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Abstract

Light field imaging technology allows capturing the pixel intensity and the direction of the
incident light with a single capture. Capturing this additional dimensionality allows for
generating images at different focal lengths, extending the depth of field, and estimating
the scene depth from a single capture. Depth estimation for light field images is funda-
mental for various light field applications such as light field image compression techniques,
reconstructing views from a sparse set of perspective views, and 3D reconstruction. Al-
though depth estimation for light field images allows researchers to explore techniques
such as depth from correspondence and defocus or using epipolar plane images from single
image capture, the same challenges apply as for depth estimation techniques using a single

image or stereo image pair, such as occlusions, textureless and overexposed regions.

This thesis presents an algorithm to improve depth map estimation for light field images
using depth from defocus. Previous depth map estimation approaches for light field im-
ages do not capture sharp transitions around object boundaries due to occlusions, making
many current approaches unreliable at depth discontinuities. This is especially the case
for light field images because the pixels do not exhibit photo-consistency in the presence
of occlusions. In this work, a small patch size of pixels is used in each focal stack image

for comparing defocus cues, allowing the algorithm to generate sharper depth boundaries.
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Then, in contrast to existing approaches that use defocus cues for depth estimation, fre-
quency domain analysis image similarity checking then generates the depth map. Process-
ing in the frequency domain reduces the individual pixel errors that occur while directly

comparing RGB images, making the algorithm more resilient to noise.

In addition to evaluating this depth map estimation approach on both a synthetic image
dataset and real-world images in the JPEG dataset, the depth map estimation is applied
to light field synthesis to evaluate real-world application of the presented approach. The
application of light field synthesis was chosen because the capture of light field images
is non-trivial, due to the need for multiple viewpoints. Two well-known ways to capture
a light field are: to build a camera array with multiple cameras to capture the image
from different viewpoints; or, to move a camera through the scene to capture the different
viewpoints. This second approach uses a plenoptic camera that places a microlens array
in front of the conventional 2D camera sensor. However, both of these techniques have
drawbacks: the multicamera array or moving camera exhibit high aliasing in blurred
regions while generating refocused images and are expensive in terms of the hardware and
time taken to capture, whereas the plenoptic camera has a trade-off between angular and
spatial resolution. Light field reconstruction and synthesis algorithms are thus essential

for improving the lower spatial resolution of hand-held plenoptic cameras.

The depth estimation techniques explored for light field images form the building blocks for
solving this inverse problem of light field image reconstruction and synthesis. The ability to
convert 2D RGB images to 4D light field images will change how we perceive traditional
photography. Previous light field synthesis algorithms produce blurred regions around
depth discontinuities, especially for stereo-based algorithms, where no information can fill
the occluded areas in the light field image. This thesis presents a light field synthesis
algorithm that uses the focal stack images and the all-in-focus image to synthesize a
9 x 9 sub-aperture view light field image. Using the presented approach of estimating a
depth map using depth from defocus, this depth map and the all-in-focus image synthesize
the sub-aperture views and their corresponding depth maps by mimicking the apparent
shifting of the central image according to the depth values. Occluded regions are handled
in the synthesized sub-aperture views by filling them with the information recovered from

the focal stack images. Experimental results demonstrate that the presented algorithm
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outperforms state-of-the-art depth estimation techniques for light field images, particularly
in the case of noisy images. Results also show that if the depth levels in the image are
known, a high-accuracy light field image can be synthesized with just five focal stack

images.
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Chapter 1

Introduction

Light field imaging technology captures rich visual information by representing light dis-
tribution in free space in contrast to conventional photography, which only records the
sum of the intensity of light rays striking each point in the image [16]. Effectively this
means that the light field images capture not only the pixel intensity but also the direc-
tion of the incident light with a single capture. The additional data dimensions captured
enables ray-tracing techniques to generate images at different focal lengths and extended

field depth, allowing image manipulation in a more flexible way [17].

In recent years, the introduction of hand-held light field cameras, also known as the plenop-
tic camera, has made it possible to capture light field images with a single capture. One
method of creating a plenoptic cameras is by placing a microlens array in front of a con-
ventional 2D camera sensor. Before the introduction of hand-held light field cameras, light
field images were captured by building a camera array with multiple cameras to capture
the image from different viewpoints; or moving a camera through the scene to capture dif-
ferent viewpoints. Though plenoptic cameras solve the problem of capturing a light field
image in a superior way compared to a camera array in terms of hardware expense and
time taken to capture, the plenoptic camera has a trade-off between angular and spatial

resolution [18].
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The higher dimensional data captured in the light field image helps improve the perfor-
mance of the computer vision problems encountered for 2D images, such as depth es-
timation, post-capture refocusing, and image segmentation [16]. Depth maps from light
field images are essential for light field image compression techniques, reconstructing views
from a sparse set of perspective views, increasing the number of perspective views, and
3D reconstruction. More generally, depth estimation for 2D planar images is essential for
applications such as changing depth of focus, simulating subsurface scattering and shadow
mapping. Depth estimation is also crucial in computer vision applications such as robot
vision, self-driving cars, surveillance and human-computer interactions. It plays an impor-
tant role in semantic segmentation algorithms [19, 20]. A wide range of stereo-matching
techniques have been proposed and implemented for depth estimation, and Scharstein and

Szeliski present an in-depth analysis of these techniques [21].

Compared to techniques using a single image or stereo image pair for depth estimation,
light field images enable researchers to explore techniques such as depth from correspon-
dence and defocus from a single image. However, the challenges in depth map estimation
from planar images still apply, and are compounded by the challenges of estimating depth
from light field images, including the presence of occlusion, textureless regions and over-

exposed regions in images.

Existing light field depth estimation techniques include stereo-based matching, using epipo-
lar images, depth from defocus and more recent techniques that use neural networks.
Stereo matching for depth estimation suffers from ambiguity due to partial occlusions [22].
Since the stereo pair are images, the information lost by the occlusions cannot be recov-
ered but can only be approximated using a smoothness term to fill the gaps. In contrast,
epipolar images are formed by stacking together light field sub-aperture images in both
the horizontal and vertical direction as shown in Figure 1.1(B) and Figure 1.1(C), respec-
tively [16]. A slice through this 4D block reveals the depth of the pixels, as the slope of
the line reflects the depth information as shown by the red, green and blue parallelograms
in Figure 1.1. The pixels in the central view that do not move with changing sub-aperture
views have a zero slope and are seen as a straight line as shown by the blue parallelograms
in Figure 1.1(B). The pixels that are closer to the camera incline to the right as shown

by the green parallelograms in Figure 1.1(C), and the pixels that are further away from
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()

FIGURE 1.1: (A) A sub-aperture image view; (B) the EPI for the vertical line represented
in (A); (C) the EPI for the horizontal line represented in (A).

the camera incline to the left as shown by the red parallelograms in Figure 1.1. However,
basic line fitting techniques to estimate depth do not give robust results and the recon-
structions are generally noisy [23]. Schechner and Kiryati [24] have extensively studied
depth from defocus and correspondence techniques and have compared the advantages and
disadvantages of both cues. Finally, Convolutional Neural Networks (CNN) are a known
approach in imaging applications such as object recognition, human—computer interaction,
image segmentation and stereo depth estimation [25]. However, the lack of training data
in existing light field images datasets makes it hard to train and test the network for light

field images [26].

This thesis explores depth estimation from light field images, using the application of light
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field image synthesis to evaluate the proposed approaches. This is because the techniques
explored for depth estimation of light field images form the building blocks for solving the
inverse problem of light field image reconstruction and synthesis. Light field reconstruction
and synthesis algorithms can also address the problem of lower spatial resolutions for hand-
held plenoptic cameras used for light field image capture, where the ability to convert 2D

RGB images to 4D light field images will change how we perceive traditional photography.

Many algorithms that propose light field reconstruction techniques use a sparse set of light
field views to reconstruct novel views [27-30]. However, the input data for these algorithms
is a set of sub-aperture images, which is not easy to capture because the camera needs to
be moved to capture the sub-aperture views using a 2D camera, and this is time-consuming
and introduces issues of alignment. In contrast, for capturing a focal stack and all-in-focus
images, we only need to change the focus and aperture of the camera without physically
moving the camera. Even though these algorithms can be used for light field synthesis,
due to the complexity of capturing these sub-aperture images, using these algorithms for
light field synthesis in real-world scenarios would be difficult. Whereas, they will be ideal
for either increasing the spatial and angular resolution of light field images or for light

field image compression [29)].

