rays emanating from the scene. This richness of information
may be exploited to accomplish novel tasks that are not possible with conventional
3-D videos such as digital refocusing and depth-velocity filtering, a technique proposed

in this dissertation to enhance moving objects in LF'Vs based on their velocity and
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Figure 1.1: The 7-D plenoptic function describes the intensity of light rays passing
through the center of an ideal camera at every possible location in the 3-D space
(x,y, z), at every possible angle (6, ¢), for every wavelength A\ and at every time ¢.

depth by employing 5-D depth-velocity filters.

The 5-D depth-velocity filters have significant potential to be employed in a mul-
titude of applications. An exiting feature offered by the 5-D depth-velocity filters
is the capability of exposing heavily occluded moving objects in a dynamic scene.
Thanks to this exiting feature, the 5-D depth-velocity filters naturally fit for intelli-
gent surveillance and security systems [4] [5] [6] [7]. For example, in such systems,
the 5-D depth-velocity filters can be used as a preprocessing technique in tracking of
moving objects (e.g., humans and vehicles) regardless of occlusion. Furthermore, the
5-D depth-velocity filters can be employed as a preprocessing technique in various
computer vision applications. For example, they may be employed in the vision sys-
tem of a robot [8] [9]. Another potential application is the refocusing of LFVs based
on both depth and velocity; in other words, controlling the defocus (or out-of-focus)
blur and the motion-blur of a dynamic scene [10] [11]. For this case, the frequency
response of the 5-D depth-velocity filters needs to be slightly modified so that objects
lying outside the focal region are blurred rather than completely attenuated. Fur-
thermore, the focal region may be selected, for example, as an elliptical region around
a human, a circular region around a vehicle or an arbitrary shape around an object
of interest. Such refocusing has been exploited to improve the artistic quality of 3-D
movies and 3-D television shows [12] [13]. Furthermore, considering the fact that an
LFV camera gathers more light compared to a conventional video camera [14], LF'Vs

have been emerged as an attractive replacement for conventional videos especially un-
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Figure 1.2: (a) The Stanford camera array (Source - http://graphics.stanford.edu/);
(b) a Lytro Illum LF camera (Source - https://www.lytro.com/illum/); (c¢) a Raytrix
LFV camera (Source - http://www.raytrix.de/).

der low light conditions, for example in underwater scenes [15] [16] [17]. This opens

an another potential area for the 5-D depth-velocity filtering.

1.1 Related Work

A brief review of previous work related to 3-D velocity filters, 4-D depth filters, 5-
D LFVs and the spectral analysis of the 7-D plenoptic function is presented in this

section.



1.1.1 3-D Velocity Filtering

In many applications including traffic analysis, motion detection, radar tracking and
computer vision, enhancement of moving objects is generally accomplished by em-
ploying 3-D velocity filters (also known as 3-D linear-trajectory filters) [18] [19] [20]
[21] [22] [23]. Such filters selectively filter moving objects based on their 2-D spatial
velocities. A number of design methods for 3-D velocity filters are found in the lit-
erature. In [24], a 3-D infinite-extent impulse response (IIR) filter having a planar
passband has been proposed based on the concept of network resonance to enhance
moving objects having linear trajectories, i.e. objects moving with constant velocities.
In [25], the work presented in [24] has been extended to 3-D IIR adaptive filters for
tracking and enhancing moving objects with general trajectories. Another IIR filter
design technique for tracking moving objects with linear or nonlinear trajectories has
been presented in [26]. In [27], an optimal 3-D finite-extent impulse response (FIR)
filter for detecting moving objects with linear trajectories has been proposed. Two
3-D IIR filter banks having wedge-shaped (exterior of a wide-angle cone) passbands
have been reported in [28] and [29]. An IIR velocity filter and an IIR velocity filter
bank designed using multidimensional wave digital filters have been presented in [22]

and [30], respectively.

1.1.2 4-D Depth Filtering

4-D LFs have been used for image-based rendering systems [31] [32], refocusing
in digital photography [33] [34] [35] [36] [37] and exposing occluded regions in a
scene [38] [39] [40] [41] [42]. Another important application is enhancing objects of
a scene based on their depth. This has been first demonstrated in [43] using a 4-D
depth filter having a planar passband. Similar results have been reported in [38] [44]
and [45]. In particular, an efficient 4-D IIR filter was proposed in [44]. In [46], a 4-D
ITIR dual-fan filter is proposed to selective filtering of objects occupied in a range of
depths. A 4-D hyperfan all-in-focus filter is employed in [47] in order to denoise LFs.
Moreover, in [37], 4-D depth filters are utilized to obtain volumetric focus for LFs
instead of traditional planar focus. Two hardware implementations of first-order 4-D
IIR hyperplanar filters that can be employed for depth filtering of LF's have been pro-
posed in [48] and [49]. Furthermore, differential-form and integral-form 4-D IIR depth
filters and their hardware implementations have been presented in [41] and [50], re-

spectively. Recently, a 4-D FIR filter, which can be employed for real-time refocusing



of LFs, and its hardware architecture are proposed in [51].

1.1.3 5-D Light Field Videos

Most of the early work on LFVs was about capturing and rendering systems. In [52]
and [53], a system consisting of 100 conventional video cameras, arranged rectan-
gularly on a plane, is presented. In [54], another system has been described. This
system was comprised of eight conventional video cameras arranged in a line, and
real-time LF'V compression and decompression has also been discussed. Recently, an
LFV capturing system, where conventional video cameras were arranged in a hemi-
sphere, has been presented in [55]. This system is capable of recoding LFVs at 30
fps with a resolution of 9000 x 2400 pixels. A true LFV camera, especially suitable
for smart phones, is reported in [56]. A motion-aware LFV camera that can capture
high resolution LFVs by exploiting scene-specific redundancy in space, time and angle
is presented in [57]. Another LFV recoding system consisting of a camera array is
reported in [58]. In that system, a spatio-temporal exposure pattern is employed to
capture high dynamic range LFVs. In the context of motion analysis in LFVs, 3-D
motion estimation has been studied in [59] and [60]. In addition, recently, closed-form

solutions for visual odometry for LEV cameras have been reported in [61].

1.1.4 Spectral Analysis of the 7-D Plenoptic Function

Some of the earliest work in spectral analysis of the plenoptic function has been pre-
sented in [62] and [63] in the context of LFs and image-based rendering. In particular,
for a Lambertian scene, it is shown that the region of support (ROS) of the spectrum
of an LF is bounded by the minimum and maximum depths. In [34] and [64], the
ROS of the spectrum of an LF is shown to be a 3-D manifold in the 4-D frequency
space, which is denoted as a 3-D hyperfan in [47]. In [65], the spectral analysis of the
plenoptic function was extended to non-Lambertian and occluded scenes exploiting
the concept of the so-called six-dimensional (6-D) surface plenoptic function'. Tt is
shown that non-Lambertian reflections and occlusion broaden the ROS of the spec-
trum of an LF. Furthermore, it was asserted that, in most cases, the spectrum is
not band limited even though the surface plenoptic function may be band limited.

In [66], the bandwidth of the plenoptic function has been more precisely analyzed,

I The 6-D surface plenoptic function is a reparameterization of the 7-D plenoptic function under
the assumption of the intensity of a light ray does not change along its direction of propagation [65].



and shown that the plenoptic function is not band limited unless the scene is a flat
surface. Moreover, it is shown that the bandwidth of the plenoptic function depends
on the maximum surface slope in addition to the minimum and maximum depths of
the scene and the maximum frequency of the texture of the scene. In [67] and [68], the
bandwidth of the plenoptic function has been examined under the finite field-of-view
constraint of cameras and finite scene width. It is shown that these finite constraints
lead to band-unlimited plenoptic spectra even for Lambertian scenes having only a
flat surface. Spectrum broadening due to non-Lambertian reflections and occlusion
is studied in [69] and [70], and a new sampling rate and new reconstruction filters
have been proposed. Furthermore, in [71], the effect of the resolution of the sampling

cameras in a camera array is studied.

1.2 Contributions of the Dissertation

In this dissertation, the spectra of moving objects in LFVs are analyzed, and it is
shown that such moving objects can be enhanced based on their depth and velocity
by employing 5-D depth-velocity filters. In particular, it is shown that the spectral
ROS of a Lambertian object moving with constant velocity and at constant depth is
a skewed 3-D hyperfan in the 5-D frequency domain. Furthermore, a novel 5-D FIR
depth-velocity filter, a novel ultra-low complexity 5-D IIR depth-velocity filter and a
novel ultra-low complexity 5-D IIR adaptive depth-velocity filter are proposed. To the
best of the author’s knowledge, these three 5-D depth-velocity filters are the first such
5-D filters applied to enhance moving objects in LFVs based on depth and velocity.
Moreover, an ultra-low complexity 3-D IIR velocity filter that can be incorporated
to design 5-D IIR depth-velocity filters is proposed and used in enhancing shallow
underwater videos. In what follows is detailed descriptions of the contributions of the

dissertation.

Spectral Analysis of Moving Objects in LFVs (part of this work has been
published in [72])

The spectrum of a Lambertian object moving with constant velocity in an LFV is
analyzed. First, it is shown that a Lambertian point source moving with a constant
velocity is represented as a 3-D hypersurface of constant value in the continuous-

domain LFVs. Next, it is shown that when the motion of the Lambertian point



source is parallel to the camera plane (i.e., the Lambertian point source moves at
a constant depth), the 3-D hypersurface is reduced to a 3-D hyperplane. For this
case, the spectrum of the LFV and its ROS are derived in closed form. The ROS of
the spectrum is a plane through the origin in the 5-D continuous frequency domain.
Based on the analysis for a Lambertian point source, the ROS of the spectrum of a
continuous-domain LFV, corresponding to a Lambertian object moving with a con-
stant velocity and at a constant depth, is derived. For this case, it is shown that
the ROS of the spectrum is a skewed 3-D hyperfan in the 5-D continuous frequency
domain. The degree of skewness of the 3-D hyperfan depends on both velocity and
depth of the moving object whereas the angle of the 3-D hyperfan depends on the
depth range occupied by the moving object. The 3-D hyperfans corresponding to the
ROSs of the spectra of Lambertian objects moving with different constant velocities
or at different constant depths do not overlap except at the origin in the 5-D frequency
domain. This allows enhancement of such objects based on depth and velocity by
employing 5-D digital filters, what is defined as depth-velocity filters. Furthermore,
it is shown that the essential bandwidth of the spectrum is finite along the temporal
frequency dimension and, therefore, the corresponding discrete-domain LFV can be
generated with negligible aliasing by employing a sufficiently high temporal sampling
rate. The analysis is concluded by deriving the ROS of the spectrum for a discrete-
domain LFV sampled with negligible aliasing and illustrating it through numerical

simulations.

Novel 5-D FIR Depth-Velocity Filter (part of this work has been published
in [72])

A novel 5-D linear-phase FIR depth-velocity filter having a planar passband in the
5-D frequency domain is proposed. The planar passband of the proposed 5-D FIR
depth-velocity filter is realized by cascading three 5-D linear-phase FIR filters having
4-D hyperplanar passbands of appropriate orientations in the 5-D discrete frequency
domain. The 5-D FIR filters having 4-D hyperplanar passbands are designed by em-
ploying the so-called windowing method [73](ch. 3.3) [74](ch. 5.1). The performance
of the proposed 5-D FIR depth-velocity filter in enhancing moving objects in LFVs is
tested by employing a numerically generated LFV and an LFV of a real scene, gen-
erated by means of a commercially available Lytro LF camera. Experimental results
confirm the effectiveness of the proposed 5-D FIR depth-velocity filters over 4-D FIR



depth filters and 3-D FIR velocity filters.

Novel Ultra-Low Complexity 5-D IIR Depth-Velocity Filter (part of this
work has been published in [75])

A novel ultra-low complexity 5-D IIR depth-velocity filter is proposed for enhancing
objects moving with constant velocity and at constant depth in LF'Vs. The proposed
5-D IIR depth-velocity filter is realized by cascading three first-order 5-D IIR filters
having 4-D hyperplanar passbands of appropriate orientations. The first-order 5-D
IIR filters are designed by appropriately extending the first-order 3-D IIR planar
filter design method proposed in [24]. The proposed 5-D IIR depth-velocity filter
is practical bounded-input bounded-output (BIBO) stable. Numerical simulation
results indicate that the proposed 5-D IIR depth-velocity filter outperforms the 3-D
IIR velocity filters [24] and the 4-D IIR depth filters [44] in enhancing moving objects
in LF'Vs. Furthermore, by employing the LF'V generated using the commercially
available Lytro LF camera, it is shown that the performance of the proposed 5-D IIR
depth-velocity filter is comparable to that of the proposed 5-D FIR depth-velocity
filter. Most importantly, the proposed 5-D IIR depth-velocity filter requires less than
1% of the arithmetic operations required by the 5-D FIR depth-velocity filter to process
a sample. Considering the ultra-low complexity, the proposed 5-D IIR depth-velocity

filter has a significant potential to be employed in real-time applications.

Novel Ultra-Low Complexity 5-D ITR Adaptive Depth-Velocity Filter (part
of this work has been published in [76])

The 5-D depth-velocity filtering technique is extended to a more general case, where
objects moving with constant velocity but at non-constant depth are enhanced. First,
the spectrum of a Lambertian object moving in an LFV at non-constant depth is an-
alyzed, and it is shown that the ROS of the spectrum can be approximated as a
sequence of ROSs, each of which is a skewed 3-D hyperfan, in the 5-D continuous fre-
quency domain. Based on this analysis, a novel ultra-low complexity 5-D IIR adaptive
depth-velocity filter is proposed for enhancing such moving objects. The proposed 5-
D IIR adaptive depth-velocity filter is realized by cascading three first-order 5-D IIR
adaptive filters having time-variant 4-D hyperplanar passbands of appropriate orienta-
tions. The first-order 5-D IIR adaptive filters are designed by appropriately extending
the first-order 3-D IIR adaptive planar filter design method proposed in [25]. The



time-variant coefficients of the three first-order 5-D IIR adaptive filters are derived in
closed form. The performance of the proposed 5-D IIR adaptive depth-velocity filter
is confirmed by employing a numerically generated LFV and an LFV of a real scene,
generated by means of a commercially available Lytro LF camera. Experimental re-
sults indicate that the proposed 5-D IIR adaptive depth-velocity filter outperforms
the 3-D IIR adaptive velocity filters [25] and the 4-D IIR adaptive depth filters in
enhancing moving objects in LF'Vs. Considering the ultra-low complexity and the
availability of the closed-form expressions for the time-variant coefficients, the pro-
posed 5-D IR adaptive depth-velocity filter has a significant potential to be employed

in real-time applications.

Ultra-Low Complexity 3-D Linear-Phase IIR Velocity Filter (part of this
work has been published in [77] and [78])

An ultra-low complexity 3-D linear-phase IIR velocity filter that can be incorporated
to design 5-D IIR depth-velocity filters is proposed. The proposed 3-D linear-phase
IIR velocity filter consists of an ultra-low complexity 3-D wide-angle linear-phase
IIR cone filter bank between two 2-D spatial variable-shift filters. The ultra-low
complexity 3-D wide-angle linear-phase I1R cone filter bank is designed by employing a
one-dimensional (1-D) temporal modified discrete Fourier transform (DFT) filter bank
and 2-D spatial allpass, IR highpass and allstop filters. The linear phase response is
achieved by employing zero-phase filtering for the 2-D spatial IIR highpass filters. A
typical 3-D linear-phase IIR velocity filter of order 4 x 4 x 510 requires only 26 real
multiplications and 60 real additions to process a sample, which is significantly lower
compared to the previously reported 3-D FIR and IIR velocity filters [27] [28] [29]. In
order to illustrate the performance of the proposed 3-D linear-phase IIR velocity filter
in enhancing videos, it is employed to attenuate sunlight flicker patterns in shallow
underwater videos. Experimental results confirm the effectiveness of the 3-D linear-
phase IIR velocity filter in attenuating the sunlight flicker patterns and its robustness

to motion estimation errors.

1.3 Outline of the Dissertation

The organization of the rest of the dissertation is briefly presented in this section,

and a detailed outline of a chapter is presented in the beginning of each chapter.
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In Chapter 2, the analysis of the spectra of object moving with constant velocity
in LFVs is presented. The novel 5-D FIR depth-velocity filter is described in detail
in Chapter 3. Furthermore, the experimental results obtained using a numerically
generated LFV and a Lytro-LF-camera-based LFV are presented. In Chapter 4,
the novel ultra-low complexity 5-D IIR depth-velocity filter and the experimental
results obtained using the numerically generated LEF'V and the Lytro-LF-camera-based
LFV are presented. Next, in Chapter 5, the approximate form of the spectrum of a
Lambertian object moving in an LFV at non-constant depth is presented. More over,
the design of the novel ultra-low complexity 5-D IIR adaptive depth-velocity filter
is described in detail. Also, the experimental results obtained using a numerically
generated LFV and an Lytro-LF-camera-based LFV are presented. In Chapter 6,
the ultra-low complexity 3-D linear-phase IIR velocity filter and the experimental
results corresponding to the enhancement of shallow underwater videos are presented.

Finally, conclusions and future work are presented in Chapter 7.
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Chapter 2

Analysis of the Spectra of Moving
Objects in Light Field Videos

2.1 Introduction

The spectrum of an LFV that corresponds to a Lambertian object moving with con-
stant velocity is analyzed in this chapter. Furthermore, it is shown that such moving
objects can be enhanced based on their depth and velocity by employing 5-D depth-
velocity filters.

A Lambertian object may be assumed to be comprised of Lambertian surfaces!.
A Lambertian surface may be considered as a collection of Lambertian point sources
and, therefore, the LF of a Lambertian object is given by the superposition of the LF's
of corresponding Lambertian point sources. Consequently, in the analysis presented
in this chapter, we mainly pay our attention to the LF and LFV representations of
Lambertian point sources and their spectra.

We begin the analysis by showing that a Lambertian point source moving with a
constant velocity (i.e., having a linear trajectory) is represented as a 3-D hypersurface
of constant value in the continuous-domain LFVs. Next, it is shown that when
the motion of the Lambertian point source is parallel to the camera plane (i.e., the
Lambertian point source moves at a constant depth), the 3-D hypersurface is reduced
to a 3-D hyperplane. For this case, we derive the spectrum of the LF'V and its ROS
in closed form. The ROS of the spectrum is a plane through the origin in the 5-D

LA Lambertian surface scatters incoming light uniformly in all directions. In other words, the
bidirectional reflectance distribution function (BRDF) of a Lambertian surface is constant [79](ch.
2.2).
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continuous frequency domain. Based on the analysis for a Lambertian point source,
the ROS of the spectrum of a continuous-domain LF'V| corresponding to a Lambertian
object moving with a constant velocity and at a constant depth, is derived. For this
case, it is shown that the ROS of the spectrum is a skewed 3-D hyperfan in the 5-D
continuous frequency domain. The degree of skewness of the 3-D hyperfan depends on
both velocity and depth of the moving object whereas the angle of the 3-D hyperfan
depends on the depth range occupied by the moving object. Furthermore, it is shown
that the essential bandwidth of the spectrum is finite along the temporal frequency
dimension and, therefore, the corresponding discrete-domain LFV can be generated
with negligible aliasing by employing a sufficiently high temporal sampling rate. The
analysis is concluded by deriving the ROS of the spectrum for a discrete-domain LFV
sampled with negligible aliasing and illustrating it through numerical simulations.
The rest of the chapter is organized as follows. In Section 2.2, LF parameteri-
zation, the LF representation of a Lambertian scene and its spectrum are reviewed.
In Section 2.3, a detailed analysis of the LF'V representation of a Lambertian point
source moving with constant velocity and its spectrum is presented. Furthermore, the
ROS of the spectrum of an LF'V corresponding to a Lambertian object moving with
constant velocity and at constant depth is derived and illustrated through numerical

simulations. Finally, a summary of the chapter is presented in Section 2.4.

2.1.1 Notation

The following notation scheme is employed in this dissertation. Lowercase letters
are used to denote 4-D LF and 5-D LFV signals whereas uppercase counterparts
are used to denote their spectra. In addition, an alphanumeric subscript scheme
is utilized in order to avoid the ambiguity of the dimension and domain of the LF
and LFV signals (and their spectra) denoted by the same letter. The alphanumeric
subscripts are comprised of two elements: a number, denoting the dimension of the
signal, followed by the uppercase letter “C” or “D”, denoting the continuous and
discrete domains, respectively. For example, [4¢(-) is a 4-D continuous-domain LF
signal whereas [5p(-) is a 5-D discrete-domain LFV signal. Their spectra are denoted
by Lyc(-) and Lsp(-), respectively. Vectors and matrices are denoted by lowercase
and uppercase bold letters, respectively. The superscript “T” is employed to denote
the transpose of a vector or a matrix. Furthermore, uppercase calligraphic letters in

conjunction with the above mentioned alphanumeric subscript scheme are employed
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to denote sets.

2.2 Review of LF Representation of a Lambertian

Scene and Its Spectrum

We review the LF representation of a Lambertian scene and its spectrum, i.e. the
Fourier transform, in this section. To this end, we first consider the standard two-

plane parameterization [31] [32] of a LF.

2.2.1 Two-Plane Parameterization of a LF

The light rays of a LF can be parameterized in number of ways [2] [3] [80](ch. 2.1).
The most widely employed LF parameterization is the standard two-plane parame-
terization, where each light ray is parameterized by its intersections with two par-
allel planes: the camera plane and the image plane. Note that, in a more general
two-plane parameterization, the camera and image planes are not necessary to be
parallel [3] [80](ch. 2.1). Two other possible LF parameterizations are the two-sphere
parametrization [81] [82] and the sphere-plane parameterization [81].

Two variants of the two-plane parameterization are shown in Figures 2.1 (a) and
2.1 (b). The main difference between the two variants is the image coordinates (u,v)
are defined globally in one case and locally in the other case, with respect to the
camera position (x,y). Note that, in the case of a camera array, the camera plane
xy corresponds to the plane containing the principal planes? of the camera lenses,
and the image plane uv corresponds to the coplanar focal planes of the cameras.
Under the two-plane parameterization with the locally defined image coordinates, all
rays with identical (u,v) values are parallel whereas all rays with v = v = 0 are
perpendicular to the two planes, which results more compact expressions for the LF
representation [61]. Consequently, the two-plane parameterization with the locally
defined image coordinates, henceforth referred to as simply the two-plane parame-
terization for brevity, is employed throughout in this dissertation unless otherwise

specified.

