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Abstract

In this project, an interactive software tool is designed for volumetric refocusing of a
light field (LF) by using a post-capture refocusing technique. This software tool aims to
help people like traditional photographers who do not know LFs to understand what the
refocus of LF is and how the bokeh is generated.

LF emerges as a technology allowing to capture richer visual information which is a
higher dimensional representation of visual data. The spectral region of support (ROS) of
a Lambertian point at a constant depth is shown to be two hyperfans in four-dimensional
(4-D) frequency domain. Based on the spectral analysis, a 4-D finite-extent impulse
response (FIR) hyperfan filter is designed for refocusing of the LF. Two filter parameters
can be changed to result in different visual effect of the refocused images, namely a and
6. Experiments are conducted to evaluate the effect of these two parameters by using LFs
of different size. Comparisons and analyses are made using different LFs and different
parameters. Based on these comparisons, conclusions are drawn about the effect of fan
filters on the quality of the refocused images. It is found that filter parameter a controls
the depth of the focal plane and 8 controls the depth of field (DOF) of the refocused
image.

Furthermore, the structure of the software and the design of each function is described.
The software can be used to display a LF as a video, display the center image of the LF,
display the refocused image and the figure of the filter used as well as extracting central
images of the LF. The interactive user interface makes the refocusing of LFs easier.
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Chapterl Introduction

1.1 Objecitve

The objective of the project is to develop a software tool for post-capture refocusing
of LFs. This tool is based on the theory of refocusing LFs by developing appropriate
filters in the 4D frequency domain. By varying the filter parameters, the user can change
the focal plane depths and DOF and observe the resulting images. Processing of LF in the
frequency domain is a new technology that enables applications such as refocusing, depth
filtering etc. which cannot be done by traditional 2-D photography. A new Graphical
User Interface (GUI) for this tool is developed with an easy-to-use interface and
visualization to help users observing how the parameters of the filter affect the visual
effect of the image and in particular how focal depth, DOF and/or bokeh are varied.

1.2 LF

Light plays a vital role in our daily life while we communicate with the world around
us. But while the world is made of objects, these objects do not communicate their
properties directly to an observer; they rather fill the space around them with a pattern of
light rays that is perceived and interpreted by the human visual system. Such a pattern of
light rays can be measured, yielding the now ubiquitous images and videos. Thus, the
concept of LF arises. Also, the LF image and LF video have developed since then.

To put it in a simple way, just like the concept of magnetic field and electric field, the
LF is a field that consists of the total light rays in three-dimensional (3-D) space, flowing
through every point and in every direction. Everything we can see is illuminated by light
coming from a light source (e.g. the sun), travelling through space and hitting surfaces.
Then, at each surface, light is partly absorbed and partly reflected to another surface and
finally reaches our eyes. What can be seen depends on the position in LFs. By moving
around, they can be perceived and used to get the relative position of objects in the
environment.

LF imaging [1] and processing has emerged as a technology allowing to capture
richer visual information from our world. As opposed to traditional photography, which
captures a 2-D projection of the light in the scene integrating the angular domain, LFs
collect radiance from rays in all directions, demultiplexing the angular information lost in
conventional photography.

This higher dimensional representation of visual data offers powerful capabilities [2]
for scene understanding and substantially improves the performance of traditional
computer vision problems such as depth sensing, post-capture refocusing, segmentation,
video stabilization, material classification, reflectance and shape estimation [3] etc. On
the other hand, the high dimensionality of LFs also brings up new challenges [4] in terms
of data capture, data compression [5], content editing, and display. Taking these two
elements together, research in LF image processing has become increasingly popular in
the computer vision, computer graphics, and signal processing communities.

One way to capture LF was developed by Stanford University [6]. It uses a camera
array made up of 96 cameras in different angle. Also there used to be a company
designing the camera called Lytro [7] which can capture LFs.
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The figure 1.1 displays the 5x5 central images of LF data “dishes” sequence from the
Heidelberg dataset [8] which was stored as 9 x 9 x 512 x 512.

Figure 1.1 Multiview of LF Data "dishes"[8]

1.3 Bokeh

In photography, bokeh has been defined as “the way the lens renders out of focus
points of light” [10]. An example of an image having bokeh background is shown below.

Figure 1.2 A Night View Containing Bokeh[9]
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The following figure clearly illustrates in which area the bokeh is generated. For a
camera lens, there is a focal plane so that objects which are at a certain distance are
completely in focus. Objects outside the focal plane are not exactly in focus. However,
there is a region that they can still be seen clearly called DOF which is denoted as “area
of acceptable focus” in the figure below. If objects are located out of this range, then they
will appear blurred which is called bokeh. The detail of how bokeh is generated will be
introduced in the next chapter.

FOCAL PLANE

AREA OF
ACCEPTABLE FOCUS

Figure 1.3 Explanation for Photography about Bokeh[11]

1.3.1 Background of Bokeh

Before the term “bokeh” came out, there were many discussions about the aesthetics
of the out-of-focus specular highlights of a photograph [12], but until 1997, there wasn’t
an appropriate word in English to describe the phenomenon.

The word “bokeh” was introduced to the photography world by Photo Techniques
magazine in 1997. It is original from the Japanese word boke, which means “haze” or
“blur”, the “blur quality”. Because of the dual meaning, we can say, “That photo has
bokeh,” and we can also say, “That image has very pleasant bokeh.” The translation of
those two statements is, “That photograph has specular highlights that are not in focus,”
and “The out-of-focus areas of this photograph are pleasing to the eye.”[13].

Nikon, one of the most famous camera manufactures defines bokeh as “the effect of a
soft out-of-focus background that you get when shooting a subject, using a fast lens, at
the widest aperture [14], such as /2.8 or wider”. For a simpler definition, bokeh is the
pleasing or aesthetic quality of out-of-focus blur in a photograph.

In 2016, Apple Inc. released the iPhone 7 Plus which can take pictures with "Portrait
Mode" (a bokeh like effect).[15] Samsung's Galaxy Note 8 has a similar effect available.
Both phones use dual cameras to detect edges and create a "depth map™ of the image,
which the phones use to blur the out-of-focus portions of the photo. Other phones, like
the Google Pixel, only use a single camera and machine learning to create a depth map
[16].

In 2017, Vivo released a smartphone with dual front lenses for selfies with bokeh.
The first, a 20 MP lens, uses a 1/2.78" sensor with /2.0 aperture, while the second, an 8
MP /2.0 lens, captures depth information. Bokeh can be made with a combination of



4

both lenses, and shots can be refocused even after they are captured, adding bokeh effects
with different depths [17].

1.4 Report Outline

In chapter 1, some basic concepts and the objective of this project are presented. Then,
the concepts of LF, LF imaging and processing and LF applications are introduced
followed by presenting an example of LF. Next, the concept of bokeh and its applications
are introduced as well as examples of photographs containing bokeh.