On the other hand, approaches for light field synthesis can be classified into two main
categories, non-learning-based and learning-based approaches. Non-learning-based light
field synthesis algorithms use a deterministic approach, where the same rules are used to
synthesize the view for every image. These synthesis algorithms can be further divided
into two categories based on the input data used: focal stack images, or stereo image pairs.
Algorithms that used stereo image pairs either use micro-baseline image pairs or an image
pair with a large baseline. Zhang et al. [9] propose a micro-baseline image pair-based
view synthesis algorithm. Since the disparity between the stereo pair is small, the images
can be captured by vibrating a static camera. Chao et al. [11] on the other hand, use a
large baseline stereo pair. As the algorithm uses a large baseline, the horizontal views are
synthesized by interpolating the stereo pair. In contrast, the main advantage of using focal
stack images for light field synthesis is that the focal stack images can provide information

to fill the gaps created near occluded regions in the synthesized views [28, 31, 32].
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Learning-based light field synthesis algorithms use a probabilistic approach, where the
training input images are used to fit a model that can map the output. The two main
drawbacks of learning-based light field synthesis approaches are: first, a large amount of
training data is required to train the network adequately; second, that the algorithm’s
accuracy directly relates to the training data quality. Some learning-based algorithms
[10, 11, 33] synthesize the entire 9 x 9 sub-aperture light field images using two, four, and
one input image, respectively. Although these algorithms use fewer images as input, the
Convolutional Neural Network (CNN) must be trained on a significant amount of training

data to ensure high accuracy.

1.1 Thesis statement

This thesis focuses on depth estimation algorithms for light field images using focal stack
images. We focus on two main issues encountered by existing depth estimation algorithms
for light field images: depth inaccuracies around occlusions, and depth estimation accuracy
for noisy images. As depth estimation techniques for light field images are essential for
analyzing the inverse problem of light field image reconstruction and synthesis, we then
extend our depth estimation algorithm by synthesizing the light field image using the
focal stack and estimated depth map. We specifically focus on solving the inverse problem
for light field synthesis using the focal stack and all-in-focus image, to address issues
existing synthesis algorithms face in filling the occluded regions in the synthesized views

and improve the accuracy of the synthesized sub-aperture views near depth discontinuities.

1.1.1 Depth estimation for light field images

The research questions that we address in this thesis are:

e How can depth estimation techniques improve around the complex imaging condi-

tions of occluded boundaries?

e How can depth estimation techniques improve in noise resilience?
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Depth estimation algorithms typically fail to estimate the depth accurately around depth
discontinuities due to occlusions. To improve the depth estimation for light field images,
we propose a simple but effective depth-from-defocus algorithm that uses the focal stack
and all-in-focus image. We chose a focal stack-based depth estimation approach as it offers
distinct advantages over both sub-aperture and Epipolar Plane Image (EPI) approaches
in the context of light field imaging. Like those employed in multi-view stereo methods,
focal stack methodologies leverage a crucial advantage: occlusion tends to manifest in a
singular direction, perpendicular to the focal plane within the stack. This characteristic
enables comparisons among occlusion-free sections of the stack, enhancing depth estima-

tion accuracy by utilizing unobstructed views for comparison [34].

On the contrary, depth estimation using sub-aperture views suffers from drawbacks. Stereo-
based algorithms encounter ambiguity issues, particularly when handling noisy images.
Moreover, the limited baseline in real camera light field images complicates occlusion reso-

lution, posing a challenge for these algorithms to effectively tackle occlusion problems [7].

Similarly, EPI-based techniques are insensitive to occlusion, noise, angular resolution,
spatial aliasing, and broad depth ranges. However, in the case of noisy images, EPI-based
approaches often generate outliers, significantly compromising the fidelity of their depth
maps [14]. Additionally, integrating estimates from horizontal and vertical EPIs remains
a persistent challenge across all EPI-based methodologies, posing a fundamental problem

in these approaches.

In order to address the issues around the complex imaging conditions of occluded bound-
aries, we look at how the focal stack images are generated for a light field image. We
generate the focal stack from light field images using the median value of the shifted
sub-aperture images instead of taking the average value. By doing this, we ensure that
the images focusing on the foreground do not have the defocus blur around the depth

discontinuities, improving our algorithm’s accuracy near depth boundaries.

The other challenge with existing depth estimation algorithms is that their accuracy dras-
tically drops in the presence of noise; few depth map estimation approaches currently focus
on emphasis noise resilience. To improve the noise resilience of depth estimation using a

focal stack, we use the frequency domain analysis instead of the RGB domain to compare
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the focal stack image regions with the all-in-focus image, ensuring our algorithm’s noise

resilience.

Unlike other depth estimation approaches for light field images that cannot be explicitly
extended for 2D images, since our approach uses depth-from-defocus, we can easily extend
our approach to estimate the depth map for the focal stack captured by a 2D camera. To
evaluate the parameters that need to be considered to capture the focal stack for light
field synthesis, we capture the focal stack with a 2D camera using different f-stop and step
sizes to evaluate the best parameters for accurate depth map estimation. The difference
in the f-stop used for capturing the focal stack and all-in-focus images causes the lighting
conditions to change slightly, which makes using only the frequency domain for comparison
unreliable, especially for smooth texture regions in the image. We address this issue by
combining the frequency spectrum of the image regions with the sharpness and gradient

of the region, and use the combined confidence score to estimate the depth map.

1.1.2 Light field synthesis

The research questions that we address in this thesis are:

e How can light field image synthesis approaches improve the synthesis accuracy, es-

pecially for occluded regions?

e Which parameters need to be considered to capture the focal stack for light field

synthesis?

Light field synthesis approaches either use focal stack images or stereo image pairs as input.
The main issue with using a stereo image pair as input data for light field synthesis is that
stereo-pair only captures the horizontal parallax. So these algorithms are able to synthesize
the horizontal views within the stereo-pair baseline accurately, but as no information is
available in the vertical direction, their accuracy reduces for vertical views. To improve
the synthesis accuracy for occluded regions, we use the defocus blur in focal stack images.
The defocus blur in focal stack images reveals parts of the background that are not visible

in the all-in-focus image in both the horizontal and vertical directions. Our algorithm
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synthesizes the light field image using the focal stack and all-in-focus image. In our
approach, the focal stack and all-in-focus image are first used to estimate the depth map.
The depth information is then used to mimic the apparent shifting of the all-in-focus image
according to the depth values to synthesize the sub-aperture views. The gaps generated
in the synthesized views due to occlusions are filled with the information extracted from
the defocused regions in the focal stack, ensuring the synthesized sub-aperture accuracy

for both horizontal and vertical views.

1.2 Contributions

1.2.1 Depth estimation for light field images

1. To reduce the dependence of depth accuracy on RGB values of individual pixels com-
pared in the image patches, our proposed depth estimation approach uses frequency

domain analysis to estimate the depth map for light field images.

2. The key contribution of our approach is noise resilience in depth estimation: our
analysis confirms the hypothesis that comparing focal stack image patches in the

frequency domain improves depth map accuracy, especially in the presence of noise.

We propose a depth estimation algorithm that uses depth-from-defocus to estimate the
depth maps. Specifically, we divide the focal stack and all-in-focus image into smaller
patches of size 4 x 4 pixels and compare the FFTs of these patches to find the closest
match to the all-in-focus image patch. We show that using FFTs of the patch instead of
the RGB patches makes the algorithm resilient to noise. For generating the focal stack
from light field images, we shift the sub-aperture images in the frequency domain and use
the median value of the pixels. We show that using the frequency domain ensures sub-pixel
accuracy for the focal stack when generating them even at small focal distances, increasing
the depth precision for our depth maps. The median values reduce the defocus blur near

the depth discontinuities and ensure accurate depth estimation for occluded regions.

We also extend our depth estimation for the focal stack captured by a 2D camera, focusing

on light field synthesis using focal stacks. We show that capturing the focal stack with
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an f-stop of £/1.8 and a step size of 100 covers the scene with sufficient depth levels to
synthesize a light field image using the depth map and all-in-focus image. When capturing
a focal stack, images are taken at varying focal distances. The step size specifically denotes
the magnitude of change in the camera’s focus position between each consecutive shot in
the stack. For instance, if the step size is 100, the camera incrementally adjusts its focus
in units corresponding to the camera’s focal distance scale, with each step representing a
change of 100 units between maximum and minimum focus points, allowing the camera

to capture 21 images in the focal stack.