2The principal planes of an optical system are the two hypothetical planes at which the lateral
magnification is equal to unity [83](ch. 4.3). These planes can be obtained by the locus of intersection
of incident light rays parallel to the axis and by the light rays directed to the focus [84](ch. 7.1).
For a thin lens system in air, the principal planes are coincident and pass through the optical center
of the thin lens [84](ch. 7.1).
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Figure 2.1: The two-plane parameterization of a Lambertian scene comprised of an
object having Lambertian surfaces; (a) with globally defined image coordinates (u, v);
(b) with locally defined image coordinates (u,v).

The pinhole camera model [84](ch. 6.2) is employed in the two-plane parameteri-
zation, and each ray r is represented by the 4-tuple (z,y,u,v) € R*, where the coor-
dinates (z,y) and (u,v) represent the position and direction of the ray, respectively.
In the following review and in the analysis presented in Section 2.3, for simplicity,
the scene is assumed to have no occlusion. Furthermore, windowing effects due to
the finite number of cameras and due to the limited field-of-view of each camera are

ignored, i.e. both the camera plane xy and the image plane uv are assumed to be of
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infinite extent.

2.2.2 LF Representation of a Lambertian Point Source and

Its Spectrum

Consider the two-plane parametrization of a Lambertian point source of intensity
(or radiance) [y shown in Figure 2.2. In this case, the Lambertian point source is
represented as a plane of constant value [y in the corresponding 4-D continuous-

domain LF lyc(z,y,u,v) [44]. The plane is given by the intersection of the two 3-D

hyperplanes?
mz+u+c, =0 (2.1a)
my +v+c, =0, (2.1b)
having normal vectors cscz = [m,0,1,0]" and cycy = [0,m,0,1]T, respectively,
where
D
= = 2.2
=2 (2.22)
-D
Cp = ——0 (2.2b)
20
—-D
¢, = —2 (2.2¢)
<0

where (29,90, 20) € R? x RT is the position of the Lambertian point source and D
is the distance between the camera plane xy and the image plane uv [44]. The LF

lyc(z,y,u,v) may be expressed as
Lic(z,y,u,v) = lyd(mx +u+c;) d(my + v+ ¢y), (2.3)

where 0(+) is the 1-D continuous-domain impulse function [86](ch. 6.2) [87](ch. 2.1).
The spectrum of lyc(x, y, u,v), Lic(, Qy, R, Q) can be obtained as [44] [63]

Lic(Q, Q) Qu, Q) = 4721 6(Q — m,) 6(Q, — mS,)

x ¢l (Pueetiuey) (2.4)

Y

3An n-D hyperplane, where n = 3,4, means an n-D manifold in the (n+1)-D space that is uniquely
determined by the (n + 1)-D normal vector and an (n + 1)-D point on the n-D hyperplane [85](ch.
66).
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Figure 2.2: (a) Two-plane parametrization of a Lambertian point source of intensity
lo; (b) the representation of the Lambertian point source in the xu subspace.

where (4, Q,, Qu, Q,) € R%

2.2.3 ROS of the Spectrum

The ROS Pyc of the spectrum Lyc (€2, §2y, 2y, €2,) can be obtained from (2.4) as [44]
[63]

P4C - H4C,a:u N H4C,yv7 (25)

where
Hicou = {(Qz, Qy, 0, Q) € R Q, — mQ, = 0} (2.6a)
H4C,yv = {(va an Qua Qv) S R* | Qy —mfl, = 0}~ (2.6b)

The ROS Pyc, illustrated in Figure 2.3, is a plane through the origin in the 4-D
continuous frequency domain, which is given by the intersection of the two 3-D hy-

perplanes

Q,—m, =0 (2.7a)
Q, — mQy =0 (2.7b)
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Figure 2.3: The ROS of the spectrum of a Lambertian point source, Pyc, (a) Hic zu
in the Q,Q, subspace; (b) Hacye in the ,Q, subspace; as zy varies in the range
(0,00), a varies in the range (0°,90°).

having normal vectors dsc 4 = [1,0, —m, 0]T and dyc 4 = [0, 1,0, —m|T, respectively.
Note that, the ROS Py depends only on the depth 2, of the Lambertian point
source [44] [63].

In the case of a Lambertian object, where the depth varies in a range, i.e. zg €
[dmin, dmaz) (see Figure 2.1), the ROS of the spectrum, Oy, is obtained as

Ousc = JPuc

20

= U (7_[40,:pu N H4C,yv) 5 (28>

20

which is a 3-D hyperfan in the 4-D continuous frequency domain [9](ch. 4) [47]. The
angle of the 3-D hyperfan depends on the depth range occupied by the Lambertian
object. Figure 2.4 illustrates the ROS Oyc¢.
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Figure 2.4: The ROS of the spectrum of a Lambertian object, Oyc, (a) in the Q,,
subspace; (b) in the 2,2, subspace. The angle of the 3-D hyperfan depends on the
depth range 2y € [dnin, dmaz] 0ccupied by the Lambertian object.

2.3 Analysis of the Spectrum of a Lambertian Ob-
ject Moving with Constant Velocity

2.3.1 LFV Representation of a Lambertian Point Source

Consider the case shown in Figure 2.5, where a Lambertian point source of intensity
lp moves with the constant velocity V = [V,,V,, V.]. Similar to the 4-D continuous-
domain LF representation of a Lambertian point source, as discussed in the previous
section, the 5-D continuous-domain LFV I5¢(x), x = [z,9,u,v,t]* € R® may be

expressed as

lsc(x) = lod(m(t)x + u+ cu(t)) S(m(t)y + v + ¢y (1)), (2.9)
where
D
m(t) = 0 (2.10a)
- _Dxp(t)

c(t) = e (2.10b)

—Dy,(t) .

cy(t) = D) (2.10¢)
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D
Vy
V.
lo ¢
v Va
|__— u (zp(t), yp(t), 2p(1))

Ya

(@p(t), yp(t), 2p(t))

Figure 2.5: (a) A Lambertian point source of intensity ly moves with the constant
velocity V = [V,,V,, V.]; (b) the representation of the Lambertian point source in
the zu subspace.

In this case, similar to the constant intensity assumption [88|(ch. 2.3) employed in
analysis of moving objects in conventional 3-D videos, we assume that the intensity
lo of the Lambertian point source does not change with time, i.e. the scene is under

homogeneous ambient illumination. Because

xp(t) = Vit + 2o (2.11a)
yp(t) = Vyt + yo (2.11b)
(1) = Vit + o, (2.11c)
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where (z9, Y0, 20) € R? x RT is the position of the Lambertian point source at ¢ = 0,
after some manipulation, (2.9) can be rewritten as

lso(x) = lod(ma + u + kyt — k,ut + ¢;)
X 8(my + v+ kyt — kot +¢y), (2.12)

where m, ¢, and ¢, are given by (2.2a), (2.2b) and (2.2c), respectively, and

-D
L (2.13a)
20
-D
k, = Yy (2.13b)
20
k, = Vs (2.13¢)
20

According to (2.12), the Lambertian point source is represented in the LFV l5¢(x) as
a 3-D hypersurface of constant value ly, which is given by the intersection of the two

4-D hypersurfaces

mx +u+ kit — kyut + ¢, =0 (2.14a)
my + v+ kyt — kot +¢, =0. (2.14Db)

In the case, where the Lambertian point source moves at a constant depth zy, i.e.
V., =0, (2.12) reduces to

lso(x) = lod(ma + u + kyt + ;) 0(my + v + kyt + ¢). (2.15)

In this case, the Lambertian point source is represented in the LFV [5¢(x) as a 3-D
hyperplane of constant value ly, which is given by the intersection of the two 4-D

hyperplanes

mx +u+ kit +c, =0 (2.16a)
my +v+ kit +c, =0 (2.16b)

having normal vectors ¢sczut = [m,0,1,0,k,]T and csc o = [0,m,0,1,k,]", respec-

tively.
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2.3.2 Spectrum of a Lambertian Point Source Moving at a
Constant Depth

In this subsection, the spectrum of l5¢(x) is derived in closed form for the case V, = 0.

The spectrum Lsc(€2), @ = [Q, Qy, Qu, Qp, Q)T € RS, can be obtained as

L5c(Q) = 87'[‘3l0 (S(Qz — mQu) 5(Qy — va)
X 6(Q — ko Qy — k, Q) o Gucatoey) (2.17)

as derived in Appendix A. Note that, similar to the spectrum of an object moving
with constant 2-D spatial velocity in a conventional 3-D video [88] (ch. 2.3), (2.17)

can be expressed as
Lsc(Q2) = 21 Lac(Qy, 0y, Qu, Q) 0 — Kk Qy — Ky €2,), (2.18)

where Lyc (£, 2y, 4, €2,) is the spectrum of the time-invariant LF of the Lambertian
point source as given in (2.4).
From (2.17), the ROS of the spectrum, Psc, can be obtained as

PSC = HSC,IU N HBC,yU N HSC,uvta (219)
where
Hscww = {2 € R” | Q, —mQ, = 0} (2.20a)
Hscyo = {Q € R* [ Q, —mQ, = 0} (2.20D)
H5C,uvt = {Q € RE) ’ Qt - k:pQu - kva = 0}, (220C)

which are illustrated in Figures 2.6(a)-2.6(c), respectively. The ROS Ps¢ is a plane
through the origin in the 5-D continuous frequency domain, which is given by the

intersection of the three 4-D hyperplanes

Q, —mQ, =0 (2.21a)
Q, —mQ, =0 (2.21b)
D — ko — k0 = 0 (2.21¢)

having normal vectors dsc 4 = [1,0, —m,0,0]", dsc 4o = [0,1,0, —m, 0]T and dsc ypr =
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Q, Q,
A A
Qy —mQ, =0 Q,—mf, =0
[0 QL « Qy
0 - 0 -
(a) (b)
Q

O — kS — Ky, = 0

Qu
(c)
Figure 2.6: The ROS of the spectrum, Psc, (a) Hsczw in the .9, subspace; (b)

Hsc o in the Q,, subspace; as 2z varies in the range (0,00), « varies in the range
(0°,90°). (¢) Hscuwt in the 2,8,Q; subspace.

0,0, —k,, —k,, 1]*, respectively. Note that the ROS Psc depends on both the con-
stant velocity vector V = [V,,, V,,,0]" and the depth z of the Lambertian point source,
implying that Lambertian point sources moving with different constant velocities or
at different depths ideally have non-overlapping ROSs except at the origin. This fact
s the basis for enhancing moving objects in LEVs by employing 5-D depth-velocity

filters described in this dissertation.
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2.3.3 ROS of the Spectrum of a Lambertian Object Moving
at a Constant Depth

In the context of filter design, the ROS of the spectrum is more important than the
spectrum itself since the most of the design specifications, such as cutoff frequencies,
of a filter are determined based on the ROS of the spectra of signals to be filtered. In
this subsection, we derive the ROS of the spectrum of a Lambertian object moving
with V = [V,,V,,0]".

The Lambertian object may be considered as a collection of Lambertian point
sources having depth zy € [dmin, dmas] (see Figure 2.1). Therefore, the ROS of the
spectrum, Osc, can be obtained as the union of the ROSs of the spectra of the
corresponding Lambertian point sources because of the linearity of the Fourier trans-
form [73](ch. 1.3) [74](ch. 1.2), i.e.

Osc = Psc

20

= J Msceu N Hscyo N Hscunt) - (2.22)

20

The ROS Osc, illustrated in Figure 2.7, is a skewed 3-D hyperfan in the 5-D continuous
frequency domain. Here, 3-D hyperfan means a 3-D manifold that can be formed by
sweeping a plane through the 4-D or 5-D space [9](ch. 4) [47]. The degree of skewness
of the 3-D hyperfan depends on both velocity and depth of the moving object whereas
the angle of the 3-D hyperfan depends on the depth range occupied by the moving
object. Note that, similar to 4D LFs, we observe a dimensionality gap in the ROS of
the spectrum; that is the 5-D LFV is reduced to a 3-D manifold in the 5-D continuous
frequency domain. In this case, one dimension is reduced due to the fact that the
Lambertian scene is in fact in the 3-D space even though it is represented as 4-D in
the corresponding LF [64]. In other words, the parameter m in (2.16a) and (2.16b) is
the same for both 4-D hyperplanes for a point in the 3-D space. The other dimension

is reduced as a consequence of the constant intensity assumption.
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Figure 2.7: The ROS of the spectrum, Osc, (a) in the Q,Q, subspace; (b) in the
,Q, subspace; (c) in the Q,2,Q; subspace.

2.3.4 ROS of the Spectrum Corresponding to a Discrete-
Domain LFV

An LFV obtained from an LFV camera is in fact a discrete-domain (sampled) signal.
Consequently, processing of LFVs is carried out in the discrete-domain. In this subsec-
tion, we derive the ROS of the spectrum corresponding to a discrete-domain LFV. To
this end, we assume that the discrete-domain LEV l5p(n), n = [ng, ny, ny, ny, )" €
77, is generated by rectangularly sampling the corresponding continuous-domain LFV

l5¢(x), with the sampling matrix

A = diag[Az, Ay, Au, Av, At], (2.23)
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where the term “diag” denotes a diagonal matrix and Ai, ¢ = x,y,u,v,t, is the
sampling interval along the corresponding dimension. Furthermore, the 5-D principal
Nyquist hypercube in the 5-D discrete frequency domain w (= [wy, Wy, Wy, Wy, w]T €

R®, where w; = Q;Ai, i = x,y,u,v,t) is defined as
/\/'5Dé{w€]R5| —ﬂgwigw,i:x,y,u,v,t}. (2.24)

The discrete-domain spectrum Lsp(w) is a periodic extension of the corresponding
continuous-domain spectrum Lsc(€2) and is given by [73](ch. 1.4) [74](ch. 2.2)

1
L =—— S Lo(Q-2rA"'k 2.2
5D(w) ]detA| ; 5C ( ™ ) ) ( 5)

where k € Z® and the term “det” denotes the determinant of a matrix. Even though
the spectrum of an LF is, in general, band unlimited, most of the energy of the
spectrum resides within a finite 4-D hypervolume denoted as the essential band-
width [66] [67]. Therefore, most LFs can be sampled with negligible aliasing. It
is clear from (2.17) and especially from (2.18) that the maximum temporal frequency
of L5c(£2) depends only on the maximum values of k, and k,, and the essential band-
width of Ly (£, Qy, Qy, Q,) on the , and ©, dimensions. Consequently, with finite
k, and k,, we can conclude that the essential bandwidth of Lsc(£2) on the €2, di-
mension is finite. Therefore, the continuous-domain LFV [5¢(x) can be sampled with
negligible aliasing by employing a sufficiently high temporal sampling rate and, for
this case, the ROS of the spectrum, Osp, inside Nsp is obtained as

Osp = U (Hsp,2u N Hspyo N Hsb,uot) » (2.26)
where
mAx
Hsp pu = {w € Nsp | w, — ( Au ) Wy, = 0} (2.27a)
mAy
HBD,yv =<JdwE N5D Wy — wy, =0 (22713)
Av
kAt k, At
Hsp,uvt = {w € Nsp | wi — ( Au ) Wy — ( ZU ) Wy = 0} . (2.27¢)
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(b)

n
X

Figure 2.8: The epipolar-plane images of the generated LFV (a) 10th frame; (b) 40th
frame.

2.3.5 Numerical Simulation of the ROS of the Spectrum

In this subsection, we present the numerically simulated ROS of the spectrum of a
discrete-domain LFV that corresponds to a Lambertian object moving with a constant
velocity and at a constant depth. Note that, for illustration purposes, the LFV is
restricted to the z, u and t dimensions. The time-invariant intensity pattern of the
Lambertian object is selected as sinusoidal in space and the velocity V, is selected as
3 pixels/frame. Furthermore, the distance D between the camera plane xy and the
image plane wv is selected as 50 cm, and the Lambertian object occupies the depth
range [30,70] cm. The LFV of size 256 x 128 x 64 is numerically generated. The
epipolar-plane images [89] corresponding to the 10th and 40th frames of the LE'V are
shown in Figures 2.8 (a) and 2.8 (b), respectively.

In the present case, where only the x, u and ¢ dimensions are incorporated, the

ROS of the spectrum, Osp, inside Nap can be obtained, by following a procedure
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similar to that employed in the previous subsection, as

O?)D = U (H?)D,a:u N HSD,ut) ; (228)
20
where

A
/Hg]:)@u = {w S NgD ‘ Wy — <m I) Wy = 0} (229&)

Au

k. At
ut = — = = ) 2.29b
Hsp,ut {WENIiD‘Wt (Au)w } ( )
Note that, in this case, w = [w,,w,,w]’ € R? and Nsp is the principal Nyquist

cube in the 3-D discrete frequency domain. The ROS of the spectrum corresponding
to a single depth 2, is a straight line through the origin of which the orientation
is determined by the depth 2, and the velocity V,. For a Lambertian object where
depth zg € [dimin, dmaz), the ROS is a collection of straight lines that resembles a
skewed fan-shaped surface inside N3p, with the degree of skewness depending on the
velocity and depth. For example, for V, = 0, the fan lies on the w,w, plane, and as
V. increases, the angle between the fan and the w,w, plane increases.

The ROS of the spectrum of the numerically generated LF'V is shown in Figure 2.9.
It is observed that the ROS of the spectrum is approximately a fan-shaped surface
inside N3p. Consequently, the numerically obtained ROS of the spectrum is consis-
tent with the theoretically predicted ROS of the spectrum. The slight deviations of
the numerically obtained ROS of the spectrum from an ideal fan-shaped surface are
mainly due to windowing effects caused by the finite number of samples available for

z and v dimensions.

2.4 Summary

A LF can be parameterized in number of ways. The most widely employed LF
parameterization is the standard two-plane parameterization, where a light ray is
parameterized by its intersections with two parallel planes: the camera plane zy and
the image plane uv. In the two-plane parameterization, each light ray is represented
by the 4-tuple (x,y,u,v), where the coordinate (z,y) represents the position of the
light ray while the coordinate (u,v) represents the direction of the light ray.

A Lambertian point source is represented as a plane of constant value in the
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Figure 2.9: The ROS of the spectrum of the numerically generated LFV. The mag-
nitude of the spectrum is normalized, and the iso-surface is drawn at 0.05.

corresponding 4-D continuous-domain LF l4c(z,y,u,v). The ROS of the spectrum
Lyc(9,8,,,,Q,) is a plane through the origin in the 4-D continuous frequency
domain. Furthermore, the ROS depends only on the depth of the Lambertian point
source. In the case of a Lambertian object, the ROS of the spectrum is a 3-D hyperfan
in the 4-D continuous frequency domain. The angle of the 3-D hyperfan depends on
the depth range occupied by the Lambertian object.

A Lambertian point source moving with a constant velocity is represented as a
3-D hypersurface of constant value in the corresponding 5-D continuous-domain LE'V
lsc(x). When the motion of the Lambertian point source is parallel to the camera
plane, i.e. the Lambertian point source moves at a constant depth, the 3-D hyper-
surface is reduced to a 3-D hyperplane. For this case, the spectrum Lsc(€2) and
its ROS are derived in closed form. The ROS of the spectrum is a plane through
the origin in the 5-D continuous frequency domain. The ROS of the spectrum of a
continuous-domain LFV corresponding to a Lambertian object moving with a con-

stant velocity and at a constant depth is derived in closed form. It is shown that
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the ROS is a skewed 3-D hyperfan in the 5-D continuous frequency domain. The
degree of skewness of the 3-D hyperfan depends on both velocity and depth of the
moving object whereas the angle of the 3-D hyperfan depends on the depth range
occupied by the moving object. The 3-D hyperfans corresponding to the ROSs of the
spectra of Lambertian objects moving with different constant velocities or at different
constant depths do not overlap except at the origin in the 5-D continuous frequency
domain. This allows enhancement of such objects based on their depth and velocity
by employing 5-D depth-velocity filters.

The essential bandwidth of the spectrum is finite along the temporal frequency
dimension {2, and, consequently, the corresponding discrete-domain LF'V can be gen-
erated with negligible aliasing by employing a sufficiently high temporal sampling
rate. The ROS of the spectrum of a discrete-domain LFV corresponding to a Lam-
bertian object moving with a constant velocity and at a constant depth is derived in
closed form. Furthermore, the ROS of the spectrum is numerical simulated. The nu-
merically simulated ROS of the spectrum well agrees with the theoretically predicted
ROS of the spectrum.
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Chapter 3

Novel 5-D FIR Depth-Velocity
Filter

3.1 Introduction

Multi-dimensional FIR filters are widely employed in image, 3-D conventional video
and LF processing applications [51] [73] [74] [88] [90]. Major reasons for their popu-
larity in those applications are: the design of multi-dimensional FIR filters is simple
compared to IIR counterparts, and they can be designed to have zero- or linear-phase
responses. The other prominent feature of the multi-dimensional FIR filters over IIR
counterparts is that they are always stable.

It is clear from the spectral analysis presented in Chapter 2 that the ROSs of the
spectra of objects moving with different constant velocities or at different depths are
distinct and do not overlap except at the origin. Consequently, by employing a 5-D
depth-velocity filter of which the passband encompasses the ROS of the spectrum
of the object of interest and the stopband encompasses the ROSs of the spectra
of interfering objects, the object of interest can be enhanced while attenuating the
interfering objects.

A novel 5-D linear-phase FIR depth-velocity filter having a planar passband in
the 5-D frequency domain is proposed in this chapter. The planar passband of the
proposed 5-D FIR depth-velocity filter is realized by cascading three 5-D FIR filters
having 4-D hyperplanar passbands of appropriate orientations in the 5-D discrete fre-
quency domain. The 5-D FIR filters having 4-D hyperplanar passbands are designed
by employing the so-called windowing method [73](ch. 3.3) [74](ch. 5.1). The per-
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formance of the proposed 5-D FIR depth-velocity filter in enhancing moving objects
in LFVs is tested by employing a numerically generated LFV and an LFV of a real
scene, generated by means of a commercially available Lytro LF camera. Experimen-
tal results confirm the effectiveness of the proposed 5-D FIR depth-velocity filters
over 4-D FIR depth filters and 3-D FIR velocity filters.

The rest of the chapter is organized as follows. The design of the proposed 5-
D FIR depth-velocity filter is described in detail in Section 3.2. In Section 3.3,
experimental results of enhancing moving objects in LE'Vs by using the proposed 5-D
FIR depth-velocity filter are presented. Furthermore, we discuss the performance
limitations of the proposed 5-D FIR depth-velocity filter. In Section 3.4, the effects
of non-Lambertian reflections and occlusion on the performance of the 5-D depth-
velocity filters are briefly discussed. Finally, a summary of the chapter is presented

in Section 3.5.