In chapter 2 some basic knowledge about geometrical optics like focus, focal plane, circle
of confusion and DOF are provided which helps understand the theory of how bokeh is
generated. Then, two representations of LFs are introduced to help understand the
representation of LFs in 4-D frequency domain. At the end of this chapter, the connection
between bokeh and LF is explained.

In chapter 3, the design of 4-D FIR hyperfan filters for volumetric refocusing is presented.
This is followed by the introduction of the LF dataset used in the project and the structure
of LF data. Then comparisons and analyses are made using different filter parameters and
different LFs. At last, a discussion about the analyses and comparisons is presented.

In chapter 4, a software tool which can be used for post-capture refocusing is presented.
It can be used to do refocusing, display a LF and refocused image as well as to extract
central images of a LF. In this chapter, the structure of the software and the design of
each function are described.

In chapter 5, a summary of the whole project and suggestions for the future work are
presented.



Chapter2 Theory

In this chapter, some basic properties about geometrical optics are presented to
explain the generation of LF images. Then LFs are analyzed in the 4-D frequency domain
based on the work in [29] and the relationship between DOF, bokeh and 4-D spectrum of
LF is explained.

2.1 Geometrical Optics and Relation between Bokeh

Geometrical optics is widely studied and useful in many engineering areas. They
describe light propagation, assuming that light travels as rays. To analyze the theory
behind the generation of bokeh, some terms from geometrical optics will be introduced
and explained in the following sections.

2.1.1 Focus

The camera is a light-tight box that is used to expose a photosensitive surface (film or
digital sensor) to light. In order to focus the light into a point on a surface, most cameras
(and our own eyes) use a lens to direct the light.

For a lens, focal point F is a point onto which collimated light parallel to the axis is
focused. Since light can pass through a lens in either direction, a lens has two focal points,
one on each side. The distance in air from the lens to the focus is called the focal length f
[18].

< f L

Figure 2.1 Focus of the Lens[19]

As figure shown above, F is the focal point and f is the focal length. Different lenses
converge light at different focal points, and thus, have different focal lengths.

2.1.2 Focal Plane

The camera is designed to act similarly to a human eye [20]. As images are captured
and transferred into digital images or film, so are images processed and converted into
pictures inside the human eye. As a camera shutter adjusts to let in more or less light, so
does the iris. One of the most fascinating aspects of the human eye is its ability to focus



6

on one part of a scene and block out distractions. By adjusting the focal plane and DOF
on a camera, a photographer can create a similar selective-focusing effect.

It is important to understand how a 2-D image is generated by a single lens before
moving on to N X N array of cameras generating 4-D LFs.

For a thin lens, the relation between the focal length f and the distance between object
to the lens is given by the lens equation below.
1

_—l+i (21)
f p p '

where f is focal length, p is the distance from the object to the length, p' is the
distance from the image plane to the lens. Illustration of lens equation is shown below.

N

Figure 2.2 Illustration of Lens Equation

The focal plane is located at the distance between the perfect point of focus in an
image and the camera lens. It is an area located at a certain distance in front of the camera
lens. Despite what the name suggests, the focal plane, or the sharpest plane of focus in an
image is not the only part of an image that appears to be in focus. Although the points
adjacent to the focal plane are not in perfect focus, the brain registers them as being in
focus if they lie within a certain range.

The area around the plane of focus that appears to be in focus is called the DOF [11]
which will be introduced in the following section. The DOF can be adjusted to be deeper
(more of the image appears in focus) or shallower (less of the image appears in focus) by
adjusting the aperture (f-stop), the part of the camera that controls light entry.



FOCAL PLANE

AREA OF
ACCEPTABLE FOCUS

Figure 2.3 Explanation for Photography Focal Plane[11]

2.1.3 Point Spread Function (PSF) and Circle of Confusion (COC)

In engineering aspect, compared with human eyes, lenses are not perfect optical
system. Therefore, when an input (i.e. visual stimuli) is passed through a lens, the input
suffers a certain degree of deterioration. This degree of deterioration can be described by
the PSF. PSF is the impulse response to a point source from an imaging system.

It is easy to imagine what is a PSF having a small dot of light and projecting it through
a lens. The image of this point will not be the same, because the lens introduces a small
amount of blur.

Focal plane

Ty ‘
Z!/.
x ’

Figure 2.4 An Example of PSF[21]

In figure 2.4, cross-section of a 3-D PSF at y = 0 is shown on the left and top of the
same slice and the focal plane (z =0) is shown on the right. Ideally, without
deterioration, only the red part would appear. In reality, the relative intensity of the light
ray is decreased from the center. When changing the focal plane, we can see how the
blurred part of the PSF increases which gives the COC in different depth.

The COC [23] is defined as the size of the largest blur spot that still appears as a
single point (in focus) in an image. When the focus and the focal plane do not meet, a
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point source of light (a round light source) appears bigger and no longer appears to be in
sharp focus. In optics, a COC is an optical spot caused by a cone of light rays from a lens
not coming to a perfect focus when imaging a point source. In photography, the COC is
used to determine the DOF, the part of an image that is acceptably sharp.

2.1.4 DOF

It is defined as the area in an image, forward and aft of the focal plane, which also
appears to be in focus in the image [13]. When you pass light through a lens and focus
that light to form an image on a piece of film, digital sensor, projection screen, etc., the
area of the image that is in true focus is very narrow—the focal plane, as shown in figure
2.5. Everything else is out of focus, to a certain degree. When portions of the foreground
and background are outside of the DOF of the lens, the light that reflects from objects in
those regions will be reproduced as circles at the image plane.

When a point of light is at the focal plane (middle illustration), it is reproduced as a
point of light at the image plane. If the point is forward or aft of the focus plane, it is
reproduced as a circle which is the COC introduced in section 2.1.3.

Figure 2.5 Projection of a Point on Image Plane of Different Distance

Depending on how the lens elements are designed and how the aperture of the lens is
shaped, the bokeh will have distinct characteristics. These characteristics will, in general,
do one of three things: complement the image, have no effect in the quality of the image,
or distract from the subject. Interpretations on the effect of the out-of-focus areas of an
image to the aesthetic quality of the image are as subjective as the photograph itself.

2.1.5 Visual Effects of Bokeh

One reason for people’s obsession with bokeh is the fact that human eye, due to its
excellent DOF, it cannot generate bokeh which exists in motion pictures or photographs.
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Therefore, appropriate bokeh in photographs is a unique visual experience which is only
able to be generated by viewing an image captured through an optical lens.