In the test scenario described capturing a focal stack with a f-stop of f/1.8 and a step size
of 100 the choice of the step size (100) determines the granularity or spacing between the
different focal planes captured. A smaller step size results in a finer sampling of depth
information but might require more images to cover the desired depth range, increasing
computational complexity and storage requirements. Conversely, a larger step size covers

a broader range with fewer images but might potentially miss finer depth details.

In this case, the selection of a step size of 100 is considered sufficient to cover the scene
with an appropriate number of depth levels. It indicates that the focal stack comprises
images captured at intervals that span 100 units of focal distance between each consecutive
shot. This step size is deemed adequate to generate a comprehensive representation of the
scene’s depth, enabling subsequent synthesis of a light field image using the acquired depth

map and an all-in-focus image.

We also extend the work on the existing light field camera simulation model in Blender,
to allow researchers to capture the focal stack of the same light field image with varying
camera parameters like image resolution, f-stop and depth of field. We believe that our
proposed toolkit will enable advancements in CNN and deep learning approaches that use

focal stack images for light field synthesis.

1.2.2 Light field synthesis

1. To fill the occluded regions with the information recovered from the focal stack
images, our light field synthesis approach synthesizes high-accuracy light field images

with varying sizes of focal stacks as input.
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2. Using the frequency domain to mimic the apparent movement of the regions at
different depths in the sub-aperture view, our approach ensures sub-pixel accuracy

for small depth values.

We propose a light field synthesis algorithm that uses the focal stack images and the all-
in-focus image to synthesize a 9 x 9 sub-aperture view light field image. We use depth
from defocus to estimate a depth map. Then we use the depth map and the all-in-focus
image to synthesize the sub-aperture views. We show that the algorithm can synthesize
high-accuracy light field images with a varying number of focal stack images. The defocus
blur in the focal stack image reveals parts of the background that are not visible in the
all-in-focus image, which we use to fill the gaps in occluded regions in the horizontal and
vertical synthesized view. We also show that using the frequency domain to mimic the
apparent movement of the regions at different depths in the sub-aperture view ensures

sub-pixel accuracy for small depth values.

1.3 Thesis overview

In this thesis, Chapter 2 introduces the theory of light field imaging technology with
Chapter 3 presenting the existing work on depth estimation for light field images and
light field synthesis techniques. Chapter 4 presents our extension to the existing light field
toolbox to capture focal stack images with varying parameters of the same scene, enabling
the evaluation of depth map estimation and light field synthesis algorithms. Chapter 5
presents our depth estimation algorithm for light field images using focal stack images, and
the experimental validation of the algorithm’s noise resilience. Chapter 6 then extends on
the work of Chapter 5 to develop a depth estimation algorithm for focal stacks captured
with a 2D camera, rather than a light field image. Finally, Chapter 7 extends on the work
from Chapters 5 through 7, to present our light field synthesis algorithm that utilizes our
depth map estimation algorithm, with experimental validation of the improvements over
existing techniques. Chapter 8 thus conclusions this thesis and suggests future directions

for the work.



Chapter 2

Background

2.1 Fundamentals concepts in photography

Before delving into light field technology, presented here is background with several imag-

ing concepts that are referenced in subsequent chapters.

2.1.1 Focal Length

Focal length is the distance between the lens and the image sensor when the subject is in
focus. It determines the magnification and angle of view of the captured scene. It’s often
denoted in millimeters (mm). For example, shorter focal lengths (e.g., 24mm) encompass

wider angles, while longer ones (e.g., 200mm) provide narrower fields of view.

2.1.2 Focal Point

The focal point is the specific point at which light rays converge after passing through the
lens. It’s where the image appears sharp and in focus. In a simplified thin lens model, it’s

the point where parallel light rays converge after passing through the lens.

11
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2.1.3 Aperture (f-stop)

Aperture refers to the opening in the lens that controls the amount of light entering the
camera. The f-stop represents the size of the aperture. Smaller f-stop numbers (e.g., f/2.8)
denote larger apertures, allowing more light to enter the camera, whereas higher f-stop

numbers (e.g., f/16) indicate smaller apertures, restricting light entering the camera.

2.1.4 Depth of Field

Depth of field is the range of distances within a scene that appear acceptably sharp in
an image. It’s influenced by aperture size, focal length, and subject distance. A larger
aperture (lower f-stop) creates a shallower depth of field, whereas a smaller aperture (higher

f-stop) results in a deeper depth of field.

2.1.5 Circle of Confusion

This is the measure of the largest acceptable spot that a point in the scene can be focused
onto the camera sensor while still being perceived as a point. This is a factor in determining

depth of field.

2.1.6 Intrinsic and Extrinsic Parameters

Intrinsic parameters refer to internal camera characteristics (e.g., focal length, optical

center), while extrinsic parameters relate to the camera’s position and orientation in the

3D world.

2.1.7 Baseline

Baseline refers to the distance between the optical centers of two cameras in a stereo vision

system. It influences depth perception and accuracy in 3D reconstruction.



Chapter 2. Background 13

2.1.8 Frustum

In computer graphics and geometry, the frustum represents the portion of space in the
shape of a pyramid with its top removed. It’s commonly used to define the view volume

for rendering in 3D graphics.

2.1.9 Focal Stacking

Focal stacking involves taking multiple images with varying focus distances and combining

them to create a final image with extended depth of field.

2.2 Light field imaging technology

Conventional photography is only able to capture limited information from the light pass-
ing through the camera lens. In general, cameras record the sum of the intensities of light
rays striking each point in the image and not the total amount of incident light traveling
along different rays that contribute to the image [35]. In contrast, light field imaging
technology captures rich visual information by representing the distribution of light in
free space [16], which means that a light field image captures the pixel intensity and the
direction of the incident light. The additional dimensions of data captured enables the
generation of focal stacks, and extended depth of field using ray-tracing techniques. A
focal stack is a set of images taken by varying the focus sequentially either towards or

away from the camera for each image.

The model that describes the distribution of light is known as a plenoptic function. The
plenoptic function describes light as a function of position, angle of incidence, wavelength
and time [16]. The plenoptic function represents the measurement of light rays at every
possible location in space (z, y, z) , at every angle (0, ¢), for every wavelength v and
at every time t [36]. The plenoptic function is thus a 7D function represented as L(z,
Y, 2, 0, ¢y, t). Since it is not easy to capture and handle such high dimensional data
in practice, we can simplify the function by reducing its dimensionality. By assuming

the captured image to be time-invariant, we can reduce the plenoptic function to a 5D
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s Plenoptic function
Light ray u L(u,vs,t)

FIGURE 2.1: Schematic representation of the plenoptic function [1].

function. However, the 5D function still contains some redundancy and can be further
reduced to a 4D function by considering that the radiance for a light ray travelling in
free space remains constant along a straight line [36]. As shown in Fig. 2.1, the most
common way to represent the 4D plenoptic function is to parameterize the light rays as an
intersection of the light ray on two planes placed at arbitrary positions [16]. The plenoptic
function can thus be defined as L (u, v, s, t); where (u, v) and (s, t) denote the position of
intersection of the light ray on the two planes, respectively. The function L(u, v, s, t) is a
two-plane model of light field in which the st plane can be considered as a set of cameras
that have the focal plane on the uv plane [16]. The two-plane model can be interpreted

in three ways as shown in Fig. 2.2.

Firstly, consider that each camera captures the light ray that leaves the uwv plane and
arrives on the st plane, rendering an array of images that may be considered as being
captured from different viewpoints. These images in the array are known as sub-aperture
images or pinhole views [16] as shown in Fig. 2.2(a). Secondly, consider that a certain
point on the uv plane represents the light rays inbound on all the points on the st plane
as shown in Fig. 2.2(b). The s and ¢ dimensions are known as the angular resolution,
as they depend on the number of viewpoints, while the v and v dimensions are known
as the spatial resolution as they depend on the camera resolution [16]. Finally, a light
field image can be visualized by representing the image as an Epipolar Plane Image (EPI).