3.2 Design of the 5-D FIR Depth-Velocity Filter

The structure of the 5-D FIR depth-velocity filter H(z), z = [zs, 2y, Zu, 20, 2¢) T € C5,
is shown in Figure 3.1. The 5-D FIR depth-velocity filter is designed as a cascade of
three 5-D FIR filters H,,(z), Hy,(z) and H,.(z), and the transfer function H(z) is
given by

H(z) = Hy(z) Hyy(2) Hyut(2). (3.1)

The passband of each of the three 5-D FIR filters is selected as 4-D hyperplanes
inside the 5-D principal Nyquist hypercube N5p. In particular, the passbands of
H,.(z), Hy,(z) and H,.(z) encompass the 5-D hypervolumes given by

BSD,xu = UHBD,xu (32&)
B5D,yv - UH5D,yv (32b)
B5D,uvt - UH5D,uvt (32C)

20

respectively, as illustrated in Figure 3.2. Recall that Hsp zu, Hsp yo and Hsp 4 are the

4-D hyperplanes corresponding to the ROS of the spectrum of the object of interest
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l5D(n) T5D(n)
—> H,,(z) Hy,(z) Hoor(2) —

Figure 3.1: Structure of the 5-D FIR depth-velocity filter.

and are given by (2.27a), (2.27b) and (2.27c), respectively. The overall passband Bsp
of H(z), which is a 5-D hypervolume inside the 5-D principal Nyquist hypercube Njp,

is given by the intersection of Bsp zu, Bspyw and Bsp e, i-€.

Bsp = (U HSD,M> N (U HsD,yv> N (U ’HsD,m) : (3.3)

20

Note that the 3-D hyperfan corresponding to the ROS Osp of the spectrum of the
object of interest, given by (2.26), is a proper subset of Bsp. Consequently, the
passband of H(z) completely encompasses the ROS of the spectrum of the object
of interest. Furthermore, most of the ROSs of the spectra of interfering objects lie
outside the passband of H(z).

3.2.1 Design of the 5-D FIR Filters H,,(z) and H,,(z)

The passbands of the 5-D FIR filters H,,(z) and H,,(z) have similar characteristics.
In particular, they occupy the similar areas of parallelograms on the w,w, and wyw,
planes, respectively. Moreover, the passbands of H,,(z) and H,,(z) are independent
of three dimensions inside the 5-D principal Nyquist hypercube Nsp. Consequently,
the design methods of H,,(z) and H,,(z) are similar, and we present the design
method only for H,,(z) in detail.

The frequency-domain specifications of the ROS of H,,(z) are shown in Figure 3.3.
The parameter a, € (0,00) determines the orientation of the 4-D hyperplaner pass-
band whereas b, and b,, where b,,b, € RT, are the bandwidths of the filter along
the w, and w, dimensions, respectively. Note that b, = b,/a,. The ideal frequency

response of H,,(z), inside Nsp, may be expressed as

; 17 Ay Wy, — ba: S Wy S Ay, + bac
H,,(e'%) = (3.4)
0, otherwise.

The ideal infinite-extent impulse response hl, (n) of H,,(z) is derived in Appendix B.
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Figure 3.2: The ROS of the spectrum of the object of interest (solid) and the passband
(cross-hatched) of (a) Hy,(z) on the w,w, plane; (b) Hy,(z) on the wyw, plane; (c)
H,i(z) in the w,wyw; space.

Then, the finite-extent impulse response h,(n) of H,,(z) is obtained as

heu() = hﬂlﬁu(n) Wao (N, M)

= [gru(na, ) Wou(nz, n)] 6(ny)3(n0)d(n0), (3:5)

where Wy, (nz,m,) is a 2-D separable or circular window of size (M, + 1) x (M, +
1) [73](ch. 3.3) [74](ch. 5.1), where M,, M, € N. Note that the order of H,,(z) is
M, x0x M, x0x0.

With the passband considered in deriving h,,(n) (see Figure 3.3), for the range
(0,1) of the parameter a,, the passband of H,,(z) has undesired ROSs as shown in
Figure 3.4. Nevertheless, this drawback can be avoided by employing the symme-
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Wy = AyWy — Oy Wy = Quly + br
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Hyu(22, 2u)
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-
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Figure 3.3: Frequency-domain specifications of the ROS of H,,(z) on the w,w, plane.
The parameter a, determines the orientation of the 4-D hyperplaner passband. b,

and b, are the bandwidths of the filter along the w, and w, dimensions, respectively,
and b, = b, /a,.

try of the passbands corresponding to a, and 1/a, around the diagonal defined by
the line w, = w, inside the 2-D principal Nyquist square A5p on the w,w, plane.
More specifically, in calculating gl (ng,n,) from (B.3a)-(B.3d), a, and b, should
be replaced with 1/a, and b;, respectively, and [giu(nx,nu) wxu(nx,nu)]T should be
used instead of [gl,(ns,ny) weu(ny, n,)] in (3.5). Furthermore, in this case, the 2-D
window should be of size (M, +1) x (M, + 1) rather than of size (M, +1) x (M, +1).

The design of H,,(z) can be carried out similar to the design of H,,(z). In
particular, the finite-extent impulse response h,,(n) of H,,(z) of order 0 x M, x 0 x

M, x 0 can obtained as

hyo(n) = hgfw(n) Wy (ny, 1)

=[98, (ny, ns) wy(ny, n0)] 6(na)d(na)(ne), (3.6)

where g/, (n,,n,) can be obtained from (B.3a)~(B.3d) by replacing n, and n, with
n, and n,, respectively, and a, and b, with the counterpart parameters a, and b,,
respectively. Note that wy,(n,,n,) is a 2-D separable or circular window of size
(M, + 1) x (M, + 1) [73](ch. 3.3) [74](ch. 5.1), where M, M, € N, and b, = b,/a,.
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Figure 3.4: The ROS of H,,(z) on the w,w, plane for a, € (0,1).

3.2.2 Design of the 5-D FIR Filter H,,(z)

The frequency-domain specifications of the ROS of H,(z) are shown in Figure 3.5.
The parameters a, € (—o0,00) and a, € (—00,00) determine the orientation of
the 4-D hyperplaner passband whereas b,, b, and b;, where b,,b,,b, € R*, are the
bandwidths of the filter along the w,, w, and w; dimensions, respectively. Note that
b, = b;/|a,| and b, = b;/|a,|. The ideal frequency response of H,(z), inside Nyp,
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Figure 3.5: Frequency-domain specifications of the ROS of H,,(z) in the w,w,w;
space. The parameters a, and a, determine the orientation of the 4-D hyperplaner
passband. b,, b, and b; are the bandwidths of the filter along the w,, w, and w;
dimensions, respectively. Note that b, = b;/|a,| and b, = b;/|a,]|.

may be expressed as

. 1, auw, + aywy, — by < wp < aywy + apwy, + b
Huvt(ejw) - ' ' ! (37)

0, otherwise.

The ideal infinite-extent impulse response hl ,(n) of H,,(z) is derived in Appendix C.

Then, the finite-extent impulse response h;(n) of Hy.(z) can be obtained as

huvt(n) - hi'yt(n> Wyt (nuy Ny, nt)

= [givt(nw Ty, nt) wuvt(”m Ny, nt)} 5(nz)6(ny), (38)

where Wyt (1, 1y, 1) is a 3-D separable or spherical window of size (M, +1) x (M, +
1) x (M + 1) [73](ch. 3.3) [74](ch. 5.1), where M,,, M,, M, € N. Note that the order
of Hyw(z) is 0 x 0 x M, x M, x M,.

Similar to the passbands of H,,(z) and H,,(z), the passband of H,,(z) has un-
desired ROSs for some values of a, and a,. This undesired property of H,.(z)
is studied using extensive numerical simulations. The passband of H,,(z) is free
from the undesired ROSs, if |a,l,|a,| € [0,0.5]. Furthermore, if |a,|,|a,| € [2,00)
(or 1/]ayl,1/|a,| € (0,0.5]), Hyuw(z) can be designed to have no undesired ROSs
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in the passband by employing the symmetry of the passbands inside the 3-D prin-
cipal Nyquist cube AN3p in the w,w,w; space and appropriate permutations of the
dimensions, as employed in the design of H,,(z) and H,,(z). Unfortunately, if
|ay|, |a,| € (0.5,2), the passband of H,.(z) suffers from the undesired ROSs, which
may degrade the performance of the 5-D FIR depth-velocity filters in attenuating in-
terfering objects and noise. Nevertheless, thanks to the fact that the undesired ROSs
of the passband act like a highpass filter and most of natural scenes are lowpass sig-
nals, the effects of the undesired ROSs of the passband may be negligible for most
of natural scenes. Furthermore, it is worthwhile to note that the multi-dimensional
FIR filters having planar passbands (without undesired ROSs) can be designed by
appropriately rotating the passband of a 1-D FIR lowpass filter. This fact is further

discussed in the section “Future Work” in Chapter 7.

3.3 Experimental Results

The concept of the 5-D depth-velocity filtering of LFVs to enhance moving objects
is experimentally proved in this section. First, experimental results obtained for a
numerically generated LF'V are presented, and the effectiveness of the proposed 5-
D FIR depth-velocity filter in enhancing moving objects is confirmed. Then, the
proposed 5-D FIR depth-velocity filter is employed to enhance a moving object in an
LFV of a real scene, which is generated using a Lytro LF camera, and it is shown that
the proposed 5-D FIR depth-velocity filter is capable of exposing heavily occluded

parts of a scene and of attenuating noise significantly.

3.3.1 Numerically Generated LFV

The numerically generated LFV contains three Lambertian planar objects moving
with constant velocity and at constant depth. All the three planar objects have a
Lambertian intensity pattern that resembles a checkerboard of 8 x 8 squares. The
other specifications of the three planar objects are presented in Table 3.1. The dis-
tance D between the camera plane and the image plane is selected as 50 cm. Note that
the object of interest and the first interfering object move at the same depth so that
the first interfering object can not be attenuated using 4-D depth filters. On the other
hand, the object of interest and the second interfering object move with the same ap-

parent velocity so that the second interfering object can not be attenuated using 3-D
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Size Depth | True velocity | Apparent velocity
Object type height x width | 2 Ve, Vi, V2 [—Fkz, —Fky, —F.]
(cm?) (cm) | (cm/frame) (pixels/frame)
Object of interest 50 x 50 50 [1,1,0] [1,1,0]
Interfering object 1 50 x 50 50 [1,—-2,0] [1,—-2,0]
Interfering object 2 10 x 10 10 [0.2,0.2,0] [1,1,0]

Table 3.1: Specifications of the Lambertian planar objects.

velocity filters. The generated LE'V is of the size 9 x 9 x 256 x 256 x 64, and the 15th
frame of the LFV corresponding to the central 25 sub-apertures (n,,n, = 3,4,...,7)
is shown in Figure 3.6. Note that all three objects appear with the same apparent
size in the LFV because the smaller object (interfering object 2) moves closer to the
camera plane.

The filters H,,(z) and H,,(z) are designed with the parameters a, = a, = 1 and
b, = b, = 0.027 rad/sample and by using a 2-D rectangular window of size 9 x 41.
The orders of the two filters are 8 x 0 x 40 x 0 x 0 and 0 x 8 x 0 x 40 x 0, respectively.
The magnitude response |H,,(e’*)| is shown in Figure 3.7. The magnitude response
of H,,(z) is similar to that of H,,(z). The filter H,(z) of order 0 x 0 x 40 x 40 x
40 is designed with the parameters a,,a, = —1 and b, = 0.027 rad/sample and
by using a 3-D rectangular window of size 41 x 41 x 41. The magnitude response
| Hyot(¢7%)| is shown in Figure 3.8. Note that two undesired ROSs exist in addition to
the desired passband. Also, note that |H,,(e’*)| has wider transition bands (similar
for |H,,(e’*)|) compared to the transition bands of |H,.:(e’*)| because the order of
H,,(z) for the n, dimension (similarly, the order of H,,(z) for the n, dimension) is
substantially lower compared to the orders of H,,(z) for the n,, n, and n; dimensions.
The order of the 5-D FIR depth-velocity filter H(z) is 8 x 8 x 80 x 80 x 40.

The numerically generated LFV is filtered with the proposed 5-D FIR depth-
velocity filter, a 4-D FIR depth filter and a 3-D FIR velocity filter. The 4-D FIR
depth filtered LFV is obtained by filtering the original LFV only with H,,(z) and
H,,(z). Similarly, the 3-D FIR velocity filtered LFV is obtained by filtering the
original LF'V only with H,;(z). The 15th frame of the original, the 4-D FIR depth
filtered, the 3-D FIR velocity filtered and the 5-D FIR depth-velocity filtered LFVs

corresponding to the central sub-aperture (n,,n, = 5) are shown in Figure 3.9. It
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Figure 3.6: The 15th frame of the numerically generated LFV corresponding to the
central 25 sub-apertures (n,,n, = 3,4,...,7). The middle object is the object of
interest; the bottom object is the interfering object 1 moving at the same depth
(but with a different apparent velocity) of the object of interest; the top object is
the interfering object 2 moving with the same apparent velocity (but at a different
depth) of the object of interest.

can be clearly observed that the first interfering object (bottom object) moving at
the same depth of the object of interest (middle object) is not attenuated by the
4-D FIR depth filter. Similarly, the second interfering object (top object) moving
with the same apparent velocity of the object of interest is not attenuated by the
3-D FIR velocity filter. On the other hand, both interfering objects are attenuated
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Figure 3.7: Magnitude response |H,,(e’*)| of the 5-D FIR filter H,,(z) in the w,w,
plane.
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Figure 3.8: Magnitude response |H,,;(¢/“)| of the 5-D FIR filter H,.(z) (a) —3 dB
iso-surface in the w,w,w; space (b) cross section obtained at w, = 0.

by the proposed 5-D FIR depth-velocity filter. This confirms the effectiveness of the
proposed 5-D FIR depth-velocity filters, compared to the 4-D FIR depth filters and

the 3-D FIR wvelocity filters, in enhancing objects moving with constant velocity and
at constant depth in LFVs.

3.3.2 Lytro-LF-Camera-Based LFV

The experimental setup employed to generate the LFV is shown in Figure 3.10. It is

comprised of a white truck (object of interest), a red truck (moving interfering object)
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(b)

() (d)

Figure 3.9: The 15th frame of (a) the original, (b) the 4-D FIR depth filtered, (c)
the 3-D FIR velocity filtered and (d) the 5-D FIR depth-velocity filtered (proposed)
LEVs corresponding to the central sub-aperture (n,,n, = 5). The middle object is
the object of interest; the bottom object is the interfering object 1 moving at the
same depth (but with a different apparent velocity) of the object of interest; the top
object is the interfering object 2 moving with the same apparent velocity (but at a
different depth) of the object of interest.

and a fence (static interfering object). The white and red trucks were manually moved
in planes approximately parallel to the camera plane, and a commercially available
Lytro LF camera [91] [92] was employed to capture the static LFs of the scene. The
scene is under homogeneous ambient illumination so that non-Lambertian reflections
are minimum. The depth ranges occupied by the white truck and the red truck are
[160,163] cm and [157,160] cm, respectively, whereas the fence is located at 8 cm
deep from the camera plane. The white truck was manually moved from right to left
with the speed of 1 cm per frame whereas the red truck was manually moved from left
to right with the speed of 1 cm per frame. Sixty LFs were captured, and each LF was
decoded by using the MATLAB LFToolbox (Version 0.3) [93]. The generated LFV is
of the size 9 x 9 x 220 x 360 x 60. The 20th frame of the LF'V corresponding to the
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; Object of interest
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Lytro camera/ a

Figure 3.10: The experimental setup employed to generate the LE'V of a real scene.
A Lytro LF camera was employed to capture the individual frames of the scene. The
white truck (object of interest) and the red truck (moving interfering object) move
at approximately the same depth. The fence is a static interfering object.

central 15 sub-apertures (n, =4,5,6 and n, = 3,4,...,7) is shown in Figure 3.11.
The frequency specifications for the 5-D FIR depth-velocity filter are derived based
on the parameterization of the decoded LFV [93] which is a two-plane parameteriza-
tion different than the one used for the analysis presented in Chapter 2. This leads
to the filters H,,(z) and Hy,(z) being designed with the parameters a, = a, = —0.33
and b, = b, = 0.01l7 rad/sample. A 2-D rectangular window of size 9 x 41 is em-
ployed in the design, and the order of H,,(z) and H,,(z) is 8 x 0 x 40 x 0 x 0
and 0 x 8 x 0 x 40 x 0, respectively. The magnitude response |H,,(e’*)| is shown
in Figure 3.12. The magnitude response of H,,(z) is the same as that of H,,(z).
The velocity V,, of the object of interest employed in the experiment is zero (hence,
k, = 0). In this special case, Bsp 4, given in (3.2c), is independent of the w, dimen-
sion. Consequently, the passband of H,(z) is independent of the w, dimension, and

the finite-extent impulse response h,;(n), given in (3.8), can be expressed as

Mt (1) = [gup (1 10) Wae (M, )] () 8(1 )0 (), (3.9)

where gl,(n,,n;) can be obtained from ¢! (n,,n,) presented in Appendix B, by re-
placing (n,,n,) with (n,,n;) and the parameters a, and b, with the counterpart
parameters a; and b,, respectively. A filter H,,(z) of order 0 x 0 x 40 x 0 x 40,
designed with the parameters a; = 0.25 and b, = 0.0057 rad/sample and by using a

2-D rectangular window of size 41 x 41 for w,;(n,, n;), is employed in the experiment.
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Figure 3.11: The 20th frame of the LF'V corresponding to the central 15 sub-apertures
(ny =4,5,6 and n, = 3,4,...,7). The white truck is the object of interest; the red
truck is the moving interfering object; the fence is the static interfering object.

The magnitude response |H,;(€’*)| is shown in Figure 3.13. The order of the 5-D
FIR depth-velocity filter H(z) is 8 x 8 x 80 x 40 x 40.

Three frames of the original and the filtered LFVs, corresponding to the central
sub-aperture (n,, n, = 5), are shown in Figure 3.14. It can be observed that the object
of interest (white truck) is enhanced with slight distortion while the two interfering
objects (red truck and the fence) are substantially attenuated. Most importantly, it
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Figure 3.12: Magnitude response |H,,(¢“)| of the 5-D FIR filter H,,(z) in the wyw,
plane.
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Figure 3.13: Magnitude response |H,,;(e’*)| of the 5-D FIR filter H,.(z) (a) —3 dB
iso-surface in the w,w,w; space (b) cross section obtained at w, = 0.

can be seen in the 29th and 37th frames that the object of interest, which is considerably
occluded in the original LE'V, is substantially exposed in the filtered LF'V. These results
confirm the successful enhancement of the object of interest based on depth and
velocity by the 5-D FIR depth-velocity filter.

Next, we evaluate the de-noising performance of the proposed 5-D FIR depth-
velocity filter. To this end, an additive white Gaussian noise (AWGN) signal of
size 9 x 9 x 220 x 360 x 60 is added to the original LFV. The standard deviation
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Figure 3.14: Three frames of the original LFV (top row) and the filtered LFV (bottom
row), ng,n, = 5; (a) and (d) 20th frame; (b) and (e) 29th frame; (c) and (f) 37th
frame.

GY (b) (©

Figure 3.15: Three frames of the corrupted LFV (top row) and the filtered LEV
(bottom row), n,,n, = 5; (a) and (d) 20th frame; (b) and (e) 29th frame; (c) and (f)
37th frame.

of the AWGN (oy,) is selected as 40 units to represent a heavily corrupted LFV.
Note that the maximum intensity value for the RGB colour components is 255 units.
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The average peak-signal-to-noise ratio (PSNR) [88](ch. 1.5) of the input LFV is
16.09 dB/frame. The corrupted LFV is filtered with the proposed 5-D FIR depth-
velocity filter to enhance the white truck. Three frames of the corrupted and the
filtered LFVs, corresponding to the central sub-aperture (n,,n, = 5), are shown in
Figure 3.15. It is observed that the 5-D FIR depth-velocity filter has attenuated the
AWGN significantly so that there is no visual difference between the outputs of the
noise-free (see Figure 3.14) and the noisy LE'Vs. In order to numerically evaluate the
de-noising performance of the 5-D FIR depth-velocity filter, the standard deviation of
the AWGN (0,,) and the average PSNR of the output LFV are calculated. They are
found to be 0.73 units and 50.82 dB/frame, respectively. In calculating the average
PSNR of the output LFV, the output of the noise-free LFV is considered as the
ground truth. The comparatively very high value of the average PSNR of the output
LFV confirms the negligible visual difference between the outputs of the noise-free
and the noisy LF'Vs. Furthermore, the AWGN attenuation (in dB) is defined as

AWGN Attenuation = 20 log,, ( Tin ) . (3.10)

Oout
The AWGN attenuation is 34.73 dB, which is a significantly high value for a de-
noising method. Such a high noise attenuation is obtained due to the fact that most
of the noise energy reside in the 5-D hypervolume corresponding to the stopband of
the 5-D FIR depth-velocity filter. These results indicate that the proposed 5-D FIR

depth-velocity filter provides an excellent de-noising performance.

3.3.3 Performance Limitations of Proposed 5-D FIR Depth-
Velocity Filters

It can be seen from Figures 3.7 and 3.8(b) (also from Figures 3.12 and 3.13(b)) that
the selectivity of H,,(z) (and H,,(z)) is relatively poor compared to the selectivity
of Hy(z) as a result of the wider transition bands of H,,(z) and H,,(z). Among
other factors, the selectivity of a filter is determined by the order of the filter, which
in turn partly depend on the number of samples available for a particular dimension.
For example, in our case, the orders of H,,(z) and Hy,(z) corresponding to the x and
y dimensions, respectively, cannot exceed 8 because the number of samples available
for those two dimensions (or the number of sub-apertures of the available Lytro LF
camera) is 9. On the other hand, the order of H,,;(z) can be as high as 40 x 40 x 40
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or even higher. Consequently, if the number of samples available for the x and y
dimensions are comparatively low, the performance of 5-D FIR depth-velocity filters
on the enhancement of moving objects based on depth may be poor. This limitation
on the highest possible order corresponding to the x and y dimensions are especially
critical on the performance of FIR filters, for which substantially high orders are
necessary to achieve substantial selectivity and stopband attenuation. Furthermore,
the depth resolution is affected by the aperture size of the LF'V camera. Consequently,
in addition to the number of samples available for the x and y dimensions, a sufficiently
large aperture is required for better enhancement based on depth. It is expected that
the future generations of LFV cameras will offer much increased number of sub-
apertures and sufficiently large apertures, which will eliminate the above mentioned
drawback.