Figure 2.6 Photograph with Bokeh[22]

To create visible bokeh in the photographs, it can be done by increasing the distance
between the subject and the background. Alternatively, it can also be done by decreasing
the distance between the camera and subject. The shallower the depth-of-field, or further
the background is, the more out-of-focus it will be. Highlights located at the background
will show more visible bokeh too.

In general, bokeh can be the whole or part of the subject in a photograph and can be
used by the photographers to convey more than the image of the object.

Figure 2.7 Bokeh as the Subject[13]
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2.2 LF

2.2.1 LF Reresentation

Light is a fundamental form of conveying information. The concept of LF was
initially created by Gershun [24]. The LF is a vector function that describes the amount of
light flowing in every direction through every point in space. The light rays emanating
from a scene is completely described by the seven-dimensional (7-D) plenoptic (derived
by combining the Latin term plenus with the term optic) function, proposed in [25]. The
7-D plenoptic function [26] 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 (8, ¢), for every wavelength A and at every time t. The function can be
formulated as follows:

P(O,p,A,t,x,y,7) (2.2)

Generally, the 7-D plenoptic function describes the light rays in a scene as a function
of time, spectral content, orientation and position. The plenoptic illumination function is
an idealized function used in computer vision and computer graphics to express the
image of a scene from any possible viewing position at any viewing angle at any point in
time. It is not being used in practice but is conceptually useful in understanding other
concepts in vision and graphics.

There is a simplified version [27] of plenoptic function with 5 dimensions by
assuming a constant wavelength and time so that two dimensions can be eliminated. Then,
the space of all possible light rays is given by the five-dimensional plenoptic function,
and the magnitude of each ray is given by the radiance. The function can be formulated
as follows:

P(Hl ¢) x,y; Z) (23)
The 5-D plenoptic function of LFs is visualized as below.

A

v

(x).2) e

Figure 2.8 5-D Plenoptic Function Representation
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Assuming constant intensity along the ray we can represent a ray using two-plane
parameterization presented in the next section.

2.2.2 Two-plane Parameterization

One of the methods to describe a LF is the simplified 4-D function in free space. It
needs only 4 parameters to describe LFs by considering only the color of each ray as a
function of its position and orientation in a static scene, and by limiting each ray to have
same value at every point along its direction of propagation. Thus, there is a great
reduction of data required to represent a LF. One of the most common representation is
the two-plane parameterization [6] shown below.

L= (x‘,w

M\%
2

Figure 2.9 Two-Plane Parameterization

While this parameterization cannot represent all rays, for example rays parallel to the
two planes if the planes are parallel to each other, it has the advantage of relating closely
to the analytic geometry of perspective projection. Indeed, a simple way to think about a
two-plane LF is as a collection of perspective images of the xy plane (and any objects
that may lie astride or beyond it), each taken from an observer position on the uv plane.

2.2.3 Epipolar Geometry

Epipolar plane is an alternative method to represent light rays[28]. It is included here
for completeness, since the analysis in the 4-D frequency domain will be based on the
two-plane parameterization.

The figure 2.10 depicts two pinhole cameras Or and Or looking at point X. In real
cameras, the image plane is behind the focal plane, and produces an image that is
symmetric about the focal plane of the lens. Here, the problem is simplified by placing a
virtual image plane in front of the focal center (i.e. optical center) of each camera lens to
produce an image not transformed by the symmetry. Or and Or represent the centers of
symmetry of the two cameras lenses. X represents the point of interest in both cameras.
Points X, and Xr are the projections of point X onto the image planes[28].

Each camera captures a 2-D image of the 3-D world. This conversion from 3-D to 2-D
is referred to as a perspective projection and is described by the pinhole camera model. It
is common to model this projection operation by rays that emanate from the camera,
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passing through its focal center. Note that each emanating ray corresponds to a single
point in the image.

X

Left View

Figure 2.10 Epipolar Geometry

2.2.3.1 Epipolar Point

Since the optical centers of the camera’s lenses are distinct, each center projects onto
a distinct point into the other camera's image plane. These two image points, denoted by
eL and e, are called epipolar points[28].

2.2.3.2 Epipolar Line

The line O—X is seen by the left camera as a point because it is directly in line with
that camera’s lens optical center. However, the right camera sees this line as a line in its
image plane. That line (er—xr) in the right camera is called an epipolar line.
Symmetrically, the line Or—X seen by the right camera as a point is seen as epipolar line
eL—xL by the left camera[28].

2.2.3.3 Epipolar Plane

As an alternative visualization, consider the points X, Or and Or that form a plane
called the epipolar plane. The epipolar plane intersects each camera's image plane where
it forms lines—the epipolar lines. All epipolar planes and epipolar lines intersect the
epipolar point regardless of where X is located[28].

2.2.3.4 Epipolar Plane Image (EPI)

Since the points on an epipolar plane are projected onto one line in each image, all the
information about them is contained in that sequence of lines. To concentrate this
information in one place, we constructed an image from this sequence of lines. We
named this image an EPI because it contains all the information about the features in one
epipolar plane[28].

2.3 The Spectral ROS of aLF

The analysis of LF in 4-D frequency domain is mainly based on work in [29]. The
two representations of LF introduced in section 2.2.2 and 2.2.3 correspond to time/space
domain while this section focused on the frequency domain. The spectral ROS of a
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Lambertian object is introduced below. To this end, we consider the standard two-plane

parameterization of light rays emanating from a Lambertian object as shown in figure
2.11.

D

A
\J

Object having
Lambertian surfaces

Ty

Ty

L dmin

Y o

A A
v

dmaz

Figure 2.11 Two-Plane Parameterization of a Lambertian Point[29]

Here, coordinates (n,,n )eZ* stand for the camera plane and (n,,n,) ez’

parameterize the focal plane. The distance between camera plane and focal plane is a
constant denoted by D. To derive the spectral ROS of a LF corresponding to a
Lambertian object, the Lambertian object is modeled as a collection of Lambertian point
sources [29] located in the depth range z, €[d,;,.d. . ]

To have a top view of the two-plane parameterization above, we get the following
figure.

D

A
A 4

Figure 2.12 The Representation of a Lambertian Point Source in the xu Subspace[29]
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According to the triangle geometry, it is easy to know that

== (2.4a)
Then we have
mx+u+c, =0 (2.4b)
Where
m = Z’io (2.4¢)
¢y = ﬂ (2.4d)
Which is the same for the subspace yv. According to [29], we have:
mx+u+c, =0 (2.5a)
my+v+c¢,=0 (2.5b)
Where
m = 2 (2.5¢)
C="20 (2.5d)
¢, = =2 (2.5€)

Zo

The set of points that satisfies both equations above belongs to a plane defined by the
intersection of these two hyperplanes. This plane is exactly the solution of the two
equations above. Only points belonging to this plane of intersection correspond to rays
emanating from the point source with all other points in the LF have a value of zero.