The EPI can be obtained by fixing one coordinate in both spatial and angular domains,
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FIGURE 2.2: The three representations of the two-plane light field. (a) The sub-aperture
images or the pinhole view. (b) The sub-view for the light field. (c) Epipolar-plane image
obtained by fixing both spatial and angular co-ordinates [1].

while plotting pixel intensities as the other coordinates of the spatial and angular domain
are varied [7]. As shown in Fig. 2.2(c), the EPI at the bottom can be represented as
E v*t* (u, s), obtained by fixing the v and ¢ coordinates, while the right EPI can be
obtained by fixing u and s and represented as E u*,s*(v, t). (The star symbol in the EPI
signifies the fixed coordinates.) F v,t (u, s) refers to the EPI obtained by fixing the v and
t coordinates. In this case, the EPI is represented by the intensity variation along the (u,
s) coordinates. It means that for a fixed v and ¢, the EPI E v*t* (u, s) shows how the

intensity changes as you move along the line defined by u and s in the light field image.

Conversely, E u,s (v, t) describes the EPI obtained by fixing u and s coordinates. Here,
the EPI E u*s* (v, t) represents the intensity variations along the (v, t) coordinates. This
means that for fixed v and s, the EPI E u* s* (v, t) displays how the intensity changes
when moving along the line defined by v and t in the light field image.
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FIGURE 2.3: Video camera array to capture light field images [2] and diagrammatic
representation of a plenoptic camera.

Essentially, these descriptions illustrate how EPIs capture intensity variations along spe-
cific lines or paths within the light field image. One is obtained by fixing v and ¢ coordi-
nates and observing changes along u and s, while the other is obtained by fixing v and s

coordinates and observing changes along v and t.

2.2.1 Sub-aperture image and light field refocusing concept

The concept of sub-aperture images involves fixing the coordinates (u, v) while considering
all variations in (s, ¢) [4]. In a light field image, the central sub-aperture picture represents
the fully focused image. In Fig. 2.1, there is a conceptual model demonstrating the process
of refocusing the image at a virtual focal plane (s’, t’). To achieve this refocusing to a
different focal plane (s’, t’), the shifted versions of sub-aperture images are combined or

added together.

Similarly, the creation of a focal stack involves using a filter known as the shift-sum filter.
This filter works as a depth-selective filter, mimicking a planar focus. It functions by
shifting slices of the light field image (u, v) to a common depth and then summing these

slices together to generate a 2D image.
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2.2.2 Light field capture

Capturing a light field can be a challenging task as a light field image captures the pixel
intensity and the direction of the incident light. Two techniques that can be used to
capture a light field image are shown in Fig. 2.3. An intuitive way to capture a light
field is to either build a camera array with multiple cameras to capture the image from
different viewpoints or by moving a camera through the scene to capture the different
viewpoints. In [2], a camera array consisting of 100 video cameras was built to capture
the light field image as shown in Fig. 2.3(A), whereas in [1], a video camera mounted
on a computer-controlled gantry was used. However, these techniques are expensive in
terms of the hardware and time taken to capture the light field images [18]. Another
approach to capture a light field with a single shot places a microlens array in front of
the conventional 2D camera sensor, as demonstrated in [4], [37]. This is known as a
plenoptic camera. The data recorded by a plenoptic camera can be characterized using a
two-plane model inside the camera given by L, where L(u,v,s,t) denotes the light traveling
along the ray that intersects the main lens at (u, v) and the microlens plane at (s, t) as
shown in Fig. 2.3(B) [4]. However, there is a trade-off between the angular and spatial
resolution with the hand-held plenoptic camera that leads to a considerably lower spatial
resolution compared to traditional 2D cameras [32]. But the plenoptic camera has two
main advantages over a multi-camera array: first, a single capture can obtain the light field
image in a plenoptic camera; second, due to gaps between cameras, the virtual aperture
causes incomplete sampling resulting in the focused images from a multi-camera array
to exhibit high aliasing in blurred regions [4]. Once the light field image is captured,
raytracing can be applied to filter out the light rays that do not contribute to a particular
depth. Rearranging the rays then estimates where the light rays would terminate if the

camera was focused on the desired depth [4].
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Literature review

3.1 Depth estimation

Current key approaches to light field depth estimation techniques include stereo based
matching, using epipolar images, depth from defocus and, more recently, the use of Con-

volutional Neural Networks (CNNs).

3.1.1 Depth estimation using stereo matching

Many of the proposed stereo matching algorithms are based on graph cuts and energy
minimization techniques [38]. Different constraints are used to optimize the energy min-
imization, thus improving the estimated depth. In stereo-matching depth estimation al-
gorithms, the goal is to assign a depth label to each pixel that is piece-wise smooth and
consistent with observed data. The depth in an image tends to vary smoothly on the
surface of objects but changes drastically at depth boundaries. The problem of labeling
each pixel in an image with a depth value can be formulated in terms of energy minimiza-
tion [38]. The aim is to find a label ‘f’, that minimizes the energy given the Eq. (3.1),
where Fgpo0tn 1S the measure that ‘f’ is not piece-wise smooth, while Fgy,;, measures the

dissimilarity between ‘f’ and the observed data.

18
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E(f) = Esmooth(f) + Edata(f) (31)
Ejqt4 is given by the Eq. (3.2),

Edata(f) = Z Dp(fp) (3-2)

where D), measures how well the label f, fits for pixel p with the observed data [38]. Egmoot
for energy minimization that uses regularization-based approaches tend to make f smooth
everywhere, which makes it unreliable at object boundaries. Discontinuities preserving the
energy minimization function do not have the same issue. Graph-cut is a technique to
construct a specialized graph for minimizing an energy function so that the minimum cut
on the graph also minimizes the energy globally or locally [39]. In their work, Kolmogorov
and Zabih [39] precisely characterize the class of energy functions that can be minimized
via graph cuts. Kolmogorov and Zabih [40] also formulate the energy minimization of
multi-camera scene reconstruction by following three specific criteria: treating the input
images symmetrically, handling visibility and imposing spatial smoothness while preserving
discontinuities. This means that the energy minimization equation contains constraints
that deal with smoothness and the visibility terms. The energy that they minimize is

given by Eq. (3.3)

E(f) = Edata(f) + Esmoothness(f) + Evisibility(f) (33)

For the data term D, they compute intensity intervals for each color space (R,G,B) using
four neighbors to then take the average data penalty [40]. For graph construction, they
select a disparity o, then find the unique configuration within a single a-expansion move.
Accordingly, if this decreases the energy, the algorithm goes there, or else it stops iterat-
ing. Their initial configuration satisfies the visibility constraint, ensuring all subsequent

configurations will also satisfy this constraint.

Woodford et al. [41], on the other hand, combines visibility reasoning and second-order

priors for the smoothness term for effective optimization. Their energy function is given
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by Eq. (3.4), where DP is the disparity, Iy to Iy is the set of N + 1 input images, and I

is the reference view.

E(DP|Iy, ...IN) = Ephoto(I1, ...IN|DP, Ig) + Esmootn(DP|Io) (3.4)

Their Eppo, term that is the data likelihood contains a visibility flag. When the input
sample is visible in the reference view, its likelihood is calculated using a noise model
based on a contaminated Gaussian model. In standard stereo, the smoothness prior is
used to regularize the disparity map by putting a cost on unlikely geometry. The first-
order derivative of disparity permits fronto-parallel surfaces i.e., the surfaces or regions
in a scene that are parallel to the image plane, with no penalty. They don’t assume
that surfaces in the scene are fronto-parallel; they use the second derivative of disparity,

allowing all planar surfaces without penalty.

Bleyer et al. [42] present a surface-based representation in which each pixel is assigned to
a 3D surface. They then optimize an energy minimization term that takes into considera-
tion the pixel appearance, global MDL constraint, smoothing, soft segmentation, surface

curvature and occlusion. The energy function for Bleyer et al. [42] is given by Eq. (3.5).