3.4 Effects of Non-Lambertian Reflections and Oc-

clusion

The effects of non-Lambertian (or specular) reflections and occlusion on the perfor-
mance of enhancing moving objects in LF'Vs using the 5-D depth-velocity filters are
briefly discussed in this section. Recall that moving objects were assumed to be purely
Lambertian in the spectral analysis presented in Chapter 2. This assumption is gen-
erally valid for most of natural scenes because almost all of natural materials, except
water, are primarily diffusive [9](ch. 4.3), as confirmed by the measurements of their
BRDFs [94]. That is, most of the energy of light rays emanating from the object of
interest in a natural scene is confined to the ROS obtained for a purely Lambertian
moving object in Chapter 2. Furthermore, no occlusion was assumed in deriving the
ROS of the spectrum despite the fact that, except some trivial cases, almost all real
world scenes suffer from occluded objects. However, as confirmed through the exper-
imental results in Section 3.3, the effects of occlusion on the performance of the 5-D
depth-velocity filters in enhancing moving objects in LFVs can be neglected as long
as the object of interest is occluded only in a few frames. That is, in such a case,
most of the energy of light rays emanating from the object of interest is confined to
the ROS of the spectrum obtained for a moving object with no occlusion.

Now let us pay the attention to the case where the object of interest has consid-

erable non-Lambertian reflections or is occluded in most of the frames. In this case,
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substantial energy of light rays emanating from the object of interest may reside
outside the ROS of the spectrum obtained for a purely Lambertian moving object
with no occlusion. Consequently, if the passband of a 5-D depth-velocity filter only
encompasses the ROS of the spectrum corresponding to a purely Lambertian moving
object with no occlusion, there may appear undesired artifacts. As pointed out in [46]
and [47], such artifacts may include the disappearance of non-Lambertian reflections
for the object of interest, the appearance of such reflections for interfering objects
and the appearance of attenuated interfering objects in place of occluded parts of the
object of interest. It is shown in [65] that non-Lambertian reflections and occlusion
broaden the ROS of the spectrum of a Lambertian scene!. Therefore, such artifacts
may be alleviated by appropriately widening the passband of a 5-D depth-velocity fil-
ter so that most of the energy of the broadened spectrum resides inside the passband,

however, at the cost of reduced selectivity.

3.5 Summary

A novel 5-D linear-phase FIR depth-velocity filter is proposed in this chapter to
enhance objects moving with constant velocity and at constant depth in LFVs. The
5-D FIR depth-velocity filter H(z) is designed as a cascade of three 5-D FIR filters
H,.(z), H,,(z) and H,(z), each having a 4-D hyperplanar passband of appropriate
orientation inside the 5-D principal Nyquist hypercube AMsp. The ideal infinite-extent
impulse responses of the three 5-D FIR filters are derived in closed form. The finite-
extent impulse responses of H,,(z) and H,,(z) are obtained by multiplying the ideal
infinite-extent impulse responses with a 2-D separable or circular window. Similarly,
the finite-extent impulse response of H,,(z) is obtained by multiplying the ideal
infinite-extent impulse response with a 3-D separable or spherical window. For all the
possible specifications of the 4-D hyperplanar passbands, H,,(z) and Hy,(z) can be
designed so that the passbands do not have undesired ROSs. However, in the design of
Hyi(z), the passband suffers from undesired ROSs for some passband specifications.
Nevertheless, thanks to the fact that the undesired ROSs of the passband act like
a highpass filter and most of natural scenes are lowpass signals, the effects of the
undesired ROSs of the passband may be negligible for most of natural scenes.

The concept of the 5-D depth-velocity filtering of LEVs to enhance moving objects

IThe reader is referred to [65], [95] and [96] for a more detailed analysis of the effects of non-
Lambertian reflections and occlusion on the spectrum of a LF.
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is experimentally proved by employing a numerically generated LFV and an LFV of
a real scene, generated using a Lytro LF camera. The experimental results obtained
using the numerically generated LF'V confirm the effectiveness of the proposed 5-D
FIR depth-velocity filters, compared to the 4-D FIR depth filters and the 3-D FIR
velocity filters, in enhancing objects moving with constant velocity and at constant
depth in LF'Vs. The experimental results obtained using the Lytro-LF-camera-based
LFV indicate that the proposed 5-D FIR depth-velocity filter is capable of exposing
heavily occluded parts of a scene and of attenuating noise significantly. The very high
noise attenuation is obtained as a consequence of most of the noise energy reside in
the 5-D hypervolume corresponding to the stopband of the 5-D FIR depth-velocity
filter.

The number of sub-apertures available with the current generation of LF and LF'V
cameras is limited to a few. As a result, the maximum achievable orders of H,,(z)
and Hy,(z) for the z and y dimensions, respectively, are substantially lower compared
to the order of Hy,(z). Therefore, H,,(z) and H,,(z) have relatively poor selectivity
compared to that of H,,(z). As a consequence, the performance of the proposed 5-D
FIR depth-velocity filter on the enhancement of moving objects based on depth may
be poor. It is expected that the future generations of LF and LFV cameras will offer
much increased number of sub-apertures, which will eliminate the above mentioned

drawback.
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Chapter 4

Novel Ultra-Low Complexity 5-D
IIR Depth-Velocity Filter

4.1 Introduction

The computational complexity! of a multi-dimensional filter increases with its order.
In general, the order of a multi-dimensional FIR filter needs to be considerably higher
compared to that of a multi-dimensional /IR filter in order to have a good frequency
response, i.e., a frequency response having a less passband ripple, a high stopband
attenuation and narrow transition bands. For example, as pointed out in [14], the
performance of a 3-D FIR beam filter of order 20 x 20 x 20 and the performance
of a 3-D IIR beam filter of order 2 x 2 x 2 are similar in broadband beamforming
applications. In this example, the 3-D IIR beam filter provides a reduction in com-
putational complexity that exceeds two orders of magnitude [14]. Because of the low
computational complexity, multi-dimensional IIR filters are of significant interest for
many real-time applications [14] [24] [29] [50] [97].

In this chapter, a novel ultra-low complexity 5-D IIR depth-velocity filter is pro-
posed for enhancing objects moving with constant velocity and at constant depth
in LFVs. The proposed 5-D IIR depth-velocity filter is realized by cascading three
first-order 5-D IIR filters having 4-D hyperplanar passbands of appropriate orienta-
tions. The first-order 5-D IIR filters are designed by appropriately extending the
first-order 3-D IIR planar filter design method proposed in [24]. Numerical simula-

!The computational complexity of a 1-D or a multi-dimensional filter means the number of
multiplications and additions required by the filter to process a sample.
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tion results indicate that the proposed 5-D IIR depth-velocity filter outperforms the
3-D IIR velocity filters [24] and the 4-D IIR depth filters [44] in enhancing moving
objects in LFVs. Furthermore, by employing the LF'V generated using the commer-
cially available Lytro LF camera, it is shown that the performance of the proposed
5-D IIR depth-velocity filter is comparable to that of the 5-D FIR depth-velocity
filter presented in Chapter 3. Most importantly, the proposed 5-D IIR depth-velocity
filter requires less than 1% of the arithmetic operations required by the 5-D FIR depth-
velocity filter to process a sample. Considering the ultra-low complexity, the proposed
5-D IIR depth-velocity filter has a significant potential to be employed in real-time
applications.

The rest of the chapter is organized as follows. In Section 4.2, the design of the
3-D IIR planar filters is briefly reviewed. In Section 4.3, the proposed 5-D IIR depth-
velocity filter is described in detail. Experimental results obtained for the numerically
generated LFV and the Lytro-LF-camera-based LFV are presented in Section 4.4.
Furthermore, the performance of the proposed 5-D IIR depth-velocity filter is com-
pared with that of the 5-D FIR depth-velocity filter presented in Chapter 3. Finally,

in Section 4.5, a summary of the chapter is presented.

4.2 Review of Design of the 3-D IIR Planar Filters

The design of the first-order 3-D IIR planar filters is briefly reviewed in this section.
The design method is based on the resonance of a first-order 3-D pseudo-passive
inductor-resistor (RL) network [24] shown in Figure 4.1. Note that (z,y,t) € R?
denotes the 3-D spatio-temporal domain, and (s, s, s;) € C* is the corresponding
3-D Laplace domain. Furthermore, L, L,, L; > 0 are the values of the inductors
corresponding to the x, y and ¢ dimensions, respectively, and R > 0 is the value of
the resistor. In order to describe salient properties of the frequency response of such

a 3-D pseudo-passive RL network, we obtain the transfer function as [24]

‘/out<5175y78t) - R
‘/in(saza Sya St) B R =+ Lxsx + Lysy + Ltst ‘

H(sy, Sy, St) = (4.1)
Note that the denominator of H(s,,s,,s;) is a strictly Hurwitz polynomial, which
ensures that H(s,,s,,s;) is BIBO stable [98]. From (4.1), the frequency response

of the 3-D pseudo-passive RL network can be obtained, by evaluating the transfer
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Figure 4.1: First-order 3-D pseudo-passive RL network.

function H(sy, sy, St) at (Sz, Sy, 5¢) = (74, jQy, Q) as

R

H(jQ%, 1, 5%) =
(] zy J3 ey ] t) R—i—](LxQx"‘LyQy_'_LtQt)’

(4.2)

where (Q,,9,,Q;) € R? is the 3-D continuous frequency domain. Note that the
magnitude response |H (5, €2y, j€2)| is given by [24]
R

H(jQ,, i, i) = . 43
| ( Y t)’ [R2 + (L$Q$ +LyQy + LtQt)2]1/2 ( )

According to (4.3), the magnitude response has a maximum value of unity at the

resonant plane, given by [24]

The normal vector associated with the resonant plane is L = [L,, L,, L;]*. Further-
more, |H (jQq, 7y, i) = 1/v/2 when

Ll‘Qx + LyQy + LtQt — ZER, (45)

and the corresponding two planes are called —3 dB planes [24]. Note that the —3 dB
bandwidth B of the magnitude response is given by

(4.6)

where || - ||z is the 2-norm of a vector. When ||L||z > R, the magnitude response
|H (j, jQy, 7€%)| rapidly decreases outside the resonant plane, approximating a
highly-selective planar passband with a —3 dB bandwidth B < 1. Hence, the re-
sulting filter is called a 3-D planar filter.
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In order to obtain the 3-D IIR planar filter, we first express the transfer function

H (S, sy, s¢t) iIn a more compact form as [97]

1
14 %(dxsx +dys, + disy)’

H(sy,8y,5:) = (4.7)
where d = [d,, dy, di]* = L/||L||5 is the unit normal vector of the resonant plane, and

then apply the triple bilinear transformation

zi — 1
i - ; ) = P 7t7 4.8
S=_ g O (4.8)
where (2, z,,2) € C? is the 3-D z domain. This yields the first-order 3-D discrete-

domain transfer function H(z,, 2, 2;) [24]

111 o
)DL

i5=0 iy =0 i,=0

H (22, 29, %) = /7 — (4.9)
22 2 biiicza ey e
=0 1y =0 i,=0
where the denominator coefficients are given by
—1)d, + (—1)%d —1)d
biwiyit:H( Jrdo + (Z1)d, + (Z1) L ey i =0,1. (4.10)

B

It is worthwhile to note that H(z,, z,, 2:) may not be BIBO stable because the ap-
plication of the triple bilinear transformation leads to a 3-D discrete-domain transfer
function having a nonessential singularity of the second kind on the unit polydisc
at (2, 2y, 2e) = (—1,—1,—1) [97] [99] [100]. However, H(z,, z,, 2:) is practical-BIBO
stable [101] [102] for all 3-D amplitude-bounded input signals having finite and suf-
ficiently small ROSs in the 3-D spatio-temporal domain (z,y,t) with respect to at
least two of the three dimensions. This condition is satisfied by most of practical 3-D
signals since the number of samples available for the two spatial dimensions is always
finite and mostly small compared to the number of samples available for the temporal
dimension.

Another fact of importance is the restriction of the unit normal vector d to the
first closed octant of the 3-D frequency domain (i.e., all the three elements of the unit
normal vector d should be non-negative) as a consequence of the non-negativity of

the values (L., L, and L;) of the inductors employed in the 3-D pseudo-passive RL
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l5D(n) T5D(n)
—> H,,(z) Hy,(z) Hoor(2) —

Figure 4.2: Structure of the 5-D IIR depth-velocity filter.

network. Consequently, for the applications where the required planar passband has
a unit normal vector d that lies outside the first closed octant of the 3-D frequency
domain, the denominator coefficients of the 3-D IIR planar filter should be calculated
(using (4.10)) by employing the absolute values of the negative elements of the unit
normal vector d. Furthermore, in the filter implementation, the direction of recursion
should be reversed for all the dimensions corresponding to the negative elements [24]
[98].

4.3 Design of the 5-D IIR Depth-Velocity Filter

The structure of the proposed 5-D IIR depth-velocity filter H(z) is shown in Fig-
ure 4.2. Similar to the design of the 5-D FIR depth-velocity filter presented in Chap-
ter 3, the 5-D IIR depth-velocity filter is designed as a cascade of three 5-D IIR filters,
H,.(z), Hy,(z) and H,.(z). The transfer function H(z) of the 5-D IIR depth-velocity
filter is given by

H(z) = Hy(z) Hyy(2) Hyut(2). (4.11)

Note that the passbands of the 5-D IIR filters H,,(z), Hy,(z) and H,.:(z) encompass
the 5-D hypervolumes given by

B5D,zu = UHE)D,mu (4123)
Bspyw = | Haaw (4.12D)
B5D,uvt = UH5D,uvt (412C)

20

respectively, inside the 5-D principal Nyquist hypercube Nsp as illustrated in Fig-
ure 4.3. Here, Hsp zu, Hspyo and Hsp u are the 4-D hyperplanes corresponding to
the ROS of the spectrum of the object of interest, which are given by (2.27a), (2.27b)
and (2.27¢), respectively. The overall passband Bsp of H(z), given by the intersection
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Figure 4.3: The ROS of the spectrum of the object of interest (solid) and the pass-
bands of the 5-D IIR filters (cross-hatched); (a) H,,(z) on the wyw, plane; (b) Hy,(z)
on the wyw, plane; (¢) Hy,(z) in the w,w,w; space.

of Bsp zu, Bsp,ye and Bsp e, completely encompasses the 3-D hyperfan corresponding
to the spectral ROS of the object of interest.

The 5-D IIR filters H,,(z), Hy,(z) and H,.(z) are designed by appropriately ex-

i i 2y

qu(z) = 1%:01%:0

Do D bigi,zg g

1z =0 2, =0

tending the first-order 3-D IIR planar filter design method [24] reviewed in Section 4.2.

In particular, the transfer functions of the three filters are obtained as

(4.13a)
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1 1 .
)OI
Hy(z) = 212 (4.13b)
>3 iz a
1 =0 1, =0
1 1 1 ) ) .
PP m
Hm;t(z) _ zu_O = Ozt 0

Z Z Z biyivin 2y ™ 2y szt

1y, =0 2,=0 ;=0

(4.13c)

Here, the denominator coefficients of H,,(z), Hy,(z) and H,.(z) are, respectively,
obtained as [24]

bini, =1+ B : igyiy = 0,1 (4.14a)
—1)ivdy, + (—1)%dy,
biyi, = 1+ DR, + (D", : iy, iy = 0,1 (4.14Db)
By,
zudu 1udv ztdt
Diivie = 1+ (1)l + (= 52 we T (71) W i =0,1,  (4.14c)
uvt

where B,,, By, and B, are the parameters that determine the —3 dB bandwidths
Od“OO]T,d = [0,a,,0,d",,0]"

) Pyvr Y Py

and dyu = 0,0,d%,,,d%,,, d..,]* are the unit normal vectors corresponding to the

of the three filters, respectively, and &m = [d?

xu? 7 ru?

4-D hyperplanar passbands of the three filters, respectively. Furthermore, the partial
difference equations for H,,(z), Hy,(z) and H,..(z) are, respectively, given by

M1 1
195 (n) = DO =i - ZZ%JOM iw)] (4.15a)

bOO L 72=0 2, =0 iz =0 3, =0
inriu;ﬁO
1 . .
50 = 1| 33 i)~ 3 3 b= (1)
00 L iy=0 4y= 1p=0 1, =0
ieriU;éO
lout Z Z Z lgb iuvt Z Z Z blulult lout iuvt) ) (415C)
booo #0=0 iy=0 i, =0 i0=0 iy =0 i1=0
iu+iv+it§£0

where [ (n) and [g8(n) are the input and the output signals of each filter, respec-
tively. Further, i, = [iz,0,%4,0,0]", iy, = [0,4y,0,4,,0]" and iy = [0,0, 4y, 1y, 0]
Note that the order of the 5-D IIR depth-velocity filter H(z) is 1 x 1 x 2 x 2 x 1.
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In order to satisfy the conditions for the practical-BIBO stability [101], the unit
normal vectors am, ay,, and Huvt corresponding to the 4-D hyperplanar passbands
of the 5-D IIR filters Hyy (24, 2u), Hyo(2y, 20) and Hypt(24, 20, 2¢), respectively, should
always lie in the first closed orthant of the 5-D frequency domain, i.e., all five ele-
ments of a vector should be non-negative. If a unit normal vector lies outside the
first closed orthant, the direction of recursion should be reversed for all dimensions
having negative elements so that the new unit normal vector lies in the first closed
orthant [24].

4.4 Experimental Results

In this section, experimental results are presented to confirm the effectiveness of the
proposed 5-D IIR depth-velocity filter in enhancing objects moving with constant
velocity and at constant depth in LFVs. First, by employing the numerically gen-
erated LFV, it is shown that the proposed 5-D IIR depth-velocity filter outperforms
the counterpart 3-D IIR velocity and 4-D IIR depth filters reported in [24] and [44],
respectively. Next, the LFV generated using the Lytro LF camera is employed to
compare the performance of the proposed 5-D IIR depth-velocity filter with that of
the 5-D FIR depth-velocity filter presented in Chapter 3.

4.4.1 Numerically Generated LFV

Recall that the numerically generated LF'V contains three Lambertian planar objects
moving with constant velocity and at constant depth, of which the specifications are
given in Table 3.1. Note that the object of interest and the interfering object 1 move
at the same depth so that the interfering object 1 can not be attenuated using 4-D
depth filters. On the other hand, the object of interest and the interfering object
2 move with the same apparent velocity so that the interfering object 2 can not be
attenuated using 3-D velocity filters.

The unit normal vectors corresponding to the 4-D hyperplanar passbands of the
5-D IIR filters H,,(z), Hy,(z) and H,,+(z) are obtained as d,, = [0.71,0,—0.71,0,0]T,
ayv =[0,0.71,0,—0.71,0]T and dyut = 0,0,0.58,0.58,0.58] ™, respectively. The filters
H,,(z) and Hy,(z) are designed with the parameters B, = B,, = 0.067 rad/sample.
The magnitude response |H,,(e’*)| is shown in Figure 4.4. Note that the narrower

transition bands of the magnitude response of the 5-D IIR filter H,,(z) compared to
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Figure 4.4: Magnitude response |H,,(¢/*)| of the 5-D IIR filter H,,(z) in the w,w,
plane.
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Figure 4.5: Magnitude response |H,,(e’*)| of the 5-D IIR filter H,.(z) (a) —3 dB
iso-surface in the w,w,w; space (b) cross section obtained at w, = 0.

that of the FIR counterpart, shown in Figure 3.7. The magnitude response of H,,(z)
is similar to that of H,,(z). The filter H,(z) is designed with the parameter B,,; =
0.037 rad/sample. The —3 dB iso-surface of the magnitude response |H,,(e’*)|
is shown in Figure 4.5. It is observed that the passband of H,,(z) deviates from
the desired 4-D hyperplane at higher frequencies as a consequence of the so-called
frequency warping of the bilinear transform.

The numerically generated LFV is filtered with the proposed 5-D IIR depth-
velocity filter, the 4-D IIR depth filter [44] and the 3-D IIR velocity filter [24]. The
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5-D IIR depth-velocity filter is implemented in the spatio-temporal domain using the
partial difference equations given in (4.15a)—(4.15¢). The 15th frame of the original,
the 4-D IIR depth filtered, the 3-D IIR velocity filtered and the 5-D IIR depth-velocity
filtered LF'Vs corresponding to the central sub-aperture (n,,n,) = (5,5) are shown
in Figure 4.6. Note that the interfering object 1 (bottom object) moving at the same
depth of the object of interest (middle object) is not attenuated by the 4-D IIR depth
filter. Similarly, the interfering object 2 (top object) moving with the same apparent
velocity of the object of interest is not attenuated by the 3-D IIR velocity filter. On
the other hand, both interfering objects are attenuated by the 5-D IIR depth-velocity
filter. This confirms the effectiveness of the proposed 5-D IIR depth-velocity filter,
compared to the 3-D IIR velocity filter [24] and the 4-D IIR depth filter [44], in
enhancing objects moving with constant velocity and at constant depth in LFVs.

As a side note, it is observed that the achieved attenuation for the interfering
object 1 is slightly poor compared to that for the interfering object 2 by the proposed
5-D IIR depth-velocity filter. This results as a consequence of overlapping a part
of the spectral ROS of the interfering object 1 with the passband of H,(z), which
deviates from the desired 4-D hyperplane at higher frequencies.

4.4.2 Lytro-LF-Camera-Based LFV

Recall that the Lytro-LF-camera-based LFV comprised of a white truck (object of
interest), a red truck (moving interfering object) and a fence (static interfering object).
Note that the depth ranges occupied by the white truck and the red truck are [160, 163]
cm and [157,160] cm, respectively, whereas the fence is located at 8 cm deep from the
camera plane. Furthermore, the white truck was manually moved from right to left
with the speed of 1 cm per frame whereas the red truck was manually moved from
left to right with the speed of 1 cm per frame.

The unit normal vectors corresponding to the 4-D hyperplanar passbands of the
5-D IIR filters H,,(z), Hy,(z) and H,(z) are derived based on the parameterization
of the decoded LFV [93] which is a two-plane parameterization different than the one
used for the analysis presented in Chapter 2. This leads to the unit normal vectors
d,, = [0.95,0,0.32,0,0]%, d,, = [0,0.95,0,0.32,0]" and dy. = [0,0,—0.97,0,0.24] .
Note that the velocity V, of the object of interest employed in the experiment is
zero, hence, k, = 0. In this special case, Hyy(z) is independent of z,, and the order
of H(z) is 1 x 1 x 2 x 1 x 1. The filters H,,(z) and Hy,(z) are designed with the
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(b)

© (d)

Figure 4.6: The 15th frame of (a) the original, (b) the 4-D IIR depth filtered [44], (¢c)
the 3-D IIR velocity filtered [24] and (d) the 5-D IIR depth-velocity filtered (proposed)
LFVs corresponding to the central sub-aperture (n,,n,) = (5,5). The middle object
is the object of interest; the bottom object is the interfering object 1 moving at the
same depth (but with a different apparent velocity) of the object of interest; the top
object is the interfering object 2 moving with the same apparent velocity (but at a
different depth) of the object of interest.

parameters B,, = By, = 0.047 rad/sample. The magnitude response |H,,(e/*)]| is
shown in Figure 4.7. The magnitude response of Hy,(z) is similar to that of H,,(z).
The filter H,..(z) is designed with the parameter B,,; = 0.0067 rad/sample. The
magnitude response |H,,:(¢/*)| is shown in Figure 4.8. In this case, it is observed
that the passbands of all the three filters H,,(z), H,,(z) and H,.(z) deviate from
the corresponding desired 4-D hyperplanes at higher frequencies due to the frequency
warping of the bilinear transform.