Here, the Lambertian point source is represented as a plane of constant value
[, (intensity) in the corresponding 4-D continuous domain LF [l,-(x,y,u,v). The 4-D
continuous domain LF signal is denoted by l,.. Its spectrum is denoted by L,.. When
analyzing only one point, the ROS of this point is denoted by ? and the ROS of an object
is denoted by O. Thus, the LF [, (x,y,u,v) [29] can be expressed as:

Lic(,y,u,v) = [p6(mx + u+ c,)6(my + u +cy) (2.6)

Where §(+) is 1-D continuous-domain impulse function.
The spectrum of lyc(x,y,u,v) , Lyc (24, £2,, 2y, £2,,) can be obtained [30] as:
Lac (@ 2y, 0y, 2,)= 4218 (02, — m2,) (2 — M2, )6 @uct@en) (2.7
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Where (2,, 2y, 2,,2,) € R

The ROS P, of the spectrum L, (£, 2y,0,,1,) [29] can be obtained from the
formula above as:

Pac = Hacxu N Hacyw (2.8)

Where
H4C,xu = {(-Qx'-Qy:-Qu'-Qv) € ]R4|-Qx —mil, = 0} (2.9a)
Hacyw = {(2y, 2y, 2y, 2)) € R4|Qy —mfl, = 0} (2.9b)

Hyc xu 1S the subspace of 2,02, and H 4 4y, is the subspace of 2,0, of support region
in frequency domain for a fixed a:

Qy Q,

Q. —mQ, =0 Q, —m, =0

el Q, fat 0
O 0]

Figure 2.13 ROS of the Spectrum of a Lambertian Point Source 1[29]

Figure 2.13 is a plane through the origin in the 4-D continuous frequency domain,
which is given by the intersection of the two 3-D hyperplanes[29].

0, —m0, =0 (2.10a)
0, —m, =0 (2.10b)

From the equation below, it is easy to see that the parameter a corresponds to the
depth.

_1_%
tana = — = — (2.11)

Where D is fixed and the depth zo is changeable. Thus, the ROS depends only on the
depth zo of a Lambertian point source.

In the case of a Lambertian object, where the depth varies in a range, i.e.zo€
[dimin, Amax] » BY using the linearity of the multidimensional Fourier transform[34], the
ROS of the spectrum[29] can be obtained as

Amindmax — AdminAmax
Osc = U} 1Pic = UL, Hacon 0 Hac ), (2.12)

Zo
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z, stands for a certain depth and the unification of all the depths is denoted by O,
which is the spectrum ROS of the object. Figure 2.14 illustrates the ROS 0,

Q Q

u v

A

ROS of the ROS of the
spectrum spectrum

Figure 2.14 ROS of the Spectrum of a Lambertian Point Source 2[29]

2.4 Connection between LFs and Bokeh

As figure 2.13 and 2.14 shows above, the slope % corresponds to the extent of how

far the light source to the camera plane is. The slope is denoted as « in the following
chapters. When changing the a , the depth of focus is moved from back to front or from
front to back of the image. The blue region in figure 2.14 is the ROS of the signal in
frequency domain which corresponds to the DOF in an image. Signals in this region
corresponds to the part of the image which appear sharp and those outside the blue region
would be blurred which we call it bokeh.

This project is based on the connection of LF depth and bokeh. In the next section,
LF data will be used for volumetric refocusing. The depth will be adjusted by applying
hyperfan filters we will find the best parameters which can present a pleasant visual
effect of bokeh.

2.5 Summary

This chapter introduces some fundamental knowledge about geometrical optics,
details of LF and representation of LFs in 4-D frequency domain as well as the
connection between LFs and bokeh in frequency domain. Next chapter would illustrate
the design of 4-D hyperfan filter that based on the knowledge of this chapter.
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Chapter3 Comparison and Analysis

This chapter discusses the design of a proposed 4-D FIR hyperfan filter for refocusing
and the evaluation of the performance of the fan filter for various design parameters.
Comparisons and analysis are made using different LFs and different parameters. Based
on these comparisons, conclusions are drawn about the effect of fan filters on the quality
of the refocused images.

3.1 Proposed 4-D FIR Hyperfan Filter

2-D FIR fan filter is designed and created based on the second method (rotated fan
filter) presented in [32,33]. The FIR is obtained by employing a 2-D window function.
The objective of applying different filters to the same LF data is to analyze what kind of
fan filters can provide relatively better visual effects of bokeh. The spectral ROS of a
Lambertian object and the passband of the 4-D hyperfan filter H(z) in the w,w,
subspace is shown in figure 3.1.

Figure 3.1 The spectral ROS of a Lambertian object and the passband of the 4-D hyperfan
filter H(z) in the w, w,, Subspace

B is the bandwidth of the filter and is set equal to 0.9 (i.e. 0.9 of the Nyquist
frequency). T is the width of the secondary passband which is set equals to 0.087. There
are two parameters in the hyperfan filter that can be changed and result in different visual
effects of bokeh, namely 8 and «.

From the figure 3.1, 6 and T determines the angular width and a determine the
orientation of the bow-tie-shaped passbands. The order of a FIR filter is a number
describing the highest exponent in the numerator of the z-domain transfer function of the
filter. According to [33], the order of the 4-D hyperfan filter H(z) is M,, X M,, X M,, X
M, , where H(z) is the impulse responses and M,, M,, M,, M, € N. By changing the
opening (8) and angle of rotation (a) which corresponds to a fixed depth, we can
distinguish which one results in the best aesthetic effect of bokeh by visually inspection.
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3.2 Design of 4-D FIR Hyperfan Filter
The proposed 4-D FIR hyperfan filter [33] H(z) used for volumetric refocusing of
LF, (2, 2y, 2y, 2,,) € C*, is designed as a cascade of two 4-D hyperfan filters, namely
H,,(z) and H,,,(z). Due to the partial separability of the spectral ROS 0,(see equation
in section 2.3), the passhands of H,,(z) and H,,(z) are respectively appliead to
encompass the hyperfans given by B, = U, Hycxy and By, = U, Haycyy (€€ €02.8
and eq2.9).

ROS of the Spectrum b ROS of the Spectrum

Figure 3.2 The ROS of the Spectrum and the passband of the 4-D hyperfan filter H(z) in
the w, w,, subspace and w,w,,

3.2.1 Coefficients of Hy,(z) and H,,(2)

Due to the independency of w,, and w, from B,,, as well as the independency of w,,

and w,, from B,,,, the 4-D FIR hyperfan filters are reduced to 2-D FIR fan filters. In this
project, the 2-D FIR fan filter proposed in [32] is being used. This filter has a bow-tie-
shaped passbands instead of a pure fan-shaped passbands because near the origin of the
2-D frequency domain are poorly approximated by 2-D FIR filters in w,w,, and the w, w,

subspace. Since a secondary passband is inserted between the main passband and the
stopband, the low-frequency response has been improved.