E(f) = Edata(f) + Esmooth(f) + Eseg(f) + Ecurv(f) + Emdl(f) (35)

Their data term FEy., assigns a fixed penalty for occluded pixels while calculating the
dissimilarity for all visible pixels. Their occlusion definition extends the asymmetric oc-
clusion model used in [41, 43, 44], which employed the visibility constraint such that the
lower disparity is occluded if the two pixels from one stereo-pair image project to the
same pixel of the other pair. It was later shown in [45, 46] that this constraint doesn’t
hold for slanted surfaces. They state that if two or more pixels from the one stereo-pair
image lie on the same surface, they can have the same matching points in the other pair
without any of the pixels being occluded. This happens due to the difference in the surface
sampling in the two images. Their smoothness term F,,0, €ncourages neighboring pixels

to lie on the same 3D surface, and doesn’t penalize based on the image edges or segment
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borders. The monocular information is then incorporated into the model through the soft
segmentation term FE,,. An arbitrary segmentation divides the left image into disjoint
regions, which is given as an input to the soft segmentation term. In the implementation
of their work, they employ a commonly-used mean-shift segmentation algorithm, but any
color or texture segmentation algorithm can be used. Their segmentation term creates a
subsegment at each pixel by centering a square window at each pixel and assigns no costs
if there is only a single surface within a subsegment. The curvature term FE., regularizes
the shape of B-spline surfaces by enforcing low curvature, and the prior is implemented
as a simple unary term in the graph. The MDL term F,,; penalizes on the occurrence
of a surface to minimize the number of surfaces, using the MDL (Minimum Description

Length) principle. Finally, the fusion move approach optimizes the model.

Yu et al. [47] develop an algorithm that encodes the 3D line constraints into a light field
stereo matching, a line-assisted graph-cut algorithm that adds a line constraint term in
the energy function that accounts for occlusion consistency. Their energy function is given
by Eq. (3.6), where Eonpentional i the energy function shown in Eq. (3.3) consisting of
Egatay Esmoothness and Eocclusion, and they add the fourth term to Eq. (3.3), Ejine, that is

the line constraint term.

E(f) = Econventional(f) + Eline(f) (36)

Their critical inference for the Ej;,. term is that the disparity labels to the two endpoints
are allocated by checking occlusion consistency for all points along that line. The work
by Boykov et al. [38] and Kolmogorov and Zabih [40] show that the energy function,
Eonventional, can be minimized by consecutively solving the two-label problem. The two-
label problem states that the algorithm at each iteration decides if the disparity should
switch to the new disparity for each pixel. They use the same convention, as F.onventional 15
a regular energy function since Eguiq, Esmooth and Eoccpusion are all two-variable functions.
The energy function, therefore, can be minimized as a two-label problem with alpha expan-
sion [38]. But, since Ej;,. is a three-variable term that consists of the two endpoints and the
intermediate point chosen to relabel, it can be viewed as a general second-order smooth-

ness prior. Thus, alpha-expansion cannot be used directly to minimize Ej,.. Instead they
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use an extended QPBO (quadratic pseudo-boolean optimization) approach proposed by

Rother et al. [48] to minimize the energy function Ej,..

Chen et al. [22] trace all the rays passing through every 3D point to the camera array
and construct an angular sampling image called the surface camera. The surface camera
or SCam representation determines the radiance samples from which the correspondence
and depth information can be estimated. The data structure collects all the light field rays
associated with a 3D point correspondence and identical to the pinhole camera view at that
correspondence stores the rays through that 3D point [49]. They show that the information
from the SCam can be further analysed to distinguish occlusion profiles, introducing a
Bilateral Consistency Metric (BCM) that estimates the probability at each pixel in the
SCam to estimate the depth; the BCM is similar to the bilateral filters on color and spatial
proposed in [50]. The disparity of the pixel is estimated by representing the consistency
and disparity label as a C-D graph, showing that this metric reaches a local minimum at
the correct depth for textured and occlusion cases. For occluded pixels with similar colors,
they include local and global confidence metrics to test the consistency of depth estimation
for these complex surfaces. Their work shows the unique property under the dense view
assumption and the bilateral metric, which states that the consistency-depth curve has the

property that always corresponds to a minimum on the curve at the ground-truth depth.

Tola et al. [51] propose a dense matching algorithm for ultra-high resolution image sets
using the DAISY descriptors [52]. DAISY descriptors are computed by concatenating gra-
dient histograms. They first estimate the gradients into separate orientation layers, then
aggregate their magnitudes within each layer to form the orientation histograms. The
descriptor can then be generated by thresholding and convolving the oriented gradients
with Gaussian filters of various sizes. DAISY descriptors produce a similar invariance
to the SIFT (Scale-Invariant Feature Transform) [53] or SURF (Speeded Up Robust Fea-
tures) [54] histogram building. Still, it is efficiently computed for every image point in
every direction, making it ideal for dense matching. Instead of using the computation-
ally expensive energy mini- mization based on max-flow min-cut optimization, the DAISY
matching score is directly used to compute the probability of the pixel having a particular
depth. Then to produce a pair-wise dense point cloud, they consider the ratio of the two

probability maxima along the uniformly sampled epipolar line by deciding if it is above or
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below the threshold. To enforce consistency and ensure that only the 3D points from the
point cloud are retained, three geometric factors are used: the stereo-pair baseline, the

focal length of the camera and the distance of the point form the center of the camera.

However, the stereo correspondence methods suffer from ambiguities while dealing with
noisy and aliased regions and the narrow baseline for real camera LF images makes it

difficult for these algorithms to solve the occlusion problem [7].

3.1.2 Depth estimation using epipolar plane images

Depth estimation using Epipolar Plane Images (EPI) is another popular approach. Each
slice through the 4D light field representation can be used to analyse the EPI line structure
to estimate the depth of the pixel under inspection as shown in Figs. 1.1(a) and 1.1(b).
However, using basic line fitting techniques are not robust enough and the reconstruction
is generally noisy [23]. Early work on EPI approaches can be found in [55]. Bolles et
al. [55] state that if the camera is limited to a linear path and the image sequence contains
a large number of closely spaced images, it is possible to transform a difficult 3D analysis
into a set of straightforward 2D analyses. The 2D analysis then only involves detecting
the lines in images that contain approximately homogeneous regions bounded by lines. 3D
descriptors are then built by taking a dense sequence of images of a static scene. With
the camera motion information, analysis of the object position and marking occlusion

boundaries, and reconstruct the 3D structure with line fitting in the EPI.

Johannsen et al. [56] propose a method that learns the structural information from the
central view using dictionary learning. This information is then used to raise the trained
patches to the higher dimensional epipolar space by shifting the pixels proportional to
their disparity and constructing a light field ‘dictionary,” which is a group of ‘atoms’ with
unique disparities. Every atom is a 2D 5 x 5 epipolar image patch generated from a specific
center view atom using an individual disparity value. The coefficients are then analyzed to
estimate the depth map. Even though their method improves in robustness and accuracy
from previous work for multi-layered disparity estimation, which is not occlusion-aware,
the accuracy of their method decreases at object boundaries as only disparity across the

complete patch is considered [56].
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Zhang et al. [23] use the epipolar images to build and minimize the matching cost for
each pixel that accounts for the pixel intensity value, gradient pixel value and spatial
consistency. The sub-angle estimation method then obtains the optimal slope of each
pixel. This result is refined by classifying the pixels into two categories: reliable and
unreliable, then using the information from the reliable pixels to replace the unreliable
pixels while preserving the property exhibited by the real images. The proposed approach
requires large numbers of densely sampled views, and the quality degrades considerably if

the number of views is fewer than 20 [23].

Kim et al. [57] propose an algorithm by first estimating the depth of the object boundaries
in the image by analysing the individual light rays instead of image patches. The interior
regions that are more homogeneous are then processed using a fine-to-coarse procedure,
by iteratively down-sampling the EPI. Unlike other approaches, this algorithm does not
perform global optimization of any kind, hence preserving the object contours in the
images. The input light field image used for the algorithm comprises 100 images captured
by a Canon EOS 5D Mark II camera and a motorized linear stage; each image has a
resolution of 21 MP. In contrast to the other algorithms that use light field camera images
as input, they work with individual sub-aperture images with a resolution of 0.3 MP. The
EPIs constructed with high-resolution images are much cleaner and denser, increasing the
depth map accuracy. However, capturing high-resolution light field images can only be

done using a camera grid or moving the camera.