The LFV is filtered with the proposed 5-D IIR depth-velocity filter, and three
frames of the original and the filtered LFVs, corresponding to the sub-aperture
(ng,ny) = (7,7), are shown in Figure 4.9. Similar to the 5-D FIR depth-velocity
filter presented in Chapter 3, the proposed 5-D IIR depth-velocity filter enhances the
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Figure 4.7: Magnitude response |H,,(¢/)| of the 5-D IIR filter H,,(z) in the w,w,
plane.
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Figure 4.8: Magnitude response |H,,(e’*)| of the 5-D IIR filter H,(z) (a) —3 dB
iso-surface in the w,w,w; space (b) cross section obtained at w, = 0.

object of interest (white truck) with slight distortion while substantially attenuating
the two interfering objects (red truck and the fence). Furthermore, it can be seen in
the 29th and 37th frames that the object of interest, which is considerably occluded
in the original LFV | is substantially exposed in the filtered LF'Vs. These results con-
firm that the performance of the proposed 5-D IIR depth-velocity filter is comparable
to that of the 5-D FIR depth-velocity filter.

Next, we evaluate the de-noising performance of the proposed 5-D IIR depth-
velocity filter. To this end, the heavily corrupted LFV, employed in Chapter 3, is
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(@ (b) (©)

Figure 4.9: Three frames of the original LE'V (top row) and the 5-D IIR depth-velocity
filtered LF'V (bottom row), (n,, n,) = (7,7); (a) and (d) 20th frame; (b) and (e) 29th
frame; (c) and (f) 37th frame.

@ (b) ©

Figure 4.10: Three frames of the corrupted LF'V (top row) and the 5-D IIR depth-
velocity filtered LFV (bottom row), (n,, n,) = (7,7); (a) and (d) 20th frame; (b) and
(e) 29th frame; (c) and (f) 37th frame.

filtered with the proposed 5-D IIR depth-velocity filter to enhance the white truck.
Note that the standard deviation of the AWGN (oy,) is 40 units, and the average
PSNR of the input LFV is 16.09 dB/frame. Three frames of the corrupted and the
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filtered LEF'Vs, corresponding to the sub-aperture (n,,n,) = (7,7), are shown in Fig-
ure 4.10. Similar to the 5-D FIR depth-velocity filter presented in Chapter 3, it is
observed that the 5-D IIR depth-velocity filter has attenuated the AWGN signifi-
cantly so that there is no visual difference between the outputs of the noise-free (see
Figure 4.9) and the noisy LFVs. The standard deviation of the AWGN (0,,) and the
average PSNR of the output LFV are found to be 0.44 units and 55.33 dB/frame, re-
spectively. Similar to the case of the 5-D FIR depth-velocity filter, in calculating the
average PSNR of the output LFV, the output of the noise-free LF'V is considered as
the ground truth. The AWGN attenuation achieved with the 5-D IIR depth-velocity
filter is 39.24 dB. Recall that the AWGN attenuation achieved with the 5-D FIR
depth-velocity filter is 34.73 dB. Accordingly, the proposed 5-D IIR depth-velocity fil-
ter provides an tmprovement of 4.51 dB in attenuating AWGN, compared to the 5-D
FIR depth-velocity filter. This results as a consequence of the higher stopband attenu-
ation and the narrower transition bands of the 5-D IIR depth-velocity filter compared
to the FIR counterpart.

Now, we compare the computational complexity of the proposed 5-D IIR depth-
velocity filter with that of the 5-D FIR depth-velocity filter presented in Chapter 3.
To this end, the number of multiplications (excluding the trivial multiplications with
1) and additions required to process a sample of the Lytro-LF-camera-based LFV is
calculated. The proposed 5-D IIR depth-velocity filter (of order 1 x 1 x2x1x 1)
requires only 12 multiplications and 18 additions whereas the 5-D FIR depth-velocity
filter (of order 8 x 8 x 80 x 40 x 40) requires 1211 multiplications and 2416 additions.
Here, we assume that both filters are implemented using direct form structures, and
the symmetry of the coefficients is utilized to reduce the number of multiplications
required by the 5-D FIR depth-velocity filter. Accordingly, the proposed 5-D IIR
depth-velocity filter requires only 0.99% of the multiplications and 0.75% of the addi-
tions required by the 5-D FIR depth-velocity filter to process a sample. In other words,
the implementation of the 5-D IIR depth-velocity filter requires less than 1% of the
resources required by that of the 5-D FIR depth-velocity filter.

4.4.3 Performance Limitations of Proposed 5-D IIR Depth-
Velocity Filters

Even though the proposed 5-D IIR depth-velocity filter eliminates the main drawback
of the 5-D FIR depth-velocity filter presented in Chapter 3, i.e. the poor selectivity of
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H,.,(z) and H,,(z) due to the limited number of samples (or sub-apertures) available
for the n, and n, dimensions, it has its own drawbacks. Note that, in the case of the
Lytro-LF-camera-based LFV, the output LE'V of the 5-D IIR depth-velocity filter has
less brightness compared to the original LEV (see Figure 4.9) and the output LE'V of
the 5-D FIR depth-velocity filter (see Figure 3.14). This results as a consequence of
the substantially long transient response of the 5-D IIR depth-velocity filter and the
limited number of samples available for the n, and n, dimensions. In other words, the
output LF'V of the 5-D IIR depth-velocity filter has not reached to the steady state
with respect to the n, and n, dimensions. This effect may be overcome by employing
a post-processing technique such as histogram equalization [103] [104] [105] [106] [107].
On the other hand, we expect that the future generations of LFV cameras will offer
much increased number of sub-apertures, which will eliminate this drawback.

Furthermore, the passbands of the 5-D IIR filters H,,(z), Hy,(2z) and Hy,.(z) de-
viate from the corresponding desired 4-D hyperplanes at higher frequencies due to the
frequency warping of the bilinear transform. Because most of natural scenes are low-
pass signals, the effect of this drawback may be negligible for most of natural scenes.
However, as observed in the case of the numerically generated LFV, in some LFVs,
the attenuation of some interfering objects may be poor as a result of overlapping of
parts of the spectral ROSs of those interfering objects with the distorted passbands
of the 5-D IIR filters H,,(z), Hy,(z) and Hu(z).

4.5 Summary

In this chapter, a novel ultra-low complexity 5-D IIR depth-velocity filter is proposed
for enhancing objects moving with constant velocity and at constant depth in LFVs.
The proposed 5-D IIR depth-velocity filter is realized by cascading three first-order
5-D IIR filters, H,,(z), Hy,(z) and H,(z), each having a 4-D hyperplanar passband
of appropriate orientation inside the 5-D principal Nyquist hypercube N5p. The first-
order 5-D IIR filters are designed by appropriately extending the first-order 3-D IIR
planar filter design method proposed in [24]. The 5-D IIR filters H,,(z), Hy,(z) and
H,(z) are practical-BIBO stable as long as the corresponding unit normal vectors
lie inside the first closed orthant of the 5-D frequency domain.

The experimental results obtained for the numerical generated LFV confirm that
the proposed 5-D IIR depth-velocity filter outperforms the 3-D TIR velocity filters [24]
and the 4-D IIR depth filters [44] in enhancing moving objects in LE'Vs. Furthermore,
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the experimental results obtained for the Lytro-LF-camera-based LFV indicate that
the performance of the proposed 5-D IIR depth-velocity filter is comparable to that
of the 5-D FIR depth-velocity filter presented in Chapter 3 when noise is negligi-
ble. On the other hand, when the LFV is heavily corrupted by noise, the 5-D IIR
depth-velocity filter provides a better performance because it provides a higher noise
attenuation, as a results of the higher stopband attenuation and the narrower transi-
tion bands, compared to the FIR counterpart. Most importantly, the proposed 5-D
IIR depth-velocity filter requires less than 1% of the arithmetic operations required
by the 5-D FIR depth-velocity filter to process a sample. Considering the ultra-low
complexity, the proposed 5-D IIR depth-velocity filter has a significant potential to
be employed in real-ttme applications.

In the case of the Lytro-LF-camera-based LFV, the output LF'V of the 5-D IIR
depth-velocity filter has less brightness compared to the input LF'V because the out-
put LEF'V has not reached to the steady state with respect to the n, and n, dimen-
sions. This effect may be overcome by employing a post-processing technique such
as histogram equalization or by increasing the number of samples (or sub-apertures)
available for the n, and n, dimensions, a feature which is expected to be available
with the future generations of LF'V cameras. Furthermore, the passbands of the 5-D
IIR filters H,,(z), Hyy(z) and Hy(z) deviate from the corresponding desired 4-D
hyperplanes at higher frequencies due to the frequency warping of the bilinear trans-
form. Even though the effect of this drawback may be negligible for most of natural

scenes, in some cases, the attenuation of some interfering objects may be poor.
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Chapter 5

Novel Ultra-Low Complexity 5-D
IIR Adaptive Depth-Velocity Filter

5.1 Introduction

The spectrum analysis presented in Chapter 2 and the 5-D FIR and IR depth-velocity
filters presented in Chapter 3 and Chapter 4, respectively, considered a special case of
the enhancement of moving objects in LF'Vs, i.e., the objects moving with constant
velocity and at constant depth. In this chapter, we extend the 5-D depth-velocity
filtering technique to a more general case, where objects moving with constant velocity
but at non-constant depth are enhanced.

First, the spectrum of a Lambertian object moving in an LFV with nonzero V,
is analyzed, and it is shown that the ROS of the spectrum can be approximated as
a sequence of ROSs, each of which is a skewed 3-D hyperfan, in the 5-D continuous
frequency domain. Based on this analysis, a novel ultra-low complexity 5-D IIR
adaptive depth-velocity filter is proposed for enhancing such moving objects. The
proposed 5-D IIR adaptive depth-velocity filter is realized by cascading three first-
order 5-D IIR adaptive filters having time-variant 4-D hyperplanar passbands of
appropriate orientations. The first-order 5-D IIR adaptive filters are designed by
appropriately extending the first-order 3-D IIR adaptive planar filter design method
proposed in [25]. The time-variant coefficients of the three first-order 5-D IIR adaptive
filters are derived in closed form. The performance of the proposed 5-D IIR adaptive
depth-velocity filter is tested by employing a numerically generated LF'V and an LE'V

of a real scene, generated by means of a commercially available Lytro LF camera.
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Experimental results indicate that the proposed 5-D IIR adaptive depth-velocity filter
outperforms the 3-D TIR adaptive velocity filters [25] and the 4-D IIR adaptive depth
filters in enhancing moving objects in LFVs. Considering the ultra-low complexity
and the availability of the closed-form expressions for the time-variant coefficients,
the proposed 5-D IIR adaptive depth-velocity filter has a significant potential to be
employed in real-time applications.

The rest of the chapter is organized as follows. In Section 5.2, the analysis of
the spectrum of a Lambertian object moving in an LFV at non-constant depth is
presented. The 5-D IIR adaptive depth-velocity filter is described in Section 5.3. In
Section 5.4, numerical simulation results are presented. Finally, a summary of the

chapter is presented in Section 5.5.

5.2 Analysis of the Spectrum of a Lambertian Ob-
ject Moving at Non-Constant Depth

The spectrum of a Lambertian object moving in an LFV at non-constant depth (or
with nonzero V) is analyzed in this section. To this end, an approximate repre-
sentation of a Lambertian point source moving at non-constant depth in an LFV is

proposed in the next subsection.

5.2.1 Approximate Representation of a Lambertian Point
Source Moving at Non-Constant Depth Using Time-
Variant 3-D Hyperplanes

Recall that a Lambertian point source of intensity /o moving with the constant velocity

V = [V, V,, V.]T is represented in a 5-D continuous-domain LFV I5¢(x) as a 3-D

hypersurface of constant value [y, which is given by the intersection of the two 4-D

hypersurfaces

mx +u + kit — kyut +c, =0 (5.1a)
my + v+ kit — kvt +c¢, =0, (5.1b)

where m, ¢, and ¢, are given in (2.2a), (2.2b) and (2.2¢), respectively, and k,, k, and
k., are given in (2.13a), (2.13b) and (2.13c), respectively. In this case, l5¢(x) is given
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lsc(x) = lo 6(max + u + kit — kut + ¢,)
X d(my + v + kyt — kvt +¢,). (5.2)

Obtaining a closed-form expression for the spectrum of l5¢(x), when k, # 0 (or
V., # 0), is highly complicated due to the nonlinear nature of the arguments of the
d(+) function. Motivated from the LFV representation of Lambertian point sources
moving at constant depth (with V, = 0) presented in Chapter 2, where a closed-form
expression for the spectrum can be obtained, we propose an approximate representa-
tion for a Lambertian point source moving with nonzero V, in this subsection. More
specifically, the two 4-D hypersurfaces given by (5.1a) and (5.1b) are approximated

with the two time-variant 4-D hyperplanes

m(t)e +u+ ki (t)t 4+ c.(t) =0 (5.3a)
m(t)y + v+ ky(t)t + ¢, (t) = 0, (5.3b)

respectively, where the parameters m(t), k. (t), k,(t), c.(t) and ¢, (t) are restricted to
be piece-wise constant with respect to the time ¢. For a short time interval ¢, € [t;, tf],
for which the parameters m(t), k,(t), ky(t), cz(t) and ¢,(t) are constant, they can be

obtained as

m(ty) = Zoz i (5.4a)
ko (to) = ;ft V) (5.4b)
ky(to) = ;ol()t Sy (5.4¢)
ea(to) = _fo ”ZJ(;) (5.4d)
ey(to) = _2 ?égi()t’), (5.4¢)

respectively, where (zo(t;), yo(t;), z0(t;)) is the position of the Lambertian point source
at to = t;. In fact, in this case, the LFV [5¢(x) is locally approximated for the short

time interval ¢y with the LF'V corresponding to a Lambertian point source moving at
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the constant depth zy(¢;), i.e.,

l5c(X) ~ lo 5(m(t0)x +u -+ k’z(to)t + Cz(tg))
X S(m(to)y + v + ky (o)t + ¢, (to)). (5.5)

Furthermore, for ¢ € R, the LFV [5¢(x) is approximated with a sequence of LFVs,
each corresponding to a Lambertian point source moving at a constant depth for a

short time interval.

5.2.2 Approximate Spectrum of a Lambertian Object Mov-
ing at Non-Constant Depth and Its ROS

Following the spectral analysis presented in Chapter 2, the time-variant spectrum

L5c(€2,t) can be approximated, for the short time interval ¢y, as

L5c(Q, to) ~ 87T3l() (S(Qx — m(to)Qu) (5(Qy — m(to)Qv)
X 6( — kalto)Q — ky(to)§2,) ¢ (Gucalto)+uey(to)) (5.6)

Furthermore, the time-variant ROS of the spectrum, Psc(t), can be obtained as

Psc(to) = Hscwu(to) N Hscyo(to) N Hscwwt (o), (5.7)
where
Hsowu(to) = {2 € R” | Q, —m(to)Q, = 0} (5.8a)
Hsc,yw(to) = {Q € R® | Q, —m(to)2, =0} (5.8b)
H5C,uvt(t0) = {Q < R | QO — kx<t0)Qu — ky(tO)Qv = 0} (58(3)

Note that the ROS Psc(t) is a time-variant plane through the origin in the 5-D
continuous frequency domain, which is given by the intersection of the three time-

variant 4-D hyperplanes

Q, —m(t)Q, =0 (5.9a)
Q, —m(t)Q, =0 (5.9b)
O — ke () — ky(6)Q2, =0 (5.9¢)
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Figure 5.1: Structure of the proposed 5D IIR adaptive depth-velocity filter.

having normal vectors dsc 4. (t) = [1,0,—m(t),0,0]", dsc () = [0,1,0, —m(t),0]"
and dsc e (t) = [0,0, =k, (t), —k,(t), 1]T, respectively, which are piece-wise constant
with respect to the time t.

Similar to Chapter 2, a Lambertian object moving with the constant velocity
V = [V,,V,,V.]" is considered as a collection of Lambertian point sources moving
with the same velocity. Consequently, the LF'V of the Lambertian object is given by
the superposition of the LFVs of the corresponding Lambertian point sources. In this
case, the LF'V of the Lambertian object is approximated with a sequence of LFVs,
each corresponding to the Lambertian object moving at a constant depth for a short
time interval. Therefore, the time-variant ROS of the spectrum, Osc(t), is obtained

as a sequence of ROSs. For the short time interval o, Osc(tg) is given by

Osc(to) ~ ) Psc(to)

20 (tl)

U (HE’C’x“(tO) N /H5C7yv (tO) N H5C,uvt(t0)) ) (510)

Zo(ti)

Q

where zo(t;) is the depth range occupied by the Lambertian object at ¢y = t;. Due
to the time-variant nature of the ROS of the spectrum, in this case, the passband
(or stopband) of a 5-D depth-velocity filter needs to be appropriately tuned with
respect to time in order to enhance (or attenuate) a Lambertian object, i.e, the 5-D

depth-velocity filter should be adaptive.

5.3 Design of the 5-D IIR Adaptive Depth-Velocity
Filter

The design of the 5-D IIR adaptive depth-velocity filter is described in this section.
The structure of the proposed 5-D IIR adaptive depth-velocity filter H (z, n;) is shown
in Figure 5.1. Similar to the design of the 5-D IIR depth-velocity filter presented in
Chapter 4, the 5-D IIR adaptive depth-velocity filter is designed as a cascade of three



71

5-D IIR adaptive filters; H,,(z,n:), Hyy(z,n) and Hype(z,n;). The transfer function
H(z,n;) of the 5-D IIR adaptive depth-velocity filter is given by

H(z,n;) = Hyu(z, 1) Hyy(2,10) Hyi (2, 14). (5.11)

The coefficients of each 5-D IIR adaptive filter are adapted with respect to the time n,
such that the passband of H(z,n;) encompasses the instantaneous (or local) spectral
ROS of the object of interest. Note that, for a time instant n,, the passbands of
the 5-D IIR adaptive filters H,,(z,n:), Hy,(2z,n:) and H,(z,n:) encompass the 5-D

hypervolumes given by

BSD ,TU ntO U HE)D xu(ntO) (5123>
zo(nto)

Bsp yv(ntO U Hsp yv(ntO) (5-12b)
zo(nt0)

Bsp uvt(ntO U Hsp uvt(nt[)) (5.12¢)
z0(nt0)

respectively, inside the 5-D principal Nyquist hypercube Nsp, where zo(ny) is the
depth range occupied by the Lambertian object at n; = nyy. Moreover, Hsp zu(140),
Hsp,yo(tuo) and Hsp (1) are the discrete-domain counterparts of the 4-D hyper-
planes given by (5.8a), (5.8b) and (5.8¢c), respectively. Furthermore, in this case,
the overall passband Bsp(ny) of H(z,n:), given by the intersection of Bsp (1),
Bsp yw(nuo) and Bsp et (nuo), completely encompasses the approximated 3-D hyperfan-
shaped spectral ROS of the object of interest, which corresponds to the time instant
Nyo.

The design of the 5-D IIR adaptive filters Hy,,(z, 1), Hyp(z,n:) and Hyi(z, ny)
are carried out by appropriately extending the design method reported for the first-
order 3-D IIR adaptive planar filters [25]. The time-variant difference equations for

H,.(z,n¢), Hy(z,n) and H,.(zt, n;) are, respectively, obtained as

R
ou 1 in . ou .
195 (n) = boa (17 Z Z IBy(n —ig,) Z Z bi,i, () 193 ( 1%)] (5.13a)

L 72=0 2,=0 1z =0 1, =0
ix+iu7é0
ou 1 . ou .
lp () = boo (1) Z Z 15 (n —1i,,) Z Z biyi, (1) 155 ( 1yv)] (5.13b)
L 7y=0 ty= 4 =0 1, =0

iy+in#£0
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1 1

31222 S ) = 30 33 b ) 5 — )|

1y, =0 1, =0 7:=0 4y =0 7, =0 ;=0
iu"l‘iv“l‘it?éo

lout(

booo
(5.13¢)

where [ (n) and [g8(n) are the input and the output signals of each filter, respec-
tively. Further, i, = [iz,0,%4,0,0]", iy, = [0,4y,0,4,,0]" and iy = [0,0, 4y, 1y, @]
The time-variant denominator coefficients of the three adaptive filters H,,(z,n,),

H,,(z,n:) and H,.(z,n:) are, respectively, obtained as [24] [25]

biyi, (ne) =1+ B . iy =0,1 (5.14a)
—1) ¥ 4 (=1)g
iy (1) = 1+ = y”(nt)B L) iy, iy = 0,1 (5.14b)
yv
(=1)"diyp () + (= 1) dy, () + (=1)"dgpy (n0)

biyivis (n) = 1+

B ) iuaimit = 07 17
uvt

(5.14c)

where B,,, By, and B, are the time-invariant —3 dB bandwidths of the three
filters, respectively. Furthermore, d,(n;) = [d,(n4),0,d%,(ns),0,0]T, ayv(nt) =

» Yy

[0, d%,(14), 0,2, (n,), 0] and duue(ns) = [0,0, d2,(n), %y (1), ey (n2)] " ave the time-
variant unit normal vectors corresponding to the time-variant 4-D hyperplanar pass-
bands, respectively.

Because the depth of the object of interest, zo(n;), is always positive and the ve-
locity of the object of interest is constant, the signs of the time-variant parameters
m(ne), kz(n:) and k,(n;), which determine the unit normal vectors Hw(nt), ayv(nt)
and auvt(nt), do not change with the time ny, i.e., positive parameters remain pos-
itive and negative parameters remain negative for all the time. Consequently, the
unit normal vectors HM (ny), Hyv (ny) and auvt(nt) always lie inside the closed orthants
corresponding to 8w(0), ayv(O) and 8uvt(0). That is, the unit normal vectors al-
ways lie inside their initial closed orthants. Therefore, the 5-D IIR adaptive filters
H,.(z,n), Hyy(z,n) and H,,(z,n;) can be implemented so that the practical-BIBO
stability [101] is always guaranteed.
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Size Initial Depth | True velocity
Object type height x width 20(0) Va, Vi, V2]
(cm?) (cm) (cm/frame)
Object of interest 50 x 50 50 [1,1,0.3]
Interfering object 1 50 x 50 50 [1,—2,0.3]
Interfering object 2 10 x 10 10 [0.2,0.2,0.06]

Table 5.1: Specifications of the Lambertian planar objects.