According to [33], the order of the 4-D hyperfan filter H(z) is M,, X M,, X M, X M,,,
where H(z) is the impulse responses and M,, M,, M,,M, € N. The coefficients, also
called the impulse response of H,, (z) of order M, X 0 X M,, X 0, as well as H,,,(z) of
order 0 X M, X 0 X M, are obtained as

hyy(n) = [hgcu (Myy Ny ) Wiy (N, nu)6(ny)6(nv)] (3.1a)
hyy () = [}, (N, My )Wy (M, )8 (1) 8 ()] (3.1b)

where hy, (n,,n,) and hy,(n,,n,) are the ideal infinite-extent impulse responses
(1IR), and wy, (14, ny,) and wy,,,(ny, n,,) are 2-D separable windows.
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3.2.2 Selection of the 2-D Window Functions
Wiy (T, ) @nd wy,,, (ny, m,,) are 2-D separable windows of size (M, + 1) X (M, +
1) and (M), + 1) X (M,, + 1) [33]. In designing a 2-D FIR fan filters to attenuate
interferences and noise, where higher stopband attenuations are required, the 2-D
separable Hamming or Kaiser windows [34], [35] are frequently employed. However, in

LF volumetric refocusing, we want to only blur stopband objects rather than completely
attenuating them, and a rectangular window would be enough.

3.3 LF Dataset

A LF is fundamentally a 4-D structure. Each pixel corresponds to a ray, and two
dimensions define that ray’s position, while the other two are used to define its direction.

In this chapter, LF data “University” and “Magnet” are used and they are derived
from "EPFL Light-Field Image Dataset" provided by MULTIMEDIA SIGNAL
PROCESSING GROUP MMSPG at EPFL [31]. The file is in "MAT" format with five
dimensions which can be directly used in MATLAB without further modification. LF
data from EPFL are of size 15 x 15 X 434 X 625 X 4. The last dimension is 4 with three
RGB color channel and one weight channel. This four-channel format is convenient and
helpful in processing LFs. The weight channel presents the confidence associated with
each pixel. It’s likely that the weight channel will be useful in filtering operations like
ignoring zero-weight pixels in future applications of LFs which accept the weighting term.
However, in this project, weight channel is not needed when doing refocus or visualizing
LFs.

The center images of two original LFs are shown below.
Y |

Figure 3.3 Center Image of LF “University” (left) and “Magnet”(right)

In order to test the effect of each fan filter parameter, different size LFs are used in
the experiment. A LF named “Dishes” originating from [8] and of size 9 X 9 X 512 X
512 X 3 and another LF named “Ankylosaurus and Diplodocus” of size 15 X 15 X
434 x 625 x 4 are used for this analysis.

Conventionally, the lenslet is indexed by the pair k, [ (k is horizontal), and the pixel
within the lenslet is indexed by i, j(i is horizontal). With Lytro’s lenslets each one yields
9 x 9 useful pixels and the Lytro imagery yields approximately 512 pixels in both k and I,
the decoded LF would be a 5-D array of size 9 X 9 x 512 x 512 x 3. The indexing order
for LFisj,i,l, k, c, where c is the RGB color channel.
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The central image of LFs for verification are shown in figure 3.4.

Figure 3.4 Most Centered Image of LF “Dishes” (left) and “Ankylosaurus and
Diplodocus”(right)

3.4 Effect of Alpha

The two parameters which are used in the design of different 4-D fan filters are a and
6. As shown in the previous section, « is associated with depth, while 8 is associated
with DOF. Here, we start by visualizing the effect of changing a and keeping 6 constant.

Two experiments are conducted with 8 = 30 and 6 = 1 respectively. The central
image of the LF after 4-D filtering is shown in figure 3.5 and figure 3.6.

«=5.0, 0=30.0 a =250, 6=30.0

a =450, 6=30.0
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«=125.0, 0=30.0

Figure 3.5 Refocused LF Image for Different a

a=50 =10 «a=450, 0=1.0

« =650, 6=1.0

a=110.0, 6=1.0

Figure 3.6 Refocused LF Image with Different a
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The following is observed from the above images with & = 1. Increasing the a would
move the focal plane from front to back. For example, parts of the image would appear in
focus at different depths. When a = 10, the sign “U” and objects behind it are totally
blurred. When « increases to 50, we can see the sign “U” becomes sharp and objects
behind it are still blurred but sharper than before. And as « increases to higher (65 — 85),
we get a larger depth range in focus, so more parts of the image appear sharp.
Continuously increasing «, the front of the image is getting blurred which means the
focal plane is moving backwards.

Further, a pleasant bokeh can be observed for « = 65. This can be explained that a
small a would result in most part of the image blurred while larger  would result in little
part of the image blurred. In these two occasions, main object of the image may be lost
and there would be little chance to generate bokeh respectively.

Thus, according to the results, parameter a controls the distance between the focal
plane and camera plane. When increasing «, we are moving the focal plane away from
the camera, vice versa.

3.5 Effect of the angle 8 (Opening) of Fan Filter

To figure out the effect of the opening of fan filter, « is set equal to 90. Because when
a equals to 90, the focus of the image exactly falls on the object on the right of the image
(magnet) which would help to understanding the effect of 6.

a=90.0, #=1.0 «=90.0, =100
«=90.0, #=20.0 «=90.0, 6=30.0

Figure 3.7 Refocused LF Image with Different 6
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From the images in figure 3.7, it can be seen that when & = 1, the object on the left
(magnets) at the back and front are at an out-of-focus position while the right magnet is
right in focus. By comparing the cases 8 = 1 and 8 = 20, it is can be seen that when 8 =
1, magnets at the front and back are more blurred than the case when 6 = 20. As 6
increases, the magnets at front and back are becoming increasingly sharp. At 8 = 30,
several details can be easily distinguished. Thus, the object located in the depth range
corresponding to the passband of the 4-D hyperfan filter appear sharp in the refocused
image and with a small opening is likely to generate bokeh. The figure 3.8 shows the
general view and top view of magnitude response of the corresponding hyperfan filter
with 6 = 10.

w, (x ), rad/sample

6 -04 -02 02 04

Magnitude, dB
x ), rad/sample

u}x(

w, (x ), rad/sample

w, (xm), rad/sample
Figure 3.8 Magnitude Response of Hyperfan Filter with &« = 90 and 8 = 10

The magnitude response of the hyperfan filter in figure 3.8 displays a sharp passband
colored in yellow and the stopband colored in blue where signals are attenuated and
appear blurred. The signals in the area colored in yellow corresponds to the area where
signals appear sharp in the refocused image while the signals in the blue area appear
blurred. The objects having depths corresponding to the stopband of the 4-D hyperfan
filter appear blurred. A small 8 corresponds to a small range of DOF while larger 6
corresponds to a greater range where less part of the image gets blurred.