Wanner and Goldluecke [58] obtain the local depth estimate by estimating the direction
of the line in the EPI using the structure tensor for both the horizontal and vertical
EPI. The local depth estimate only accounts for the local structures of the light field to
estimate the depth. The depth labeling must be consistent across all cameras to meet the
global visibility constraints. The constraint states that if a line is labeled to a certain depth
value, it cannot be interrupted by a line with a label higher than that depth not to disobey
the occlusion ordering. They set boundary conditions for the transition from one label
to another to avoid occlusion errors. The local depth estimated from the horizontal and
vertical EPI is then integrated using a convex optimization method to estimate a consistent
depth map. Wanner and Goldluecke [59] address the problem of reflective surfaces in the

image that cause irregularities in the epipolar plane. They propose the use of higher order
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structure tensors to overcome this problem, simultaneously computing the disparity maps
in a 4D light field structure for both a planar reflective or transparent surface as well as
the reflected or transmitted object in a 4D light field structure [59]. Criminisi et al. [60]
describe an algorithm that operates in two phases, first by segmenting the EPI-volume into
an EPI-tube, taking into account the pixel appearance. The EPI-tube is a portion of the
EPI volume, which is the local orientation of the pixels from the central view within that
volume [60]. The second phase describes these EPI-tubes using a simpler layer descriptor.
Criminisi et al. [60] use the Canny edge operator, while Wanner and Goldluecke [58] use
a structure tensor to obtain local disparity estimates by computing the weighted mean of
each side of the line in the EPIs and then finding the distance between the two means
[7]; however, occlusions and noise could cause the pixels on both sides of the lines to be

different.

Zhang et al. [7] propose a spinning parallelogram operator that is used to analyse the EPI
in order to estimate the depth. They first take the centre point of the parallelogram as the
reference, and then different centre lines divide the parallelogram into two sections of the
same size. The correct orientation for the central line, which is the correct depth, can be
measured by finding the maximum distribution of pixel values on either side of the line.
To avoid problem of inconsistent pixel distribution on either sides of the line, each side
is considered separately. This assumption makes their depth estimation algorithm more
robust to occlusions and noise compared to Criminisi et al. [60] and Wanner and Goldluecke
[58]. It is claimed that their algorithm is insensitive to occlusion, noise, angular resolution,
spatial aliasing and wide range of depth, but for noisy images their EPI-based technique

generates outliers that severely effects the accuracy of their depth maps [14].

3.1.3 Depth estimation using defocus

Depth estimation from defocus has been studied extensively, where Schechner and Kiryati
[24] compare the advantages and disadvantages of using defocus or correspondence cues.
Research on depth from defocus also extends beyond using LF images, estimating the

depth map using a single image [61, 62].
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Nayar and Nakagawa [63] demonstrate that the defocused imaging system plays the role
of a low-pass filter to estimate depth using the measure of focus between image points.
With the same concept of shape from defocus described in Nayar and Nakagawa [63], the
amount of blurring necessary to transform a sharp image to a blurred image that is an
accurate representation of blur caused by a camera system depends on the depth of the
scene and this can be used to estimate the depth image without recovering the deblurred

image [64].

Lin et al. [65] state that the non-occluded pixels at different focal depths exhibit symmetry
with the pixels in the in-focus slice. First estimated is the color symmetry of the focal stack
with the reference central view pixels. For this, they integrate the radiance information
from the pixels in the sub-aperture views that contribute to that pixel value in the refocused
image and check for color consistency with the central view. They show that only a few
rays contribute to the refocused image for occluded regions in the image. In contrast to
stereo matching algorithms that use the color difference between the corresponding input
images as a data consistency measure, the focal stack is synthesized with the hypothesized
depth map and compared with the focal stack generated for the light field image data.
They argue that the light field images captured by the light field camera have significant
noise due to low exposure making the correspondence measure between sub-aperture views
unreliable. Showing that this symmetry property is robust for noisy and undersampled
light field images, as even though noise affects the individual pixel value in the sub-aperture

views, the focal stack is generated by the integration process that averages out the noise.

On the other hand, Strecke et al. [5] use a partial focal stack approach to solve the occlusion
problem. Previously, the approach proposed by Lin et al. [65] does not give desired results
at occlusion boundaries as the foreground pixels smear into the background pixels while
focusing on the background region. Lin et al. [65] solve this problem by choosing alternate
costs for occluded pixels from the information gathered by the estimated occlusion map.
But, since Lin et al. [65] use the estimated occlusion map, it is prone to error. Strecke et
al. [5] propose using the light field data instead as it is not prone to estimation errors. So
instead of creating a focal stack using all sub-aperture images, Strecke et al. [5] by using

only the views right, left, above and below the central reference view, create four separate
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focal stacks. They assume that if the baseline is small enough and occlusion is present, it

will occur only in a single direction of viewpoint shift.

Sahay and Rajagopalan [66] propose a method to obtain a high-resolution image and a
high-resolution depth map using the defocus information from a stack of low-resolution im-
ages; though, the proposed algorithm is not designed for light field image depth estimation.
Still, the shape-from-focus technique can also be extended for light field images, as light
field images can generate focal stacks. This technique can also be used as the initial step
to acquiring a high-resolution depth map and all-in-focus image from the low-resolution

focal stack in the light field synthesis technique presented in Chapter 7.

Tao et al. [67] proposed to combine the defocus and correspondence cues using a MRF
as the global optimization process. Their algorithm comprises three stages: first, using
the EPI the defocus and correspondence cues are computed for depth estimation from the
images; second, using these cues the optimal depth and confidence are calculated for each
cue; lastly, using MRF as a global optimization process, the two are combined to estimate
an accurate depth map. The limitation of this approach is the use of a fixed window size

to compute the depth cues, which results in ambiguities in the depth measurement [67].

Building on the concept of combining defocus and correspondence cues for depth estimation
[67], Wang et al. [6] take into account occlusion to estimate a more accurate depth map.
To account for occlusion, an angular patch is generated for the reference pixel to then
check for the photo-consistency of that patch. If the pixels in the angular patch are photo-
consistent, this patch is considered to be non-occluded, and the mean and variance of the
patches are computed to obtain the defocus and correspondence cues. For the angular
patches that are inconsistent, the region is divided into two separate regions according to
the pixel values and then the depth of these regions is computed separately. Assuming
that for the occluded patches, the occluded region can only be divided into two separate
regions. However, similar to other proposed techniques, the algorithm does not perform

well in regions of low texture [6].
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3.1.4 Depth estimation using convolutional neural networks

Convolutional Neural Networks (CNN) have been used extensively in image processing
applications such as object recognition, human computer interaction, image segmentation
and stereo depth estimation [25]. Over the past few years, researchers have used CNN for
depth estimation in light field images [25, 26, 68]. The main concern in using CNN for
light field images is that the existing light field datasets are insufficient in size to train the

network, and datasets do not have accurate ground truth depth included [68].

To address this problem, Heber and Pock [68] generated a synthetic light field dataset
using the raytracing software POV-Ray, Feng et al. [25] use the Lytro camera to capture
the light field images and then use a 3dMD scanner [69] to capture the ground truth
information. Shin et al. [8] on the other hand augment the data through scaling, center

view change, rotation, transpose, and color that are suitable for light field images.

In their approach, Heber and Pock [68] extract the information from the vertical and hor-
izontal EPIs to input into the CNN. The resultant depth map is optimised by solving a
convex energy minimisation problem. Unlike Heber and Pock [68] that use only one direc-
tional EPI, Shin et al. [8] construct multi-stream networks for four viewpoints, horizontal,
vertical, left and right diagonal directions. They show that their multi-stream network
reduces the reconstruction error over a single-stream network by 10%, claiming that the

use of a 2x2 kernel in the algorithm reduces the effect of noise.

In [25], the network consists of two parts: the encoder and the decoder. The encoder
extracts a set of high-level feature maps for the light field inputs, and then these sets of
feature maps are decoded to estimate the depth map. Then, a two stream CNN network
that uses the correlations across multiple neighbourhood pixels learns to estimate the
depth from EPIs. The variational model is then refined using the prior image from the

central view.

Han et al. [70] devised the ESTNet, a convolutional neural network aimed at accurately es-
timating depth maps. The architecture of ESTNet is distinguished by three input streams,
featuring an encoding-decoding structure and skip connections. These input streams

correspond to the horizontal EPI synthetic image (EPIh), vertical EPI synthetic image
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(EPIv), and central view image (CV), respectively. In the network’s forward propagation,
skip connections are incorporated between the convolution module and the corresponding
transposed convolution module, facilitating the fusion of shallow local and deep seman-
tic features. However, a limitation of their algorithm lies in its design for nine views in
either the horizontal or vertical direction. Consequently, this method lacks adaptability
to varying numbers of views. While our existing light field synthesis algorithm currently
generates a 9 x 9 light field image, it is important to note that it does not rely on a CNN
network. Consequently, the code can be easily modified to produce a greater number of

views by making adjustments to a few lines of code.