5.4 Experimental Results

In this section, experimental results are presented in order to confirm the effectiveness
of the proposed 5-D IIR adaptive depth-velocity filter in enhancing objects moving
with constant velocity and at non-constant depth in LF'Vs based on their depth and
velocity. First, by employing a numerically generated LFV, it is shown that the
proposed 5-D IIR adaptive depth-velocity filter outperforms the 3-D IIR adaptive
velocity filters [25] and the 4-D IIR depth filters. Next, the experimental results

obtained using an LFV generated using the Lytro LF camera are presented.

5.4.1 Numerically Generated LFV

Similar to the numerically generated LFV employed in Chapters 3 and 4, the nu-
merically generated LF'V employed in this chapter contains three Lambertian planar
objects. All the three planar objects have a Lambertian intensity pattern that re-
sembles a checkerboard of 8 x 8 squares. The other specifications of the three planar
objects are presented in Table 5.1. Note that the distance D between the camera
plane and the image plane is selected as 50 cm. Note that the object of interest and
the first interfering object always move at the same depth so that the first interfering
object can not be attenuated using 4-D adaptive depth filters. On the other hand, the
object of interest and the second interfering object always move with the same appar-
ent velocity, i.e. both have the same k,(n,) and k,(n;), so that the second interfering
object can not be attenuated using 3-D adaptive velocity filters. The generated LEV
is of the size 9 X 9 x 256 x 256 x 64, and the 10th frame of the LFV corresponding
to the central 25 sub-apertures (n,,n, = 3,4,...,7) is shown in Figure 5.2.

The 5-D IIR adaptive filters H,,(z,n;) and H,,(z,n;) are designed with the pa-
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Figure 5.2: The 10th frame of the numerically generated LFV corresponding to the
central 25 sub-apertures (n,,n, = 3,4,...,7). The middle object is the object of
interest; the bottom object is the interfering object 1 moving at the same depth
(but with different apparent velocity) of the object of interest; the top object is the
interfering object 2 moving with the same apparent velocity (but at different depth)
of the object of interest.

rameters B,, = By, = 0.17 rad/sample. The magnitude response |H,, (e’ n;)|
obtained at n, = 50 is shown in Figure 5.3. The magnitude response of Hy,(z,n;) at
ny = 50 is similar to that of H,,(z,n;) shown in Figure 5.3. The filter Hy(z,n;) is
designed with the parameter B,,; = 0.037 rad/sample. The —3 dB iso-surface of the

magnitude response |H,;(e’“ n;)| obtained at n; = 50 is shown in Figure 5.4.
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Figure 5.3: Magnitude response |H,,(¢/*, n;)| obtained at n; = 50 in the w,w, plane.

(b)
@

o, (xn), rad/sample

Magnitude, dB

0 05

0
-0.5 05

®_ (xm), rad/sample 1o
Y o, (xm), rad/sample 11 o, (<m), rad/sample

o, (<), rad/sample

Figure 5.4: Magnitude response |H,,(e/*,n;)| obtained at n, = 50 (a) —3 dB iso-
surface in the w,w,w; space (b) cross section obtained at w, = 0.

The numerically generated LFV is filtered with the proposed 5-D IIR adaptive
depth-velocity filter, a 4-D IIR adaptive depth filter and the 3-D IIR adaptive ve-
locity filter [25]. The 4-D IIR adaptive depth filter was designed by appropriately
extending the 4-D IIR time-invariant depth filter presented in [44]. Note that the
coefficients of all the three filters were adapted for each temporal frame. The 5-D
ITR adaptive depth-velocity filter H(z,n;) was implemented using the time-variant

difference equations given by (5.13a)—(5.13c). The 10th frame of the original, the 4-D
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(b)

© (d)

Figure 5.5: The 10th frame of (a) the original, (b) the 4-D IIR adaptive depth filtered
(c) the 3-D IIR adaptive velocity filtered [25] and (d) the 5-D IIR adaptive depth-
velocity filtered (proposed) LEVs corresponding to the central sub-aperture (n,, n, =
5). The middle object is the object of interest; the top object is the interfering
object moving at the same apparent velocity (but at different depth) of the object of
interest; the bottom object is the interfering object moving at the same depth (but
with different apparent velocity) of the object of interest.

ITR adaptive depth filtered, the 3-D IIR adaptive velocity filtered [25] and the 5-D
IR adaptive depth-velocity filtered LF'Vs corresponding to the central sub-aperture
(ng,ny, = 5) are shown in Figure 5.5. It can be clearly observed that the first interfer-
ing object (bottom object) moving at the same depth of the object of interest (middle
object) is not attenuated by the 4-D IIR adaptive depth filter. Similarly, the second
interfering object (top object) moving with the same apparent velocity of the object
of interest is not attenuated by the 3-D IIR adaptive velocity filter. On the other
hand, both interfering objects are attenuated by the 5-D IIR adaptive depth-velocity
filter. This confirms the effectiveness of the proposed 5-D IIR adaptive depth-velocity
filters, compared to the 4-D IIR adaptive depth filters and 3-D IIR adaptive velocity

filters [25], in enhancing objects moving at non-constant depth in LFVs.
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Figure 5.6: The experimental setup employed to generate the LFV of a real scene. A
Lytro LF camera was employed to capture the individual frames of the scene. The
red truck is the object of interest whereas the white truck and the fence are a moving
interfering object and a static interfering object, respectively.

5.4.2 Lytro-LF-Camera-Based LFV

The experimental setup employed to generate the LF'V is shown in Figure 5.6. It
is comprised of a red truck (object of interest), a white truck (moving interfering
object) and a fence (static interfering object). The red truck was manually moved
towards the Lytro LF camera while the white truck was manually moved outwards
from the Lytro LF camera. Fifty six LFs were captured, and each LF was decoded
by using the MATLAB LFToolbox (Version 0.3) [93]. The generated LFV is of the
size 9 X 9 x 256 x 360 x 56. The 40th frame of the LF'V corresponding to the central
15 sub-apertures (n, = 4,5,6 and n, = 3,4,...,7) is shown in Figure 5.7.

The time-variant parameters m(n;), k,(n:) and k,(n;) corresponding to the object
of interest and the interfering objects are derived based on the parameterization
of the decoded LFV [93]. When n; varies from 0 to 55, m(n;), k,(n;) and k,(n;)
corresponding to the object of interest vary from —2.8 to —3.2, —0.3 to —1, and —0.4
to —1.2, respectively. The variations of these time-variant parameters corresponding
to the moving interfering object are —3.2 to —2.8, 1 to 0.3, and 1.2 to 0.4, respectively.
Furthermore, m(n;), k,(n;) and k,(n;) corresponding to the static interfering object
are —3.3, 0, and 0, respectively. Note that the time-variant parameters corresponding
to the object of interest are close to those of the interfering objects. Consequently,
the spectral ROSs of the three objects lie close to each other, and the enhancement of

the object of interest using the 5-D IIR adaptive depth-velocity filter is challenging in



Figure 5.7: The 40th frame of the LF'V corresponding to the central 15 sub-apertures
(ny =4,5,6 and n, = 3,4,...,7). The red truck is the object of interest; the white
truck is the moving interfering object; the fence is the static interfering object.

this case. The 5-D IIR adaptive filters H,,(z, n;) and Hy,(z,n;) are designed with the

parameters B, = By, = 0.087 rad/sample. The magnitude response |H,, (e’ n,)|
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Figure 5.9: Magnitude response |H,,(e/*,n;)| obtained at n, = 30 (a) —3 dB iso-
surface in the w,w,w; space (b) cross section obtained at w, = 0.

obtained at n, = 30 is shown in Figure 5.8. The magnitude response of Hy,(z, n;) at
ny = 30 is similar to that of H,,(z,n;) shown in Figure 5.8. The filter H,(z,n;) is
designed with the parameter B,,, = 0.0037 rad/sample. The —3 dB iso-surface of
the magnitude response |Hy¢(¢’“, n;)| obtained at n; = 30 is shown in Figure 5.9.
The LFV is filtered with the proposed 5-D IIR adaptive depth-velocity filter,
and three frames of the original and the filtered LFVs, corresponding to the sub-
aperture (ng,n,) = (7,7), are shown in Figure 5.10. It is observed that the proposed
5-D IIR depth-velocity filter enhances the object of interest (red truck) with slight
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(b)

(d) ®

Figure 5.10: Three frames of the original LFV (top row) and the 5-D IIR adaptive
depth-velocity filtered LEV (bottom row), (n,,n,) = (7,7); (a) and (d) 30th frame;
(b) and (e) 40th frame; (c) and (f) 50th frame.

distortion while substantially attenuating the moving interfering object (white truck)
and modestly attenuating the static interfering object (fence). These results confirm
the effectiveness of the proposed 5-D IIR adaptive depth-velocity filter in enhancing
objects moving at non-constant depth in LFVs.

In the filtered LFV, the attenuation of the two interfering objects is higher in the
50th frame, compared to that in the 30th frame. This results as a consequence of
the increase of the difference between the apparent velocity of the object of interest
and those of the two interfering objects when n; varies from 0 to 55. Furthermore, it
is worthwhile to note the attenuation of the interfering objects can be increased by
reducing the parameters B, and B,, employed in the design of the 5-D IIR adaptive
filters H,,(z,n:) and H,,(z,n:), respectively. However, in this case, the number of
samples available for the n, and n, should be substantially higher than the number
of samples available with the LF'V employed in the experiment in order to overcome

the long transient responses.
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5.5 Summary

In this chapter, the 5-D depth-velocity filtering technique is extended to the more
general case, where objects moving with constant velocity but at non-constant depth
are enhanced. First, the spectrum of a Lambertian object moving in an LFV at
non-constant depth is analyzed. In particular, an approximate representation for a
Lambertian point source moving at non-constant depth is presented. In this case, the
two 4-D hypersurfaces corresponding to the LFV representation of the Lambertian
point source are approximated with two 4-D time-variant hyperplanes. Furthermore,
the ROS of the spectrum of a Lambertian object moving at non-constant depth is
approximated as a sequence of ROSs, each of which is a skewed 3-D hyperfan, in the
5-D continuous frequency domain.

Based on the spectral analysis, a novel ultra-low complexity 5-D IIR adaptive
depth-velocity filter is proposed for enhancing objects moving at non-constant depth.
The proposed 5-D IIR adaptive depth-velocity filter is realized by cascading three
first-order 5-D IIR adaptive filters having time-variant 4-D hyperplanar passbands of
appropriate orientations. The three first-order 5-D IIR adaptive filters are designed by
appropriately extending the first-order 3-D IIR adaptive planar filter design method
presented in [25]. The time-variant coefficients of the three first-order 5-D IIR adap-
tive filters are derived in closed form. The proposed 5-D IIR adaptive depth-velocity
filter is practical-BIBO stable.

The performance of the proposed 5-D IIR adaptive depth-velocity filter is con-
firmed by employing a numerically generated LFV and an LFV of a real scene, gen-
erated by means of a commercially available Lytro LF camera. Experimental results
indicate that the proposed 5-D IIR adaptive depth-velocity filter outperforms the 3-D
IIR adaptive velocity filters [25] and the 4-D IIR adaptive depth filters in enhancing
moving objects in LFVs. The performance of the 5-D IIR adaptive depth-velocity
filter can be increased if a few tens of samples along the n, and n, dimensions are
available with an LF'V, a feature that is expected to be available with the future gen-
erations of LFV cameras. Considering the ultra-low complexity and the availability
of the closed-form expressions for the time-variant coefficients, the proposed 5-D IIR
adaptive depth-velocity filter has a significant potential to be employed in real-time

applications.
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Chapter 6

Ultra-Low Complexity 3-D
Linear-Phase IIR Velocity Filter

6.1 Introduction

The 5-D FIR and IIR depth-velocity filters presented in Chapter 3 and Chapter 4,
respectively, employed 5-D FIR and IIR filters having 4-D hyperplanar passbands.
One disadvantage of such a 4-D hyperplanar passband is that it provides poor se-
lectivity at frequencies near the origin inside the 5-D principal Nyquist hypercube.
This disadvantage can be overcome by employing 5-D FIR or IIR filters having 5-D
hyperfan-shaped passbands instead of 4-D hyperplanar passbands. For example, the
required 5-D hyperfan-shaped passband for the 5-D filter H,(z) is shown in Fig-
ure 6.1. Note that the 5-D hyperfan-shaped passband encompasses the ROS of the
object of interest more compactly compared to a 4-D hyperplanar passband. In this
chapter, we present the design of an ultra-low complexity 3-D linear-phase 1IR ve-
locity filter in the context of conventional 3-D video enhancement. This filter can be
directly employed as the 5-D IIR filter H,,(z) in the design of 5-D IIR depth-velocity
filters. Furthermore, the 5-D IIR filters H,,(z) and H,,(z) can be designed by slightly
modifying the design method of the proposed filter.

3-D velocity filters (also known as linear trajectory (LT) filters) are employed in
such applications as traffic analysis, motion detection and analysis, radar tracking and
advanced driver assistance systems to selectively enhance or attenuate moving objects
based on their 2-D spatial (or apparent) velocities [18] [19] [20] [21] [23] [27] [30].

Another potential application is the attenuation of moving artifacts in underwater
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Figure 6.1: The ROS of the spectrum of the object of interest (solid) and the 5-D
hyperfan-shaped passband of the 5-D filter H,,;(z) in the w,w,w; space.

videos while enhancing static objects or objects moving on smooth approximately-
linear trajectories. Two premier examples are the attenuation of sunlight flicker
patterns in shallow underwater videos [108] [109] [110] and the attenuation of live
creatures, such as fish, in seabed modeling and coral reef monitoring [15].

A number of methods for the design of 3-D FIR and IIR velocity filters are found
in the literature. In most of the design methods, the passband has been selected
to be planar shaped [24] [25] [26] or wedge shaped (i.e., exterior of a wide-angle
cone) [22] [27] [28] [29] [111] inside the principal Nyquist cube in the 3-D frequency
domain. In general, these passbands are not symmetric with respect to the temporal
frequency axis.

Recently, a low-complexity 3-D FIR velocity filter is proposed to enhance severely
corrupted LT signals [77]. Motivated from the temporal delaying in conventional
delay-and-sum beamformers [73](ch. 6) [112] [113], the low-complexity 3-D FIR ve-
locity filter has employed a 2-D spatial variable-shift filter to spatially shift the 3-D
input video signal before filtering with a low-complexity 3-D wide-angle FIR cone
filter. The use of the 2-D spatial shifts has the effect of skewing (or shearing) the
region of support of the spectrum of an LT signal so that it is symmetric with re-
spect to the temporal frequency axis. Therefore, the wedge-shaped passband of the

low-complexity 3-D wide-angle FIR cone filter can be selected to be symmetric with
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respect to the temporal frequency axis and has been approximated by employing a
low-complexity filter bank structure similar to those employed in 3-D FIR cone and
frustum filters, which have been used for broadband beamforming [114] [115].

In this chapter, an ultra-low complexity 3-D linear-phase 1IR velocity filter, which
extends the low-complexity 3-D FIR velocity filter proposed in [77], is proposed to
further reduce the computational complexity of 3-D velocity filters. The proposed
3-D linear-phase IIR velocity filter consists of an ultra-low complexity 3-D wide-angle
linear-phase IIR cone filter bank between two 2-D spatial variable-shift filters. The
ultra-low complexity 3-D wide-angle linear-phase IIR cone filter bank is designed by
employing a 1-D temporal modified DFT filter bank and 2-D spatial allpass, IIR
highpass and allstop filters. The ultra-low complexity is achieved by exploiting the
maximal decimation in the temporal dimension and by realizing the nonseparable
2-D spatial IIR highpass filters using the 2-D spatial allpass filters and 1-D spatial
IIR lowpass filters. Furthermore, the linear phase response is achieved by employing
zero-phase filtering for the 1-D spatial IIR lowpass filters. A typical 3-D linear-phase
ITR velocity filter of order 4 x 4 x 510, applied to enhance a heavily corrupted test
video signal, provides a signal-to-interference-and-noise ratio (SINR) improvement of
13.86 dB, which is almost independent of the scene complexity. Compared to the 3-D
FIR velocity filter presented in [77], the proposed 3-D linear-phase IR velocity filter
requires 52.28% and 66.41% less real multiplications and additions, respectively, for
similar SINR improvements. In order to illustrate the performance of the proposed
3-D linear-phase IIR velocity filter in enhancing videos, it is employed to attenuate
sunlight flicker patterns in shallow underwater videos. Experimental results confirm
the effectiveness of the 3-D linear-phase IIR velocity filter in attenuating the sunlight
flicker patterns and its robustness to motion estimation errors. Note that, in this
chapter, the image coordinate of a 3-D video is denoted as (z,y) instead of (u,wv).
Furthermore, the apparent velocities of a moving object in a 3-D video along the x
and y dimensions are denoted as v, and v, respectively.

The organization of the rest of the chapter is as follows. A review of LT signals
and their spectra is presented in Section 6.2. In Section 6.3, the proposed 3-D linear-
phase IIR filter is described in detail. In Section 6.4, the design and the efficient
implementation of the 3-D wide-angle linear-phase IIR cone filter bank are presented.
Numerical simulation results are presented in Section 6.5. Finally, a summary of the

chapter is presented in Section 6.6.
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6.2 Review of LT Signals and Their Spectra

Let us consider a sampled LT signal corresponding to an object moving with a con-
stant 2-D spatial velocity [vg,v,]" as shown in Figure 6.2 (a). Under the constant
intensity assumption [88](ch. 2.3), i.e. assuming that the intensity of the mov-
ing object is time invariant, the 3-D intensity of the moving object, i(n,,n,,n),

(N, ny,ny) € Z3, may be written as
i(ng, ny,ny) = ig(ne — Ax(ng), ny — Ay(ne), ni), (6.1)

where ig(ng,ny,, nyw) is the 2-D intensity of the moving object at n; = ny. The
frame obtained at n; = ny is called the reference frame, and Ax(n;) and Ay(n,) are,
respectively, the displacements (in pixels) of the moving object along the n, and n,
dimensions at n; with respect to the reference frame. The displacements Ax(n;) and
Ay(n;) are given by [88](ch. 2.3)

respectively.

The 3-D spectrum of the LT signal i(n,, n,,n;) can be obtained as [24]
I Wy, wy, wt) = Ir(wy, wy) 0(Vawy + vywy + wy), (6.3)

where (wg,wy,w;) € R* and 4(-) is the 1-D continuous-domain impulse function.
According to (6.3), the region of support of the spectrum I(w,,wy,w;) is a plane
going through the origin inside the principal Nyquist cube {(w,,w,,w;) € R?, —7 <
Weywy,wy < 7} [24] as shown in Figure 6.2 (b). Note that the orientation of the
plane is determined by the 2-D spatial velocity [v,,v,]T. Consequently, the regions
of support of the spectra corresponding to objects moving with different 2-D spatial
velocities do not ideally overlap except at the origin in the 3-D frequency domain [24],
and such moving objects can be selectively enhanced or attenuated by employing 3-D
velocity filters. Nevertheless, it is worthwhile to note that the aliasing components
resulting from sampling rates employed in video capturing processes [88](ch. 3.3)
cannot be eliminated by 3-D velocity filters. This, in general, poses a natural limit

for applications of 3-D velocity filters.



86

I
at Ny

Velocity [v,, ’Uy}T
at ny

Ay(ny) °

Ax(ny)
Wy
(a) (b)

Figure 6.2: (a) An LT signal corresponding to an object moving with a constant 2-D
spatial velocity [v,,v,]T; (b) the region of support of its spectrum inside the principal
Nyquist cube.

6.3 Proposed Ultra-Low Complexity 3-D Linear-
Phase IIR Velocity Filter

The proposed ultra-low complexity 3-D linear-phase IIR velocity filter, henceforth
called as the 3-D IIR velocity filter for brevity, is illustrated in Figure 6.3. It consists
of a 3-D wide-angle linear-phase IIR cone filter C(z,, 2y, 21), (22, 2y, 2¢) € C?, between
two 2-D spatial variable-shift filters Sy (z,, z,) and S (zs, 2,), (24, 2,) € C%. In order to
describe the operation of the proposed 3-D IIR velocity filter, let us consider a 3-D in-
put signal i;,,(n,, ny, ny) consisting of an LT signal of interest having the 3-D intensity
i(ng, ny, ny) and moving with the 2-D spatial velocity [v,, v,|T, and interfering signals
having 2-D spatial velocities other than [v,,v,|T. The first 2-D spatial variable-shift
filter Sy(2., 2,) spatially shifts i;, (n., ny, ne) by [—~Ax(n;), —Ay(n,)]* (or provides the
backward shifts) so that the 3-D intensity i(n,, n,,n:) of the LT signal of interest is
stationary with respect to the temporal dimension. This is equivalent to skewing the
region of support of the spectrum I(w,,wy,w;) to lie on the w,w, plane. On the other
hand, the regions of support of the spectra of interfering signals occupy regions other
than the w,w, plane (except the origin).

In real applications, the 1-D spatial shifts Az(n,) and Ay(n;) can be estimated
by means of readily available motion estimation techniques [88](ch. 6). In this case,
the 1-D spatial shifts are approximations of the exact 1-D spatial shifts. As a result,
after the 2-D backward spatial shifts [—Az(n;), —Ay(ns)]T, the region of support of



87

Zm(nr ny7 nt) iout (nTa TLy, nt)
—> Sb(zxazy) C(ZIazyazt) Sf(zxazy) —

Figure 6.3: Proposed ultra-low complexity 3-D linear-phase IIR velocity filter.
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Figure 6.4: Ideal passband of the 3-D IIR filter C(z,, 2, ), which is the exterior of
a wide-angle cone, where € is the angle between the w,w, plane and the surface of the
wide-angle cone.

the spectrum I(w,,w,,w;) may deviate slightly from the w,w, plane. Consequently,
in order to make the 3-D IIR velocity filter robust to spatial shift estimation errors,
the passband of the 3-D IIR filter C'(z,, 2, 2;) should be the exterior of a wide-angle
cone [29], as shown in Figure 6.4. Note that the passband of the 3-D IIR filter
C(zg, 2y, 2¢) 1s symmetric with respect to the wy axis. Therefore, it can be approxi-
mated using an ultra-low complexity 3-D wide-angle linear-phase IIR cone filter bank
as described in Section 6.4. The second 2-D spatial variable-shift filter S¢(z,, 2,) is
used to reverse the 2-D spatial shifts introduced by the first 2-D spatial variable-shift
filter Sp(zs, 2,). In other words, Sy(z,,2,) provides the forward shifts necessary to
reintroduce the motion for the LT signal of interest.
In the implementation of the 2-D spatial variable-shift filters Sy (z,, z,) and S¢(zs, 2,),

the 2-D spatial shifts can be carried out as two 1-D spatial shifts for each temporal

frame. For most applications, it is sufficient to estimate the 1-D spatial shifts Az(n;)



88

and Ay(n;) to the accuracy of one pixel, i.e. both Az(n;) and Ay(n,) are integer
valued. Consequently, for each temporal frame, the 1-D spatial shifts can be imple-
mented using circular shifts along the n, and n, dimensions. Note that this does not

require any arithmetic operations, and the additional memory requirement is very low.