In a word, the parameter 6 controls the range of DOF. The lager the 8, greater the
range of DOF, vice versa.

3.6 Additional Examples

According to section 3.4 and 3.5, we know that a and 6 correspond to depth
information and opening of the fan filter. In this section, we would show consistent
results using LFs of different size.

3.6.1 LF Data of size 15 x 15 x 434 x 625 x 4

The a is associated with depth and we can change the depth by changing the a. By
changing the «, we would see different parts of the image are in focus each time.

An appropriate a is measured by fixing the 8, 6 is set equal to 10 here.
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=350, 6=10.0 a=70.0, §=10.0

« =950, 6=10.0 «=110.0, §=10.0
«=120.0, 6=10.0 «=150.0, 6=10.0

Figure 3.9 Refocused LF Image with Different a

When «a equals to 35, through inspection, the focus is at the head of diplodocus at the
front. When « increases to 70, the focus moves to the back of diplodocus (object on the
left). Continuously increasing a, we can see the focus of the refocused image move to the
ankylosaurus at the back while the diplodocus is totally blurred.

In the case where the head of diplodocus is the subject of interest of the image, it would
be good to have @ = 35. By choosing « = 35, an image with focus on the head of
diplodocus gives us a desired DOF which will get an acceptable bokeh. If one wants to
highlight different part of the image, other value of a would be appropriate.

Thus, a is set equal to 35 here. Then, we can adjust the DOF by changing 6.



«=350, 6=1.0 « =350, 6=10.0

=350, =250 =350, =450

Figure 3.10 Refocused LF Image with Different

When 6 equals to 1, through inspection, the focus is at the head of diplodocus at the
front. Except the head of diplodocus is in focus, other part of the image is blurred because
the extremely small 6. Due to 8 = 1, range for DOF is small. As 6 increases, we can see
the range for object in focus is extended.

3.6.2 LF Dataofsize9x9x512x512x 3
A LF of different size is evaluated in this section.
Due to the subject of interest of this LF is the objects (dishes and a bird) in the box, so

the a that makes the focus located inside the basket would be an appropriate one to
analyze the effect of two filter parameters.

Therefore, an appropriate a is measured by fixing the 6 to a constant, 6 is set equal to
15 here.

To note that 8 can be other values here, but a smaller 8 will help distinguish the
position of focus better than the greater one.



«=10.0, 6=15.0 «=40.0, =150

«=60.0, #=15.0 a=75.0, 6=15.0

a=100.0, 6=15.0 «=130.0, #=15.0

Figure 3.11 Refocused LF Image for Different o
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a ranging from 10 to 150 are tried and the most typical results are shown above. It is
evident that when @ = 10, the front of the image is sharp, and we can only see the table
clearly while other parts are blurred heavily. As a increases to 40, the table, first dish and
the front of the case appear sharp. Because the focus of the image is moving from front to
the back of the image. It can be easily found that when a = 130, the focus moves away
to somewhere between the last dish and the bottles.

As expected, the a controls the distance from focal plane to camera plane. The focus
moves away when « increases and moves to the front when a decreases.

In the case where objects inside the basket are the subjects of interest of the image, it
would be good to have a = 75. By choosing @ = 75, an image with focus located inside
the basket gives us a desired DOF which will get an acceptable bokeh. Similarly, to
evaluate the best value of 8, « is fixed equal to 75.

«=75.0, 6=5.0 «=75.0, 6=20.0

«a=75.0, 0=35.0 «=75.0, 6=50.0

Figure 3.12 Refocused LF Image for Different @
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When 6 = 5, evident transitions from blurred to sharp can be seen at the front and
back of the image respectively. And the first two dishes are sharp while the latter two are
blurred. When 8 increases from 5 to 50, four dishes become sharp.

With a fixed «, the focus remains the same point all the time in the four images above.
Thus, it can be concluded that the range of DOF increases as 6 increases. So, the reason
for there are more area staying in focus is that the increase of DOF.

3.7 Discussion

What the experiments show is that we can choose a and 6 to obtain satisfactory
bokeh and this can be done by post-capture refocusing. We can choose an a by deciding
what part of the image will be in focus. Then, we can choose a DOF by changing 6. In
this way, we can get an acceptable DOF and a visually pleasant bokeh.

3.8 Summary

In this chapter, the design of 4-D hyperfan filter is outlined and its frequency
response characteristics in the 4-D frequency domain are illustrated. It is shown that the
center line of the fan is related to the distance of the object from the image plane and the
opening angle of the fan is related to the DOF. Various LFs were processed using
different values of a and 6 to visually demonstrate, refocusing at different depth,
changing DOF and generating bokeh.

In the next chapter, a software tool will be introduced which can be used to do post
capture refocusing interactively.
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Chapter4 Software Design

The objective of this project is designing a tool for refocusing of LFs. In this chapter,
work of designing and implementing a graphical user interface (GUI) for design filtering
and presentation of LFs is presented. In this project, the toolbox from Donald G. Dansereau
[37] is used to display LFs and software developed by Chamira Edussooriya et al in [33]
and [2] is used to do refocusing. The structure of the software tool and how each function
works, as well as how to use the tool by providing detailed instructions.

4.1 Specification and Structure

This software is implemented in MATLAB with MATLAB version 2018b and it is
deployed on Windows 10. The motivation for the design of this system is to help those
who are not familiar with the LF to have a better understanding of the volumetric
refocusing by providing an appropriate GUI to do analysis as the one presented in the
previous sections.

The tool has mainly three functions, namely, display LFs as a video, extract central
image of a LF and refocusing of LF. The functional block diagram for my software tool
is shown below.

Software Tool

Display Light Extract the Central

User Interface Fields as a Video Image of a Light Field

Refocusing

Figure 4.1 Software Tool Functional Block Diagram

4.2 Interface Design
The functional block diagram of the user interface module is shown below.

User Interface

Change of the System

Window Select an Operation
Parameters

Extract
Central Refocus Order 0
Images

Original ||Central||Refocused|| Fan Filter | |Light Fields
Light Field | | Image Image Visulization Display

HT and
warning

Figure 4.2 Functional Block Diagram of GUI Module

The following section introduces how the layout and basic functions of the software
are designed. MATLAB provides a simple tool for the design of a GUI by just typing
‘guide’ in the MATLAB command line as shown below.



Command Window

Academic Student License —- for use by students to meet course reqguirements
and perform academic research at degree granting institutions only.