In their research, Heber et al. [71] investigated a convolutional neural network for predict-
ing the orientation of the 2D hyperplane in the light-field domain, representing the depth
of the 3D scene point. Additionally, Heber et al. [71] formulated a convex optimization
problem incorporating high-order regularization. It is worth noting that Heber’s CNN

does not operate as an end-to-end network for depth estimation from this perspective.

Guo et al. [72] further decomposed a complex task into multiple straightforward sub-tasks,
each addressed by a dedicated subnetwork. They specifically divided the depth estima-
tion into non-occlusion and occlusion regions, recognizing the distinct properties of these
regions in relation to the light field structure—complying with and violating the angular
photo consistency constraint, respectively. Their network incorporates three modules: the
Occlusion Region Detection Network (ORDNet), the Coarse Depth Estimation Network
(CDENet), and the Refined Depth Estimation Network (RDENet). In detail, ORDNet
predicts the occlusion map as a mask. Guided by this occlusion map, CDENet focuses
on depth estimation in non-occlusion areas, while RDENet handles depth estimation in
occlusion areas. While the outcomes showcased in the paper appear encouraging, it’s cru-
cial to highlight that the network is exclusively trained on synthetic images. The training
dataset comprises 38 images sourced from the Dense Light Field Dataset (DLFD) [73] and
an additional 16 images obtained from the 4D light field dataset [3]. It is notable that the

network is neither trained nor its results demonstrated on real light field images.

Leistner et al. [74] addressed the challenge of light field depth estimation in high-resolution

and wide-baseline light fields using neural networks. Rather than expanding the receptive
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field of the network, which might lead to poorer generalization, they suggested a different
approach: transforming the input images through a shear transformation named EPI-
Shift. This method involves multiple forward passes with shifted input EPIs, and the
results are then combined into a single prediction. Regrettably, the U-Net model appears
to be susceptible to noise, particularly at object boundaries that do not align with the
disparity label boundaries. In contrast, our algorithm exhibits robustness to noise when

it comes to depth estimation.

Chen et al. [75] strive for enhanced utilization of light field data through the analysis of
horizontal, vertical, and diagonal EPIs. However, directly fusing all features from these
EPIs can lead to ambiguous cost volumes in occluded regions, making it challenging to
determine correct disparities. To address this issue, they introduce the Intra-Branch Fusion
module, where features are fused within each branch. This fusion helps prioritize views
on one side that are less likely to contain occluded regions. The information obtained
from the four branches is judiciously merged, with branches possessing clearer matching
information contributing more to the cost volume. Instead of a simple concatenation
operation, they devise the Inter-Branch Fusion module to blend features from different
branches. This involves assigning larger weights to branches with fewer occlusions and
clearer correspondences. A limitation of this approach lies in the manual removal of
reflection, refraction, and texture-less areas during training to maintain the consistency of
matching. While this is feasible for smaller training datasets, such as the 16 images utilized
in this study, it could become impractical when training the network on a significantly

larger dataset.

Similar to the approach by Chen et al. [75], in Tsai et al. [76], the goal is to maximize the
utilization of light field data by using all 81 sub-aperture views as input and generating
a depth map for the centre view.Each sub-aperture view of the input light field image
undergoes four basic residual blocks. In a residual block, the neural network concentrates
on learning the residual (difference) between the input and the output, instead of directly
mapping the input to the output. The output of the residual block is derived by sum-
ming the input and the learned residual [77]. The feature map obtained for each view is
then inputted into a Spatial Pyramid Pooling (SPP) module, which extracts contextual

information from the scene. The SPP module divides the image into partitions from finer



Chapter 3. Literature review 31

to coarser levels, aggregating local features in each division [78]. To discount redundant
information from certain views, an attention-based sub-aperture view selection module is
employed to learn the importance of each view. The attention map is added to the es-
timation module, allowing a focus on more crucial views and enhancing overall accuracy.
To prevent erroneous correspondences during training on the 4D Light Field Dataset, we
eliminate patches from regions containing objects with non-diffuse reflection and refrac-
tion, such as glass, metal, and textureless areas. However, this exclusion process might
pose practical challenges when scaling up the training of the network to a substantially

larger dataset.

Peng et al. [79] present a zero-shot learning-based framework for light field depth estima-
tion. This framework learns an end-to-end mapping exclusively from input light fields to
corresponding disparity maps without the need for additional training data or supervised
ground truth depth. Their CNN comprises four stages. In the first stage, Feature CNN,
two features are extracted across shifted sub-aperture images at various disparity levels,
representing mean and standard deviation features. The second stage, Disparity CNN,
computes the disparity map based on the extracted depth feature. To train the network
without ground truth depth labels, a combined loss inspired by the photo-consistency con-
straint in [6] is designed. This new loss function, distinct from the one used in the earlier
unsupervised network [80], comprises two terms: compliance and divergence, leveraging
spatial and angular correlations in the 4D light field to constrain the network. The third
stage, Warp Layer, warps sub-aperture images to the central view using the generated
disparity, and the Combined Loss is employed to update parameters in both Feature CNN
and Disparity CNN. This iterative process continues until the network converges. A draw-
back of this algorithm is its setting of the number of disparity levels (N) to 100, striking
a balance between accuracy and speed. Consequently, the precision of the depth map
becomes dependent on the depth levels of the light field image. Light field images with
less depth range yield depth maps with greater precision than those with a larger depth

range, leading to inconsistent results.

Alperovich et al. [81] introduce a fully convolutional autoencoder designed for light field
images, capable of extracting disparity, diffuse, and specular intrinsics. While learning-

based approaches show promise in depth estimation from light field data, they typically
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rely on abundant training data with supervised ground truth depth. Obtaining such
data in real-world scenarios poses challenges. Furthermore, learning-based methods often
encounter domain shift issues when generalizing to significantly different inputs. A su-
pervised model well-trained on a synthetic dataset with ground truth depth may prove
fragile when applied to real-world scenes. Unsupervised networks offer an advantage by
training without the need for ground truth depth labels, making them more practical for
real-world scenes. However, they still require an additional training dataset, exposing

them to potential domain shift effects in unsupervised learning.

3.2 Light field image synthesis

View interpolation is the process of estimating intermediate views of the scene given a set
of images of the scene from different viewpoints. This is a well-known method for image
synthesis using a set of reference views. In one of the earlier works on image synthesis [82],
pixel correspondences are established using the range data and the camera transformation
parameters between a pair of two consecutive images and a pre-computed morph map is
used to interpolate intermediate views. In [63], it is noted that the holes that are generated
in the estimated intermediate views as the foreground regions in the estimated views move
more than the background regions. These holes are filled by interpolating the adjacent

pixels near the holes, which causes the filled regions to be blurry.

Light field synthesis approaches either use a sparse set of perspective views to synthesise the
view inside of the image baseline or use a focal stack or the central view to extrapolate the
perspective views. Based on the current approaches, light field synthesis can be classified
into two main categories, non-learning based and learning based approaches. In non-
learning based approaches, Mousnier et al. [17] use gradient detection and graph-cut
to determine the focus map, then using the camera metadata convert the focus map to
a depth map. The tomographic reconstruction of the epipolar images by back-projecting
the focused regions thus synthesise the light field. In contrast, Lui et al. [83] reconstructed
the light field via filtered-back-projection and the Simultaneous-Algebraic-Reconstruction-

Technique (SART') algorithm.
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Many learning based techniques also use focal stacks for LF synthesis [80, 83-85]. Srini-
vasan [84] propose a light field synthesis algorithm using only the central all-in-focus image.
The CNN- based algorithms use the light field images to generate the focal stack and then
use the focal stack as inputs and train the network using the full light field image. Two
drawbacks of these algorithms are: The dataset used does not have a ground-truth depth

map, and a 2D camera does not capture the focal stack for the light field synthesis.

3.2.1 Non-learning-based light field synthesis

Kubota et al. [31] use a focal stack captured from multiple viewpoints to synthesise inter-
mediate views. Assuming that the scene has only two focal regions, a background and a
foreground, the inputs for their approach are four images: two images captured by each
camera for the background and foreground regions. The drawback of the approach is that
it requires images to be captured from two viewpoints, which is a complex set-up and
the resultant synthesised image only has two focus planes. In their work, Mousnier et
al. [32] propose partial light field reconstruction from a focal stack. They use the focal
stack images captured by a Nikon camera to estimate the disparity map and an all-in-focus
image, then use the camera parameters to estimate the depth map. They use the depth
map and all-in-focus image to synthesise only one set of nine horizontal and nine vertical
perspective views, but since the algorithm requires data from the camera parameters it
is difficult to run the code on a light field image to check the accuracy against light field

sub-aperture images.