6.4 Design and Efficient Implementation of the Ultra-
Low Complexity 3-D Wide-Angle Linear-Phase
IIR Cone Filter Bank

The design and the efficient implementation of the ultra-low complexity 3-D wide-
angle linear-phase IIR cone filter bank are presented in this section. For brevity,
we henceforth call it the cone filter bank. The proposed cone filter bank, shown in
Figure 6.5(a), consists of a 1-D temporal modified DFT filter bank [116] [117] and
2-D spatial filters. The 1-D temporal modified DFT filter bank employs a two-step
decimation and the subsampling matrices My and My are given by [118](ch. 12)

M; =diag[l 1 M/2] (6.4a)
M, = diag[l 1 2, (6.4D)

respectively, where the term “diag” denotes a diagonal matrix. The 2-D spatial
filters include a 2-D spatial allpass filter, 2M; 2-D spatial IIR highpass filters and
M — (2M;, + 1) 2-D spatial allstop filters, where M (an even integer) is the number
of bands of the 1-D temporal modified DF'T filter bank. For given M and €, M, is

obtained as

M, = arg mkin — tane|, (6.5)

where k € {1,2,...,M/2—1}. The passband of the cone filter bank is approximated
using the 2-D spatial allpass filter and the 2M), 2-D spatial IIR highpass filters as
illustrated in Figure 6.5(b). The 2-D spatial allstop filters are utilized for the stopband
of the cone filter bank.
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Figure 6.5: (a) The 3-D wide-angle linear-phase IIR cone filter bank. (b) Approxima-
tion of the passband using a 2-D spatial allpass filter and 2M);, 2-D spatial highpass
filters; a planar view on the w,w; plane.

6.4.1 Design of the 1-D Temporal Modified DFT Filter Bank

Both analysis filters Hy(z;) and synthesis filters Fy(z;), 2 € Cand k =0,1,..., M —1,
of a 1-D modified DFT filter bank are obtained by means of uniform complex mod-

ulation of a zero-phase FIR lowpass prototype filter P(z;) having a cutoff frequency
m/M and a passband gain VM as [117]

Hi(z) = Fi(z) = 2z, VP2 P(z,W), (6.6)

= e 72"/M and Np is the order of the prototype filter. Therefore, the
design of the 1-D temporal modified DFT filter bank is effectively reduced to the

design of the prototype filter. The order Np of the prototype filter is selected as

where Wy,

2M — 1 and, for this case, the impulse response of the prototype filter, p(n;), can be
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obtained in closed form as [117] [119]

p(ng) = 2\/1_ \/_ cos ( (2n; + 2]\/[))

ng=—-M+05—M+1.5,...,M —0.5. (6.7)

6.4.2 Design of the 2-D Spatial Filters

The 2-D spatial filter corresponding to the Oth band, Go(zs,2,), (2z,2,) € C?, is

allpass and its impulse response is given by

gO(nxy ny) = 52D(naca ny)v (68)

where (ng,n,) € Z* and dop(-,-) is the 2-D discrete-domain impulse function. The
2-D spatial filters Gy (2, #,) corresponding to k = 1,2, ..., M and k = M — M;,, M —
(My +1),...,M — 1 are 2-D spatial IIR highpass filters having circularly symmetric
stopbands. In order to reduce the computational complexity, the frequency responses
of the 2-D spatial IIR highpass filters are approximated by employing a 2-D spatial
allpass filter and 1-D spatial IIR lowpass filters as

Gz, 2y) = AP(24, 2y) — Gipi(20) Gipp (22 ) Gipi (2) Gipe (2, 1), (6.9)

where AP(z,, z,) is the 2-D spatial allpass filter having an impulse response ap(n,, n,) =
dop(ng,ny), and Gy, i(-) are the 1-D spatial IIR lowpass filters. Note that Gj(z,, 2,)
is a zero-phase filter [86](ch. 12.5). The cutoff frequencies of the 1-D spatial IIR

lowpass filters, w,, are selected as

2k
Wef = chote, k=1,2,..., My, (6.10)
and
We k = We, M~k k:M—Mh,M—(Mh+1>,,M—1 (611)

In general, low-order classical 1-D IIR filter types, such as Butterworth and elliptic,
are good choice for the 1-D spatial IIR lowpass filters. The design of such a 1-D IIR

lowpass filter can be carried out following a standard design procedure [86](ch. 12).
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The impulse responses of the 2-D spatial allstop filters are simply zero, i.e.,

gk (N, ny) =0, k=M, +1,M,+2,....M— (M, —1). (6.12)

6.4.3 Near-Perfect Reconstruction of the 3-D Wide-Angle
Linear-Phase IIR Cone Filter Bank

The cone filter bank provides the near-perfect reconstruction as shown in Appendix D.
That is, it approximates a linear time-invariant system, and the transfer function can

be obtained as

—M/2

C(Zz)zy7zt) ~ M ZHk(Zt)Gk;(Zx,Zy)Fk<Zt)
keC

Z;(NP-&-M/?) 2
S [PV Gulen 7). (6.13)

M
keC
where C = {0,1,..., M, M — My, M — (M}, + 1),..., M — 1}. Furthermore, the
temporal group delay 7(w,,wy, w;) of the cone filter bank can be obtained from (6.13)

as

M
T(Wy, wy,wr) = Np + 5

:2M+%—1. (6.14)
6.4.4 Efficient Implementation of the 3-D Wide-Angle Linear-

Phase IIR Cone Filter Bank

The efficient realization of the cone filter bank is shown in Figure 6.6. In this case,
the 1-D temporal modified DFT filter bank is realized by employing two 1-D tempo-
ral DFT-polyphase filter banks [116] [120], and the subsampling matrix M is given
by [118](ch. 12)

M = diag[l 1 M]. (6.15)

Note that E,,(z) and R,,(2), m =0,1,...,(M — 1), are the type-1 polyphase com-
ponents of Hy(z;) and the type-3 polyphase components of Fy(z;), respectively. Their
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definitions are, respectively, given by [121](ch. 3.3)

Hy(z) = - 27" B (2M) (6.16a)

M
m
M

I
- O

Fo(z) = 2Ry (). (6.16Db)

m=0

Note that Hy(z:) = Fo(z) = zt_NP/ZP(zt). For more details on the polyphase decom-
positions, the reader is referred to a standard textbook on filter banks such as [118§]
or [121]. Note that, in the efficient realization of the cone filter bank, both temporal
and spatial filtering operations are carried out after the temporal downsampling and
before the temporal upsampling. Consequently, the computational complexity of the
efficient realization is M times less than that of the original realization of the cone
filter bank shown in Figure 6.5 (a).

The number of nontrivial real multiplications and additions, i.e. excluding the
multiplications with 4+1, 47 and 0 and the additions with 0, required to process a
sample by the different blocks of the efficient realization of the cone filter bank are
presented in Table 6.1. In this derivation, the order of the 2-D spatial IIR highpass
filters is assumed to be 2Ng x 2Ng, where Ng is the order of the 1-D spatial IIR low-
pass filters. Furthermore, all the 1-D temporal polyphase filters and the 1-D spatial
ITR lowpass filters are assumed to be implemented using direct-form structures. Note
that no nontrivial arithmetic operation is required for the implementations of the 2-D
allpass filters and the 2-D allstop filters. Because the input signals for the inverse
DFT (IDFT) blocks are real-valued, a fast Fourier transform (FFT) algorithm opti-
mized for real-valued signals [122] can be employed to implement the IDFT blocks
whereas the DFT blocks can be implemented by employing a general FF'T algorithm
designed for complex-valued signals [123](chs. 3 and 12). In Table 6.1, Mppr g,
Aprr,r, Mppr,c and Appr o, respectively, denote the number of nontrivial real mul-
tiplications and additions required by the employed real-valued and complex-valued
FFT algorithms to perform an M-point DFT (or IDFT). For example, the split-radix
FFT algorithm optimized for real-valued signals [122] requires 258 nontrivial real
multiplications (Mppr z) and 1028 nontrivial real additions (Appr ) to perform a
128-point DFT (or IDFT). Furthermore, in the derivation, the multiplication by M
is assumed to be carried out before performing the IDFT in the IDFT blocks, and a

complex multiplication is assumed to be carried out with 3 real multiplications and
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Figure 6.6: Efficient realization of the 3-D wide-angle linear-phase IIR cone filter
bank. The 1-D temporal modified DFT filter bank is realized by two 1-D temporal

DFT-polyphase filter banks.

Table 6.1: Nontrivial real multiplications and additions required to process a sample
by the different blocks of the 3-D wide-angle linear-phase IIR cone filter bank.

Block

Real multiplications

Real additions

kENp

DFT

W,/ terms

1-D temporal polyphase filters

IDFT and multiplication by M

2-D spatial ITR highpass filters

Addition after upsampling

8 4
2 2
— M, 2 —A
27 MFFTLR + 2 FFT.R
16Mp,(2Ns + 1) AM;,(8Ng + 1)
M M
2 2
— M —A
a7 MEETC 3 FFT.C
QOMh 12Mh
M M
— 1

3 real additions.
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6.5 Numerical Simulation Results

Numerical simulation results are presented in this section to confirm the effectiveness
of the proposed 3-D IIR velocity filter. In particular, we consider the enhancement of a
heavily corrupted test video signal and the attenuation of the sunlight flicker patterns
in shallow underwater videos. Furthermore, a design example of the proposed 3-D
IIR velocity filter and a brief comparison between previously reported 3-D velocity

filters and the proposed 3-D IIR velocity filter are presented.

6.5.1 A Design Example of the Proposed Ultra-Low Com-
plexity 3-D Linear-Phase IIR Velocity Filter

The design of the proposed 3-D IIR velocity filter mainly consists of the design of the
cone filter bank, which in turn consists of the design of the 1-D FIR prototype filter
P(z) of the 1-D temporal modified DFT filter bank and the designs of the 2M), 1-D
spatial IIR lowpass filters G (), k = {1,2, ..., My, M — My, M — (M), +1),..., M —
1}. For the design example presented in this subsection, the number of bands M of
the 1-D temporal modified DF'T filter bank and the angle € are selected as 128 and
4°, respectively. Note that the order Np of the 1-D FIR prototype filter P(z;) is 255.
For the selected values of M and €, M), is obtained as 4 from (6.5), and 2nd-order
1-D Butterworth lowpass filters are employed to realize the 2-D spatial IR highpass
filters. The order of the cone filter bank is 4 x 4 x 510. The magnitude response of the
cone filter bank C'(z,, z,, #;) is shown in Figure 6.7. It is observed that the magnitude

response approximates the required passband fairly well.

6.5.2 Performance in Enhancing a Heavily Corrupted Ap-
proximately LT Signal

The performance of the proposed 3-D IIR velocity filter in enhancing a heavily cor-
rupted approximately LT signal is numerically evaluated in this subsection. To this
end, a test video signal of size 256 x 256 x 512, which is similar to that employed
in [29], is numerically generated. The test video signal contains an approximately LT
signal of interest is(n,,ny,n:), an interfering signal 4;(n,, n,, n:) and additive white
Gaussian noise. Both the LT signal of interest and the interfering signal consist of a
highly-detailed black (intensity = —0.5) and white (intensity = +0.5) checkerboard
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Figure 6.7: Magnitude response of the 3-D wide-angle linear-phase IIR cone filter
bank (a) —3 dB iso-surface; (b) a slice at w; = 0.03137; (c) a slice at w, = 0.

pattern i.(n,,n,,n;) of 64 x 64 pixels in a gray (intensity = 0) background [29]. The

two signals i5(ny, ny, ny) and i;(n,, n,, n;) are numerically generated as

is(ngy iy, ) = 1([5 + 0.1, + 0.0005n7 | , [100 + 0.09n; — 7sin(27n,/800)] , n¢)
(6.17a)

i (g, ny, ny) = i0([180 — 0.7n 4 0.0007n7] , [50 4 0.09n; — 7sin(27n,/800)] , ne),
(6.17b)

respectively, where [-] is the ceiling function. The energy of the interfering signal

and the noise is selected as the same and 10 times the energy of the signal of interest,



96

Figure 6.8: The 275th frame of (a) input video (b) output video.

respectively, in order to represent a heavily corrupted input signal. The 3-D IIR
velocity filter designed in Section 6.5.1 is employed to enhance the signal of interest.
The 275th frame of the input and the output test video signals are shown in Figure 6.8.
Note that the signal of interest and the interfering signal partially overlap in the input
frame, and the signal of interest is successfully enhanced by the proposed 3-D IIR
velocity filter.

The SINR improvement is employed as a measure in order to numerically evaluate
the performance of the proposed 3-D IIR velocity filter. The SINR of the input signal
is —10.41 dB. The segment of the output signal corresponding to the temporal steady
state, {(ng, ny,n)|l < ngn, < 256,129 < n, < 384}, is employed to estimate
the SINR of the output signal. The SINR of the output signal is 3.45 dB and,
consequently, the SINR improvement is 13.86 dB. For the same test video signal, the
3-D FIR velocity filter (of order 30 x 30 x 510) proposed in [77] provides a 13.25
dB SINR improvement. Accordingly, the proposed 3-D IIR velocity filter (of order
4 x 4 x 510) provides an additional SINR improvement of 0.61 dB because it has
a slightly higher stopband attenuation compared to the 3-D FIR velocity filter of
order 30 x 30 x 510 [77]. Note that the SINR improvement mainly depends on the
stopband attenuation of the 3-D wvelocity filter and the 2-D spatial velocities of the

moving objects. It is almost independent of the scene complexity.
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6.5.3 Attenuation of Sunlight Flicker Patterns in Shallow

Underwater Videos

Sunlight flicker is a familiar natural phenomenon observed on shallow underwater
surfaces on sunny days. The sunlight is converged by the convex regions of water
surface waves creating sunlight flicker patterns. These patterns appear as spatio-
temporal-varying brighter regions on underwater surfaces and considerably distort the
shallow underwater images and videos. Such moving artifacts in shallow underwater
videos affect not only the human perception of the scene but also the behaviour
of image processing and computer vision algorithms [108] [109]. Consequently, the
attenuation of the sunlight flicker patterns is of great interest. Previously proposed
methods [108] [109] [110] to attenuate the sunlight flicker patterns are nonlinear and
employ temporal median filtering in the log-intensity domain. In this subsection, the
performance of the proposed 3-D IIR velocity filter in attenuating the sunlight flicker
patterns is evaluated. Note that the proposed 3-D IIR velocity filtering method is
linear and operates in the linear-intensity domain.

In order to evaluate the performance of the proposed method in attenuating the

"1 are consid-

sunlight flicker patterns, two underwater videos, “pool” and “caesarea
ered. Figure 6.9 shows the 100th frame of the two underwater videos. Underwater
surface in the “pool” underwater video is shallower than that in the “caesarea” under-
water video. Consequently, the sunlight flicker pattern in the former is much stronger
than that in the latter. Both videos are processed by employing the 3-D IIR velocity
filter designed in Section 6.5.1 and by employing the state-of-the-art method proposed
in [109]. Figures 6.10 and 6.11 show the 100th frame of the processed “pool” and
“caesarea” underwater videos, respectively. Note that the strong sunlight flicker pat-
tern in the “pool” underwater video is completely attenuated by the proposed method
whereas some residues of the attenuated sunlight flicker pattern can be observed in
the underwater video processed using the method in [109]. This indicates the better
performance of the proposed method, especially attenuating the strong sunlight flicker
patterns.

In general, underwater videos are captured by cameras mounted on fixed struc-
tures or autonomous underwater vehicles. In the first case, the object of interest,

i.e. the seabed or coral reefs, is static in the underwater video and the object of

1Original videos are available at http://webee.technion.ac.il/~yoav/research/flicker.
html



(@) (b)

Figure 6.9: The 100th frame of the (a) “pool” underwater video; (b) “caesarea”
underwater video.

(@)

Figure 6.10: The 100th frame of the processed “pool” underwater video (a) proposed
method; (b) method in [109].

interest can be enhanced directly by employing the cone filter bank. That is, the

processing with the two 2-D spatial variable-shift filters is not necessary. In the sec-
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Figure 6.11: The 100th frame of the processed “caesarea” underwater video (a) pro-
posed method; (b) method in [109].

ond case, it is assumed that the autonomous underwater vehicle follows a smooth
approximately-linear trajectory, and the motion of the autonomous underwater vehi-
cle is required to be estimated in order to calculate the 2-D spatial shifts. In both
cases, the underwater video has motion-related errors. In the first case, the object
of interest is not perfectly static due to slight deviations of the camera position and,
in the second case, the motion estimation errors are unavoidable. Next, we show
that the proposed 3-D IIR velocity filtering method is robust to such motion-related
errors. To this end, uniformly distributed random 2-D spatial shifts are artificially
introduced to both underwater videos in order to represent the motion estimation
errors, and both videos are processed with the 3-D IIR velocity filter designed in Sec-
tion 6.5.1. In order to numerically evaluate the performance of the proposed method,
the average PSNR is estimated for different levels of 2-D spatial-shift errors. In the
PSNR estimation, the outputs of the 3-D IIR velocity filter corresponding to the
original motion-related-error-free underwater videos are considered as the noise-free
ground truths. Figure 6.12 shows the average PSNR obtained for different levels of
2-D spatial-shift errors. As expected, the average PSNR is reduced with the increased
level of 2-D spatial-shift errors. However, the average PSNR is greater than 30 dB
for both underwater videos, when the 2-D spatial-shift errors are in the range [—6, 6]
pixels, which is a good match for fast low-complexity motion estimation techniques.
Moreover, the average PSNR of 30.57 dB and 27.43 dB are achieved for the “pool” and

“caeserea” underwater videos, respectively, even for the worst case considered in the



100

40

—6— pool
—B— caesarea

Average PSNR, dB

26 8

Figure 6.12: The average PSNR of the “pool” and “caesarea” underwater videos
obtained with different levels of random 2-D spatial-shift errors, which are uniformly
distributed in the range [—b, b] pixels.

simulations, i.e. with the range [—15, 15] pixels for the 2-D spatial-shift errors. These
results confirm the robustness of the proposed method to the motion-related errors.
Considering the ultra-low complexity and robustness to the motion-related errors, the
proposed method has an excellent potential to be employed in real-time applications

such as real-time monitoring of coral reefs.

6.5.4 Comparison with Previously Reported 3-D Velocity
Filters

In this subsection, we briefly compare the proposed 3-D IIR velocity filter with pre-
viously reported 3-D velocity filters [27] [28] [29] [77] of which the passbands are
similar to that of the proposed filter. To this end, we first consider the computational
complexity of the 3-D IIR velocity filter designed in Section 6.5.1 and those of the
four 3-D velocity filters considered in the study. The specifications of the filters are
selected so that they provide similar SINR improvements. The numbers of nontrivial
real multiplications and additions required to process a sample are presented in Ta-
ble 6.2. Note that, in estimating the numbers of nontrivial real multiplications and
additions required by the proposed 3-D IIR velocity filter, the DFT and IDFT blocks
are assumed to be implemented by means of the split-radix FFT algorithm [124].
According to Table 6.2, for similar SINR improvement, the proposed 3-D IIR velocity
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Table 6.2: Numbers of nontrivial real multiplications and additions required to process
a sample by different 3-D velocity filters.

Filter Mul. | Add.

Proposed 3-D IIR filter 25.22 | 59.63
3-D FIR filter [77] 52.84 | 177.5

3-D IIR filter [29]1 231 | 440

3-D IIR filter [28]1 1411 | 1377

3-D optimal FIR filter [27]7 | 3375 | 3374

T Obtained from [29].

filter provides significant reduction in the computational complexity compared to the
other four 3-D welocity filters. This reduction is achieved mainly due to the fact that
no nontrivial arithmetic operation is required for the implementations of the 2-D all-
pass filters and the 2-D allstop filters and the number of 2-D spatial IIR highpass
filters (2M},) is considerably small compared to the number of bands (M) of the 1-D
temporal modified DFT filter bank. For example, M), = 4 and M = 128 for the 3-D
IIR velocity filter designed in Section 6.5.1. Compared to the 3-D FIR velocity filter
presented in [77], the proposed 3-D IIR velocity filter requires 52.28% and 66.41%
less nontrivial real multiplications and additions, respectively.

The proposed 3-D IIR velocity filter and the 3-D FIR velocity filter presented
in [77] have similar temporal group delays. However, the temporal group delay of the
proposed 3-D IIR velocity filter is considerably higher compared to those of the 3-D
velocity filters presented in [27] [28] [29]. For example, the temporal group delay of
the 3-D IIR velocity filter designed in Section 6.5.1 is 319 samples whereas those of the
3-D velocity filters presented in [27] [28] [29] may be maximally a few tens of samples.
As shown in Section 6.4.3, the temporal group delay of the proposed 3-D IIR velocity
filter depends on the number of bands M of the 1-D temporal modified DFT filter
bank. Consequently, by employing a less number of bands, the temporal group delay
of the proposed 3-D IIR velocity filter may be reduced. However, this will results
a less accurate approximation for the ideal passband (See Figures 6.4 and 6.5 (b)).
Furthermore, the proposed 3-D IIR velocity filter may provide a poor approximation

to the ideal passband at frequencies near the origin compared to the 3-D velocity
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filters proposed in [28] [29]. This results as a consequence of the lower number of 2-D
spatial IIR highpass filters employed in the cone filter bank. This drawback of the
proposed 3-D IIR velocity filter may be partially avoided by employing a 1-D non-
uniform temporal filter bank, however, at the expense of additional computational

complexity.