Jx >> guide

Figure 4.3 Start to Design a Layout for GUI

In the rest of the section, the use of MATLAB “guide” function to obtain the GUI is
described.

Press the “enter” button and we will see a file selector in the middle of the MATLAB
workstation. A new GUI can be created, or an existed GUI can be opened. Here, the file
named “test.fig” which is the GUI file of this program is chosen and then press “open”.

4 :
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BOL¥ % w [ Find Files @ g = Ly ¥ wiw E 9 E% (2) L‘:Y
[} Open Variable v L Run and Time (5 Set Path = Request Support
New New New Open |_)Compare Impot  Save Favorites Simulink ~ Layout Add-Ons  Help
Script Live Script v v Data Workspace ) ClearWorkspace w v [/ Clear Commands v ~ |l Paraltel ~ - ~ =] Leam MATLAB
FILE VARIABLE CcODE SIMULINK ENVIRONMENT RESOURCES. =
& 1l ;J » C » Users » Jerry ¥ Documents » MATLAB » LFMaster » v R
Current Folder ® M Editor - C:\Users\Jerry\Documents\MATLAB\LFMaster\test. m ¥ X
Name testl.m READ_ME.txt READ_ME.txt testl.m testm +
pic A 1 function varargout = test(varargin) ,D
[t dishes1_VF.mat 2 % TEST MATLAB code for test.fig
[t dishes1_VFHT.mat 3 TEST, by itself, creates a new TEST or raises the existing
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'r“j fanfildes.m 5 -~
ﬁ firrtdfan.m
’3 getLFfromMfile.m € ~
' 7 Create New GUI Open Existing GUI
[ hxumat 5
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% LFDefaultVal.m 10 <4 C\Users\Jerry\Documents\MATLAB\GUI 2 - Bokeh Comparison\test.fig ;ti
5 LFDisp.m i - 4 C\Users\Jerry\Documents\MATLAB\GUI 1 - 4D FIR and IIR on checkerboard\test1 =
=] LFDispMouse.m - 4 C\Users\Jerny\Documents\MATLAB\LFMaster\testfig
ﬂLFDlspSetup‘m 12 %
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Details ~ 14
Workspace ® 1s Mication
16
Name Value
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i8 1y one
19 % Browse..
an P M
I< | o \ >
Migrate to App Designer... Cancel Help -
Command Window ®
Academic Student License -- for use by students to meet course reguirements
and perform academic research at degree granting institutions only.
>> guide
< > fz >

Figure 4.4 Screenshot of Opening GUI Guide

Now the following screenshot show where the interface of this program is designed.
There are many kinds of tools, for example: push button, slider, check box, axes, pop-up
menu and so on. By dragging the component needed from the left side to the right side,

the interface could be simply created. Automatically, the system will generate a callback
function where the code is written.
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Figure 4.5 Screenshot of GUI Design

Press the “run” button, the program starts to run, and you will see the following
interface.
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Figure 4.6 Screenshot of GUI
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The interface designed using the approach described lead to a GUI shown in the
screenshot of figure 4.6. It is divided into two parts, six components in total. The upper
part is made up of three planes, displaying the center image of original LF, refocused
image and the filter applied in refocusing respectively. The other part consists of one
image plane, one function panel and one part to set the parameters for the filter. The
image plane at the lower left corner displays a short video of original light filed which is
different from the first part. The function panel consists of three buttons, namely
“Display”, “Generate N X N Images” and “Refocus”. Those are the functions that will be
introduced at the following part. The lower right corner is a place where a user can enter

manually the parameters for the fan filter.

The size of the whole interface is changeable and self-adaptive. By moving the mouse
to any one of the boundaries and dragging the boundary, you can change the size of it.
Automatically, the size of each component will also change to fit the whole interface.

«

Original Light Field Image Refocused Image Hyperfan filter

Select File

Set Hyperfan Filter
Parameter

Dispay Order: | 11 | x | 41

a 45 . 30

Hard Threshold Value
(Optional):
Warning

Generate NxN Imag...

Refocus

Close

Set Hyperfan Filer Parameler
Order 1M x 4
5 a 30
Hard Threshold Value (Optional)
Warning

Close.

Figure 4.7 Screenshot of Size-adaptable GUI
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4.3 LF Display as a Video

The objective is to download a LF and display it in the window as a video. The flow
diagram of LF display module is shown below.

Start

Load Light Field
Data

Check and
Remove Weight
Channel

Rescale for 8
Bits Display

Set up and Start
Display

Figure 4.8 Flow Diagram of LF Display Module

After choosing the LF data, dimension of the data would be checked first. Due to the
different source of LF dataset, the dimension may vary. The input may be a color or
single-channel LF and can be float or integer format.

Then, to display the LF as a video, the LF array is converted to 8 bits per channel and
if the LF contains more than three color channels, only the first three are used.

Finally, the light filed is vividly displayed in the window where users would see the
figure moving around just like a short video.

The LF used here is called ‘Dishes’, pictured as a 9 x 9 array of 512 x 512 x 3
images, with the last dimension indexing color information.

Here is how to use the display function.
Presses the “Display” button and choose the file named “Dishes” in the file selector.

The following screen shows the display of a LF named “Dishes”. A short video
consists of images from different views would be displayed in the lower left corner. It
provides a very clear and straightforward method for users to see what the LF is.
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Figure 4.9 LF Display

4.4 Extract and Store the LF Images

The objective is to extract the N X N LF images from 4-D LF array and store the
images in a specific file folder. The center image is included in these extracted images.
The flow diagram of extract and store the LF images module is shown below.

Load Light Field
Data

Check
Dimension

Generate NxN
Images of light
fields

Store Images

Figure 4.10 Flow Diagram of Extract and Store of LF Images Module
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By clicking the “Generate N X N Images” button and choosing the LF you want to

refocus, the software tool would automatically generate all the LF images and store them
in a file folder name pic. The center image with the index (%,%) is also stored in the
same folder.

The following screenshot shows the LF images for LF data “Dishes” in folder “pic”.
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Figure 4.11 Screenshot of NX N Images of LF

The main purpose of this function is extracting N X N images of the LF. After
loading the LF data, dimension of the data would be checked first as well. The
implementation of this function relies on LF display function. It extracts the N X N
images from the original LF data and stores each image at a time to the specific folder. N
is the first and second length of dimension of the light filed, respectively. The LF used
here is ‘Dishes’, a data of 9 X 9 X 512 x 512 x 3. Thus, the N here is equal to 9. So
theoretically, 81 images of this LF data would be generated. We can easily notice the
lower left corner shows “81 items” which is exactly as expected.

The name of each extracted image is named as “Data Name + NXN.jpg”, it is very
convenient for the user to find for the image located at a specific position.