6.6 Summary

An ultra-low complexity 3-D linear-phase IIR velocity filter is proposed for attenuat-
ing moving artifacts in videos while enhancing objects moving on smooth approximately-
linear trajectories. The proposed 3-D IIR velocity filter consists of an ultra-low com-
plexity 3-D wide-angle linear-phase IIR cone filter bank between two 2-D spatial
variable-shift filters. The use of the 2-D spatial shifts has the effect of skewing (or
shearing) the region of support of the spectrum of an LT signal so that it is sym-
metric with respect to the temporal frequency axis. Therefore, the wedge-shaped
passband of the ultra-low complexity 3-D wide-angle linear-phase IIR cone filter can
be selected to be symmetric with respect to the temporal frequency axis and can be
approximated by employing a low-complexity filter bank structure. The ultra-low
complexity 3-D wide-angle linear-phase IIR cone filter bank is designed by employing
a 1-D temporal modified DFT filter bank and 2-D spatial allpass, [IR highpass and
allstop filters. The ultra-low complexity is achieved by exploiting the maximal deci-
mation in the temporal dimension, by employing 2-D spatial allpass filters and 1-D
spatial IIR lowpass filters to realize the 2-D spatial IIR highpass filters and due to
the higher percentage of the 2-D spatial allpass and allstop filters, which require no
nontrivial arithmetic operations. Furthermore, the linear phase response is achieved
by employing the zero-phase filtering for the 1-D spatial IR lowpass filters.

The experimental results obtained using a test video signal indicate that the pro-
posed 3-D IIR velocity filter provides significant reduction of the computational com-
plexity compared to the previously proposed 3-D velocity filters for similar SINR
improvement. In particular, a typical 3-D linear-phase IIR velocity filter of order
4 x 4 x 510 provides a SINR improvement of 13.86 dB, which is almost independent
of the scene complexity, and the proposed 3-D linear-phase IIR velocity filter requires
52.28% and 66.41% less real multiplications and additions, respectively, compared to
the 3-D FIR velocity filter presented in [77]. The proposed 3-D IIR velocity filter is

employed to attenuate the sunlight flicker patterns in shallow underwater videos. The
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experimental results confirm the effectiveness of the proposed method and its robust-
ness to motion-related errors. Considering the ultra-low complexity and robustness
to the motion-related errors, the proposed method has an excellent potential to be
employed in real-time applications.

The proposed 3-D IIR velocity filter can be directly employed as the 5-D IIR filter
H.t(z) in the design of 5-D IIR depth-velocity filters. Furthermore, the 5-D IIR
filters H,,(z) and Hy,(z) can be designed by slightly modifying the design method
of the proposed filter. In particular, the 2-D spatial variable-shift filters need to be
replaced with 1-D spatial variable-shift filters, and the 2-D spatial IIR highpass filters
need to be replaced with 1-D spatial IIR highpass filters. Furthermore, the 1-D spatial
variable-shift filters should be designed to provide fractional-shifts in addition to the
integer shifts.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this dissertation, the spectra of moving objects in LFVs are analyzed, and it is
shown that such moving objects can be enhanced based on their depth and velocity
by employing 5-D depth-velocity filters. In the spectral analysis, it is first shown that
a Lambertian point source moving with a constant velocity is represented as a 3-D
hypersurface of constant value in the corresponding 5-D continuous-domain LFV.
When the motion of the Lambertian point source is parallel to the camera plane,
i.e. the Lambertian point source moves at a constant depth, the 3-D hypersurface is
reduced to a 3-D hyperplane. For this case, the spectrum and its ROS are derived
in closed form. The ROS of the spectrum is a plane through the origin in the 5-D
continuous frequency domain. The spectral ROS of a continuous-domain LFV corre-
sponding to a Lambertian object moving with a constant velocity and at a constant
depth is derived in closed form. It is shown that the ROS is a skewed 3-D hyperfan
in the 5-D continuous frequency domain. The degree of skewness of the 3-D hyperfan
depends on both velocity and depth of the moving object whereas the angle of the 3-D
hyperfan depends on the depth range occupied by the moving object. The 3-D hy-
perfans corresponding to the ROSs of the spectra of Lambertian objects moving with
different constant velocities or at different constant depths do not overlap except at
the origin in the 5-D continuous frequency domain. This allows enhancement of such
objects based on their depth and velocity by employing 5-D depth-velocity filters.
The essential bandwidth of the spectrum is finite along the temporal frequency di-

mension and, consequently, the corresponding discrete-domain LFV can be generated
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with negligible aliasing by employing a sufficiently high temporal sampling rate. The
ROS of the spectrum of a discrete-domain LFV corresponding to a Lambertian object
moving with a constant velocity and at a constant depth is derived in closed form.
Furthermore, the spectral ROS is numerical simulated. The numerically simulated
spectral ROS is well agree with the theoretically predicted spectral ROS.

A novel 5-D linear-phase FIR depth-velocity filter having a planar passband in
the 5-D frequency domain is proposed. The planar passband of the proposed 5-D FIR
depth-velocity filter is realized by cascading three 5-D linear-phase FIR filters having
4-D hyperplanar passbands of appropriate orientations in the 5-D discrete frequency
domain. The 5-D FIR filters having 4-D hyperplanar passbands are designed by em-
ploying the so-called windowing method [73](ch. 3.3) [74](ch. 5.1). The concept of
the 5-D depth-velocity filtering of LF'Vs to enhance moving objects is experimentally
proved by employing the proposed 5-D FIR depth-velocity filter to enhance a numer-
ically generated LFV and an LFV of a real scene, generated using a commercially
available Lytro LF camera. The experimental results obtained using the Lytro-LF-
camera-based LF'V indicate that the proposed 5-D FIR depth-velocity filter is capable
of exposing heavily occluded parts of a scene and of attenuating noise significantly.
The very high noise attenuation is obtained as a consequence of most of the noise
energy reside in the 5-D hypervolume corresponding to the stopband of the 5-D FIR
depth-velocity filter.

A novel ultra-low complexity 5-D IIR depth-velocity filter is proposed for en-
hancing objects moving with constant velocity and at constant depth in LFVs. The
proposed 5-D IIR depth-velocity filter is realized by cascading three first-order 5-D
IIR filters having 4-D hyperplanar passbands of appropriate orientations. The first-
order 5-D IIR filters are designed by appropriately extending the first-order 3-D IIR
planar filter design method proposed in [24]. The proposed 5-D IIR depth-velocity
filter is practical-BIBO stable. Numerical simulation results indicate that the pro-
posed 5-D IIR depth-velocity filter outperforms the 3-D IIR velocity filters [24] and
the 4-D TIR depth filters [44] in enhancing moving objects in LFVs. Furthermore,
by employing the Lytro-LF-camera-based LFV, it is shown that the performance of
the proposed 5-D IIR depth-velocity filter is comparable to that of the proposed 5-D
FIR depth-velocity filter. Most importantly, the proposed 5-D IIR depth-velocity
filter requires less than 1% of the arithmetic operations required by the 5-D FIR
depth-velocity filter to process a sample. Considering the ultra-low complexity, the

proposed 5-D IIR depth-velocity filter has a significant potential to be employed in
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real-time applications.

The 5-D depth-velocity filtering technique is extended to a more general case,
where objects moving with constant velocity but at non-constant depth are enhanced.
First, the spectrum of a Lambertian object moving in an LFV at non-constant depth
is analyzed, and it is shown that the ROS of the spectrum can be approximated as
a sequence of ROSs, each of which is a skewed 3-D hyperfan, in the 5-D continuous
frequency domain. Based on the spectral analysis, a novel ultra-low complexity 5-D
ITR adaptive depth-velocity filter is proposed for enhancing objects moving at non-
constant depth. The proposed 5-D IIR adaptive depth-velocity filter is realized by
cascading three first-order 5-D IIR adaptive filters having time-variant 4-D hyper-
planar passbands of appropriate orientations. The three first-order 5-D IIR adaptive
filters are designed by appropriately extending the first-order 3-D IIR adaptive pla-
nar filter design method presented in [25]. The time-variant coefficients of the three
first-order 5-D IIR adaptive filters are derived in closed form. The proposed 5-D
IIR adaptive depth-velocity filter is practical-BIBO stable. The performance of the
proposed 5-D IIR adaptive depth-velocity filter is confirmed by employing a numeri-
cally generated LFV and a Lytro-LF-camera-based LFV of a real scene. Considering
the ultra-low complexity and the availability of the closed-form expressions for the
time-variant coefficients, the proposed 5-D IIR adaptive depth-velocity filter has a
significant potential to be employed in real-time applications.

An ultra-low complexity 3-D linear-phase IIR velocity filter that can be incor-
porated to design 5-D IIR depth-velocity filters is proposed. The proposed 3-D
linear-phase IIR velocity filter consists of an ultra-low complexity 3-D wide-angle
linear-phase IIR cone filter bank between two 2-D spatial variable-shift filters. The
ultra-low complexity 3-D wide-angle linear-phase IIR cone filter bank is designed by
employing a 1-D temporal modified DFT filter bank and 2-D spatial allpass, IIR
highpass and allstop filters. The ultra-low complexity is achieved by exploiting the
maximal decimation in the temporal dimension and by realizing the nonseparable
2-D spatial TIR highpass filters using the 2-D spatial allpass filters and 1-D spatial
IIR lowpass filters. Furthermore, the linear phase response is achieved by employing
zero-phase filtering for the 1-D spatial IIR lowpass filters. A typical 3-D linear-phase
ITR velocity filter of order 4 x 4 x 510, applied to enhance a heavily corrupted test
video signal, provides a SINR improvement of 13.86 dB, which is almost independent
of the scene complexity. The 3-D linear-phase IIR velocity filter of order 4 x 4 x 510

requires only 26 real multiplications and 60 real additions to process a sample, which
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is significantly lower compared to previously reported 3-D FIR and IIR velocity fil-
ters. In order to illustrate the performance of the proposed 3-D linear-phase IIR
velocity filter in enhancing videos, it is employed to attenuate sunlight flicker pat-
terns in shallow underwater videos. Experimental results confirm the effectiveness
of the 3-D linear-phase IIR velocity filter in attenuating the sunlight flicker patterns

and its robustness to motion estimation errors.

7.2 Future Work

Potential extensions of the work presented in this dissertation are briefly discussed in

this section.

5-D Depth-Velocity Filtering of Plenacoustic Signals

The acoustic counterpart of the 7-D plenoptic function is called the plenacoustic func-
tion [125]. The plenacoustic function has two forms: omnidirectional and directional.
The omnidirectional plenacoustic function is defined as a 4-D function that describes
sound pressure at location (x,y, z) in the 3-D space and at time ¢ given an acoustic
event in a room [125]. On the other hand, the definition of the directional plena-
coustic function is more similar to the definition of the 7-D plenoptic function. That
is, the directional plenacoustic function is a 7-D function that describes sound pres-
sure at location (z,y, z) and direction (6, ¢) in the 3-D space, for frequency w and at
time ¢ [125]. The concept of the directional plenacoustic function has been exploited
in acoustic signal processing for number of applications including source localization
and analysis [126] [127]. Considering the similarity of the 7-D plenoptic function and
the 7-D directional plenacoustic function, the concept of 5-D depth-velocity filtering
may be applied to applications in the field acoustic signal processing, for example, to

localization of moving acoustic sources.

Multi-Dimensional FIR Filter Design by Rotation

As mentioned in Section 3.2.2, the passband of the 5-D FIR filter H,,(z), which is
employed to design the 5-D FIR depth-velocity filter proposed in Chapter 3, suffers
from undesired ROSs for some values of the design parameters a, and a,. This may
be avoided by employing a more general ROS for the passband (with more cutoff

frequencies) in the derivation of the ideal impulse response. As pointed out in [128§]
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for the design of 2-D FIR fan filters, this may lead to very complicated expressions
and numerical difficulty. Instead, we may employ an appropriate 1-D FIR lowpass
prototype filter and coordinated rotation [128] in the design of H,.:(z). Furthermore,

this technique may be generalized to design other multi-dimensional filters.

Hardware Architectures for 5-D Depth-Velocity Filters

In real-time applications of the 5-D depth-velocity filters, the processing speed of the
software implementations may not be fast enough to provide the demanded through-
put by a real-time application. In such a case, the 5-D depth-velocity filters are re-
quired to be implemented in fast dedicated hardware such as field-programmable gate
arrays. To this end, it is worthwhile to investigate new systolic-array hardware archi-
tectures especially for the 5-D IIR depth-velocity filters, considering their ultra-low
complexity. Furthermore, the hardware architectures can be optimized with respect
to power consumption, throughput and so on to be compatible with the requirements
of different applications, for example, to achieve the lowest power consumption (at
a reduced throughput) in the case of a battery-powered robot [8] or an underwater

autonomous vehicle [17].
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Derivation of the Spectrum of a
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Lambertian Point Source Moving

at a Constant Depth

The 5-D continuous-domain Fourier transform of l5c(x) given in (2.15) can be ex-

pressed as

Lsc(Q) = / OO / Isc(x) e 72 % dx

z,Y,u,v,t=—00

= // lod(mz +u+ kyt+ c;)

z,Y,u,v,t=—00

X 8(my 4+ v+ kyt + ¢,) e 7 X dx

= lO / L30(Qx, Qw t) Lgc(Qy, Qv, t) e_tht dt,

t=—o00

where

Lac (e, Qu, t) = // S(ma 4 u + kyt + c) e I8t qydy

T, u=—00

L3 (), Q. t) = // S(my + v+ kyt + ¢,) e VTR qydy.

Y, v=—00
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Now we evaluate (A.2a) as

L3 (9, Qy, t) = / S(ma + u 4 kot + cp) eI BTN gy dy

T,u=—00

— / e*j(Qz$+Qu(fm:vsztfcz)) da

T=—00
o0

— eJQu(kzt+cz) / efj(szmQu)x dx
r=—00

= 21 §(Q — mAY,) 7 Pulkatbes) (A.3)

Here, we have used the fact that 6(ma+u+kyt+c;) # 0 only when ma+u+kyt+c, =
0 [86](ch. 6.2) [87](ch. 2.1). Similarly, Lsc(2,, 2y, %) can be obtained as

Lac(Qy, Q1) = 27 5(Q, — mQ,) e tten) (A4)
By substituting (A.3) and (A.4) into (A.1), Lsc(§2) can be obtained as

Lso(R) = 4721y (9, — mS,) 6(Q, — mQ,) el ucrtiucy)

% 70 e—j(Qt—kIQu—kva)t dt
t=—00
= 8731 6(Q — M) 8(Q, — M)
X 0(Q — koQy — Ky Q) o ucstucy) (A.5)
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Derivation of the Ideal
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Infinite-Extent Impulse Response

of Hyy(z)

By using the 5-D Fourier series expansion of H,,(e/*) [73](ch. 1.3), the ideal infinite-

extent impulse response hl (n) of H,,(z) can be obtained as

1 i .
I w w'n
hzu(n) = (27T)5 / ’ / Ha:u(e] )ej dw

Wz ,Wy , Wy, ,Wy ,Wt=—T0

™ Aywy+by
_ / / e’ (Wanz+wuna) dw,dw,

Wy =—T We=0yWy—bg

™ ™

1 T . |
X 27); / e’ dw, / "™ dw, / et dow,
T

Wy=—T Wy=—T wE=—"m

= giu(nm ny) (5(7”@)5(7%)5(7%),

where

T AW, +bg

1 A
giu(nx7 Ny) = e / / of (Wenatwuny) dw, dw,.

Wy =T Wg =0y Wy —bg

(B.1)

(B.2)

Note that, in deriving (B.1), we employed the 1-D discrete-time Fourier transform

pair d(n) < 1 [129](ch. 2.9). After some manipulation and considering the special
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cases for which the denominator of gl (n,,n,) is zero, the closed-form expressions for

gL (ng,n,) can be obtained from (B.2) as

by
gt (ng,n,) = =, n, =0 and n, =0 (B.3a)
7T
bﬁlf 1 u
gl (ng,n,) = —sm(r; ﬂ, n, =0 and n, #0 (B.3b)
N
/ sin(b,n;)
(s My) = ———=, n: #0 and ayn, +n, =0 (B.3c)
Ny T

sin(beng) sinf(aung +na)r] #0 and a,n, +n, #0. (B.3d)

N (@ung + 1y )72
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Appendix C

Derivation of the Ideal

Infinite-Extent Impulse Response

By using the 5-D Fourier series expansion of H,,;(e’*) [73](ch. 1.3), the ideal infinite-

extent impulse response h! . (n) of H,,(z) can be obtained as

/ / Hoyp (7€) e

wz Wy Wy yWoy Wt =—T"

hzlwt(

T W=y Wy +aywy+by

1
— j (W +wy Ny +wing)
= n)? / / / e’ ) dwedw,dw,,

Wy =—T Wy =—T Wt =0y Wy +Aywy—by

™ m

1 ) )
X 27)? / e oo, / e’ dw,

Wg=—T Wy=—T

- givt(nmnvvnt) (5(7133)5(7131), (Cl>

where

T Wt=0yWy+ayWy+bt

/ / / ol Wunutwonotwins) 4., du, dew,,.

Wy =—T Wy=—T Wt =0y Wy +aywy—bt

guq)t (nu y Ny, nt

(C.2)
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Here, in deriving (C.1), the 1-D discrete-time Fourier transform pair §(n) < 1 [129](ch.

2.9) was employed. After some manipulation and considering the special cases for

which the denominator of gI  (n.,,n,,n:) is zero, the closed-form expressions for

gL (ny,my,ny) can be obtained from (C.2) as

giyt (nua Ny, nt) =
1 _
guvt(”“? My, nt) -
1 _
guyt(nu7 Ny, nt) -
I _
guvt(”’u’ Ty, nt) -

givt (nw Ty, nt) =

g{wt(nu, Ny, Nt) =

giyt (nua Ny, nt) =

givt (nu7 My, nt) =

b

—t, Ny = 07 Ny = 0

m

by sin(n,,

M7 Ty 7é 07 Ny = O
Ny, T

by sin(n,,

w Ny = 07 Ty 7& 0
Ty T

bt Sin(n“ﬂ-> Siil(nvﬂ-) > Ny, # 07 Ty 7é 0

Ny Ny T
sin(b;ny)

)
T T

ayns +ny, = 0,a,ns +n, =0

sin(byny) sinf(a,ng + ny,) 7]

1 (ayng + ny )2 ’

ayng +ny # 0,a,ny +ny =0

sin(byny) sin[(a,ng + ny) 7l

9

ny(ayng + ny)m?

ayny + Ny = 0,a,n + 1y #0

sin(byny) sinf(a,ng + n,,)w] sin[(a,ng + ny, )

ng(ayng + ny)(ayng + ny,)mws

ayny +ny # 0, a,ny +ny # 0

and

and

and

and

and

and

and

)

and

nt:()
ntZO
nt:O
ntZO
nt#()

nt#o

nt#O

nt#()

(C.3a)

(C.3b)
(C.3c)

(C.3d)

(C.3e)
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Appendix D

Proof of the Near-Perfect
Reconstruction of the 3-D
Wide-Angle Linear-Phase IIR
Cone Filter Bank

The near-perfect reconstruction of the 3-D wide-angle linear-phase IIR cone filter
bank, henceforth referred to as the cone filter bank for brevity, can be proved fol-
lowing an approach similar to that employed in [114]. To this end, the input-output
relationship of the cone filter bank is expressed, following [29] and [117], as

M/2—-1
T —M/2 } : 21
Iout(zxa Zyu Zt =2 Al Zanzyu Zt (Z:vvzya thM)a (D]-)

where fm(zx, 2y, 2) and fout(zx, 2y, z) are the 3-D Z transforms of the input signal
zn(nx, n,,n;) and the output signal Z,ut(nw, ny, n¢) of the cone filter bank, respectively,

and

M-
A2y, 2y, 21) = Z k(WD Gr(2e, 2y) Fi(20),

k=0

[=0,1,...,(M/2—1). (D.2)
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The output signal fout(zx,zy,zt), given in (D.1), consists of the desired alias-free

component D(z,, z,, 2;) corresponding to [ = 0 and given by

—M/2 M—1
z .
D(zy, 2y, 2t) = tM g Hy(2) G (20, 2y) Fio(26) Lin (225 2y 21), (D.3)
k=0

and the undesired aliased component A(z,,z,,2:) having (M/2 — 1) aliasing terms

corresponding to [ = 1,2,...,(M/2 — 1) and given by

—M/2 M/2-1 /M—1
2 ~
A2y, 2y, 2t) = tM Z (Z Hy (W3NG ( 2, zy)Fk(zt)> Lin (22, 29, W3

I=1 k=0
M/2-1

= Z;M/2 Z Al(zxazyaZt)En(zxasztW]%/})' (D4)

=1

In order to achieve the perfect reconstruction, the magnitude and the phase responses
of the cone filter bank should be unity and linear, respectively, inside the passband.
Moreover, the aliased component A(z,, 2,, 2;) should be zero inside the passband of
the cone filter bank. In what follows, we show that the cone filter bank approximately
satisfies the above three conditions and, consequently, achieves the near-perfect re-

construction. To this end, (D.2) is rewritten, by employing (6.6), as

2 Ve e
A2, 2y, 2) = tTM > P(aWi™)Gr(za, 2)) (W), (D.5)
k=0

Because the prototype filter P(z;), designed in Section 6.4.1, has a stopband edge less
than 27 /M and a fairly high stopband attenuation, it can be shown that [130]

P(Wit)P(2Wh) =0, 1=1,...,(M/2-1),
k=0,1,...,(M—1). (D.6)

By substituting (D.6) into (D.5), we can show that
Ai(24, 2y, 21) =0, l=1,2,...,(M/2—-1). (D.7)

Furthermore, by substituting (D.7) into (D.4), it can be shown that ||A(zs, 2y, 2¢)||2

can be made arbitrarily small in relation to ||T, (2, 2y, Zt)||2- In this case, the cone
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filter bank is almost alias free, and the transfer function C(z,, 2,, 2;) can be expressed

as

—M/2 M—1

z
Clzz, 2y, 21) & tM ZHk(zt)Gk(zx,zy)Fk(zt)
k=0

Z;(NP+M/2) M-1 o

k=0

Considering the fact that Gy(z,,2,) = 0 for all the 2-D spatial allstop filters, (D.8)
can be rewritten as
—(Np+M/2)

. M ST IPEWE] iz, 2), (D.9)

keC

C(Zary Zya Zt) ~

where C = {0,1,..., My, M — My, M — (M}, +1),..., M —1}. Because P(e?“t) ~ VM
and Gj(e?“s e*v) ~ 1, k € C, inside their respective passbands, the frequency

response of the cone filter bank can be obtained from (D.9) as
Cledr e ed¥) a Z;(NP+M/2)7 (Way Wy, wy) € P, (D.10)

where P denotes the region of support corresponding to the passband of the cone
filter bank in the 3-D frequency domain. It is clear from (D.10) that the magnitude
response |C(e7¥= eJ“v eJ“t)| of the cone filter bank is approximately unity inside the
passband whereas the phase response ZC(e?* e/*v eJ“t) of the cone filter bank is
approximately linear inside the passband. Therefore, the cone filter bank achieves

the near-perfect reconstruction. O]
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