4.5 Volumetric Refocusing

The objective is that given a LF, fan filter parameters and order of the filter, the
refocused image is generated and displayed in one of the windows. The flow diagram of
volumetric refocusing module is shown below.
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Figure 4.12 Flow Diagram of Volumetric Refocusing Module

When user finishes typing all the parameters needed for the filter, then press the
“Refocus” button. You can see a file selector which is much convenient than typing an
absolute path to select a file.

After successfully loading data, the parameters user typed in is passed to the function
named “fanfildes” which is used to design the 2-D FIR fan filters required for volumetric
refocusing. Hard thresholding is employed to reduce the computational complexity of fan
filter. Here it is optional for user to set the threshold or not. The impulse responses are
generated and saved as “hxu”. Then, the function named “volrefocus™ is called. It
implements the 4-D hyperfan filters for volumetric refocusing of the LFs.

The fan filters “hxu”, “hxuth” and light LF are loaded from directory and converted
to frequency domain using function fast Fourier transform (FFT). Filtering is done in 4-D
frequency domain to produce outputs “Ifvf” with conventional depth filter and “Ifvfh”
with hard threshold depth filter (sparse filter). Output images are saved in *“. mat” format.
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Figure 4.13 File Selector

After choosing a LF file, it would take a while for the computer to do the calculation
and display the results. The following screenshot shows the original LF image and the
image after refocusing. The layout here helps user easily see the difference of these two
images. It also displays the filter which is applied to do the refocusing. It makes the
whole process not abstract anymore because of these tools of visualization.
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Figure 4.14 Refocusing of LF
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All the function can work in a parallel way and the following screenshot shows all the
functions run simultaneously.
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Figure 4.15 Screenshot of Fully Running Program

4.6 Summary

This chapter provides a detailed design of the GUI for refocusing of LFs. The
structure of the whole software and each function is explicitly illustrated. Screenshots are
presented to help understand how to use the tool.



39
Chapter5 Conclusions and Future Work

5.1 Conclusions

In this project, an interactive software tool is designed for volumetric refocusing of a
light LF by using a post-capture refocusing technique. This software tool aims to help
people like traditional photographers who do not know LFs to understand what the
refocus of LF is and how the bokeh is generated.

Basic concepts of geometrical optics and bokeh are introduced for a better
understanding of the analysis of a Lambertian object in frequency domain. The spectral
ROS of a Lambertian point at a constant depth is analyzed [33] and shown to be two
hyperfans in 4-D frequency domain. Based on the spectral analysis, a 4-D FIR hyperfan
filter is designed for refocusing of the LF.

Furthermore, the design of 4-D hyperfan filter is outlined and its frequency response
characteristics in the 4-D frequency domain are illustrated. It is shown that the center line
of the fan is related to the distance of the object from the image plane and the opening
angle of the fan is related to the DOF. Various LFs are processed using different values
of a and 6 to visually demonstrate, refocusing at different depth, changing DOF and
generating bokeh. Experiments are conducted to evaluate the effect of these two
parameters by using LFs of different size. Comparisons and analyses are made using
different LFs and different parameters. Based on these comparisons, conclusions are
drawn about the effect of fan filters on the quality of the refocused images. Experimental
results confirm that filter parameter a controls the depth of the focal plane and 6 controls
the DOF of the refocused image.

The structure of the software and the design of each function is described. The
software can be used to display a LF as a video, display the center image of the LF,
display the refocused image and the figure of the filter used as well as to extract central
images of the LF. The interactive user interface makes the refocusing of LFs easier.
Screenshots were made as a guidance of how to use the software tool.

5.2 Future Work

Currently, there is not a general standard to measure whether a bokeh is good or bad,
for comparisons made in chapter 3, the decisions are made visually and mostly depends
on the observer’s experience and personal aesthetic preference. Thus, when different
users are using this software, they may have different opinions about whether it is a good
or bad bokeh.

Future work can be done by exploring a general method for evaluating the quality of
bokeh based on objective measure instead of subjective evaluations. Furthermore, the
interactivity of the software tool is expected to be improved by providing more useful
functions.
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Appendix A Function List of Software Tool

e Function:
fanfildes.m
firrtdfan.m
LFDefaultVVal.m
LFDisp.m
LFDispMouse.m
LFDispSetup.m
LFDispVidCirc.m
LFStore.m
test.m

test.fig
uigetdir2.m
volrefocus.m
e File Folder:
Pic

e LF Data
Dishesl.mat
Pillars.mat
Swans_1.mat

University.mat

Current Folder )
B Name

> pic
# test.fig
# fanfildes.m
# firrtdfan.m
%) getLFfromMfile.m
# LFDefaultVal.m
%) LFDisp.m
%) LFDispMouse.m
%) LFDispSetup.m
%) LFDispVidCirc.m
#' LFStore.m
] test.m
b3 uigetdir2.m
% volrefocus.m
11 dishes1.mat
= Pillars.mat
7 Swans_1.mat
o University.mat

Figure A.1 MATLAB Project Directory

LF data should be placed at the same directory as other function files. When
deploying the project on your PC, replace the default path stored in variable named str in
function pushbutton2_Callback with your current pic file folder path. Then everything
will be ready, and the program starts to run by pressing the run button in test.m file.
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Appendix B Derivation of the Spectrum of a Lambertian Point

Source at a Constant Depth

According to [29],the 4-D continuous-domain Fourier transform of l,-(x, y,u, v) given

in (2.6) can be expressed as

L4c(ﬂ) = .f f l4c(X)e_jﬂTX dX
X,Y,U,v=—00

- f f loX)d(mx +u+c,) X (my +v + cy)e‘fﬂTX dx
X,Y,U,V=—00

= loLyc(Qy, Q) Lyc (Qy' 0y),

where
Lyc(Q,, Q) = ffxoou=_oo S(mx + u + c,)e /X gy gy

Lac(Q, Q) = [f,__, 8(my + v +¢,)e /7 ) dudy

Q =[xy uv]

Now we evaluate (B.2a) as

Lyc(Qy, Q) = ff S(mx + u + c,)e QX+ Q) gy dx
X u=—00

_ f e—j(Qxx+Qu(—mx—cx)) dx
X=—00

[ee]
— % f oI (Qmmx gy
X=—00

= 218 (Q, — mQ,,) e/ tux

(B.1)

(B.2a)

(B.2b)
(B.2c)

(B.3)

Here, we have used the fact that §(mx +u + ¢,) # 0 only when mx + u+ ¢, = 0.

Similarly, ch(Qy, Qv) can be obtained as
LZC(Qy» Q‘v) =2m6(Qy — va)ejﬂvcy

By substituting (A.3) and (A.4) into (A.1), L,-(£) can be obtained as
Lac(Q) = 412156 (02, — mi2,) 542y, — m2,) e/ Pucx+vey)

(B.4)

(B.5)