Levin et al. [28] also use focal stack images but instead of using depth estimation for the
synthesis, show that using a focal stack the 4D light field can be rendered in a linear
and depth invariant manner. They argue that a focal stack is a slice of the 4D light field
spectrum and thus the focal stack directly provides the set of slices that comprise the
3D focal manifold that can be used to construct the 4D light field spectrum. But their
dimensionality gap model is unreliable at depth boundaries resulting in the background

pixels linking into the foreground pixels.

Perez et al. [86] propose a light field recovery algorithm from its focal stack that is based

on the inversion of the Discrete Focal Stack transform. They show that the inversion using
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the Discrete Focal Stack transform requires many images in the focal stack. For a standard
plenoptic camera featuring 255 %255 microlenses and 9x9 pixels behind each microlens, the
utilization of the inversion formula would necessitate capturing a focal stack comprising
2033 images. They then show practical inversion procedures for general light fields with
various types of regularizers, such as L2 regularization of Oth order and 1st order, and L1
isotropic TV regularization. By incorporating L2 regularization of Oth and 1st order, along
with L1 isotropic Total Variation (TV) regularization, penalties are imposed based on the
weight’s magnitudes, their first-order derivatives, and the L1 norm of the image gradient.
This combined regularization strategy aids in mitigating overfitting, fostering sparsity, and
facilitating smoother solutions within optimization problems. The two main drawbacks
of the algorithm proposed by Perez et al. [86] are that inversion using the Discrete Focal
Stack transform requires a large number of images in the focal stack, and they need to use

regularization approaches to stabilize the transform.

Zhang et al. [9] in their work use one micro-baseline image pair to synthesise the 4D
light field image. It is proposed that the small-baseline image pair can be captured using
vibration in a static camera or by slight movement of a hand-held camera. There are
two limitations of the approach: first, that the depth estimation algorithm used reduces
in accuracy as the distance between the input views is increased; second, that since no
information is available to fill in the gaps generated by the difference in movement of the
background and foreground regions in the sub-aperture images, the accuracy of the edge
sub-aperture images is reduced considerably compared to the sub-aperture images closer

to the central view.

Shi et al. [27] in their approach use a sparse set of light field views to predict the views
inside the boundary light field images used, but since the approach requires a specific set
of sub-aperture views as input data from the light field images, applying the algorithm to
different types of data is non-trivial. The approach can be used for applications like light
field compression, but not for light field synthesis as it requires a set of sub-aperture views

as input data.
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3.2.2 Learning-based light field synthesis

Kalantari et al. [10] propose a two network learning based light field synthesis approach
that uses a sparse set of four corner sub-aperture images to estimate the depth map with
the first network, then the second network estimates the missing RGB sub-aperture images.
Gul et al. [87] propose a three-stage learning-based light field synthesis approach that also
uses a sparse set of four corner sub-aperture images. The first stage is the stereo feature
extraction network, the second stage is a depth estimation network, and the third stage
uses the depth map to warp the input corner view to have them registered with the target
view to be synthesized. One drawback of the proposed algorithm is that capturing the four
corner sub-aperture images is not straightforward, and would either require moving the
camera manually or a special apparatus with multiple cameras. However, the approach
can be used for light field compression as the approach uses corner sub-aperture views as

input data.

Srinivasan et al. [33] propose a CNN that estimates the geometry of the scene for a single
image and renders the Lambertian light field using that geometry. The second CNN stage
then predicts the occluded rays and non-Lambertian effects. The network is trained on a
dataset containing 3300 scenes of flowers and plants captured by a plenoptic camera. But
since the algorithm predicts the 4D light field image using a single image, filling the regions
in the sub-aperture image at large discontinuities will only be an approximation as that
information isn’t available from a single image. They extend their network by training it
on 4281 light fields of various types of toys including cars, figurines, stuffed animals, and
puzzles, but their results show that the images are perceptually not quite as impressive as

the images synthesised for the flower dataset.

Wang et al. [88] propose a two-stage position-guiding network that uses the left-right stereo
pair to synthesize the novel view. They first estimate the depth map for the middle/central
view and then check the consistency for the synthesized left and right view. The second
CNN is the view rectifying network. They train their network on the Flyingthings3D
dataset [89] that contains 22,390 pairs of left-right views and their disparity maps for

training and 4370 pairs for testing. The main limitation of the approach is that, since
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their research focuses on dense view synthesis for light field display, they only generate

the central horizontal views and not the entire light field image.

Wu et al. [12] present a “blur restoration-deblur” framework for light field reconstruction
using EPIs. They first extract the low-frequency components of the light field in the
spatial dimensions using a blur kernel on each EPI slice. They then implement a CNN
to restore the angular details of the EPI, and they use a non-blind “deblur” operation on
the blurred EPI to recover the high spatial frequencies. In their work, they also show the
effectiveness of their approach on challenging cases like microscope light field datasets [12].
The main drawback of their approach is that they need at least three views for both angular

dimensions for the initial interpolation, and their framework cannot handle extrapolation.

Yeung et al. [13] propose a learning-based algorithm to reconstruct a densely-sampled
light field in one forward pass from a sparse set of sub-aperture views. Their approach first
synthesises intermediate sub-aperture images with spatial-angular alternating convolutions
using the characteristics of the sparse set of input views, and they then use guided residual
learning and stride two 4D convolutions to refine the intermediate sub-aperture views.
They suggest that the proposed algorithm can be used for light field compression and also
applications such as spatial and angular super-resolution and depth estimation. In their
2 x 2 - 8 x 8 set-up where they use four sub-aperture views as input, Yeung et al. [13]
extrapolate only two views in both directions, with the remaining views being interpolated
within the baseline of the input images. In contrast, our approach involves using only the
central image as input and extrapolating three images in both directions to synthesize a

7 x 7 light field image.

Zhou et al. [90] in their work train a deep network that predicts the multi-plane image
using an input stereo image pair. A Multi-Plane Image (MPI) is a set of images where each
plane encodes the RGB image and an alpha/transparency map at each depth estimated
by the stereo image pair. The MPIs can be considered as a focal stack representation of
the scene, predicted using only the stereo image as input. If the stereo base-line is large
enough, the parts of the image that are visible due to the lateral shift can give information
that can be used to fill in the gaps generated by the difference in region depths in the

perspective views in the horizontal direction.
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Chao et al. [11] propose a lightweight CNN that uses a single stereo image pair that
enforces the left-right consistency constraint on the light fields synthesized from left and
right stereo views, and then merges the light field synthesized by right and left stereo views
using a distance-weighted alpha blending operation. But since the input stereo pair used
is only in the horizontal direction, gaps in the vertical perspective views can only be filled

by using a prediction model as no information is available in the vertical direction.

Traditional methods for rendering 3D scenes typically involve the creation of explicit geo-
metric models representing objects and their surfaces. These models can become intricate
and computationally demanding, especially when dealing with scenes featuring detailed
elements or dynamic components. In contrast, Mildenhall et al. [91] introduce NeRF which
offers an alternative approach by directly modelling the volumetric scene function using
neural networks. NeRF represents a 3D scene as a continuous volumetric function that
describes the radiance (color and light intensity) at any given point in space. Training
NeRF involves using a set of images captured from various viewpoints. Despite its im-
pressive results in generating realistic 3D scenes, NeRF can be computationally intensive,

particularly during the training phase.

In their study, Zhang et al. [92] pinpointed a fundamental ambiguity in the shape radiance
of NeRF models, which arises due to training exclusively with a photometric loss instead of
incorporating supervised learning with ground truth depth. In response to this observation,
they propose NeRF++ as an extension of the original Neural Radiance Fields (NeRF)
approach, with the goal of overcoming limitations and improving the practicality and
efficiency of the method. This discrepancy allows a family of radiance fields to accurately
account for all training images, even when the underlying shape is incorrect. NeRF-++
tackles the computational complexities associated with the original NeRF by introducing
a sparse neural representation that selectively employs a subset of 3D points for both
training and inference. This modification leads to a more robust and scalable framework
for acquiring detailed 3D scene representations from images. However, it is crucial to note
that the NeRF methods are tailored for 3D reconstruction based on a collection of images
captured in 3D space, not explicitly for light field images. While there is potential for
extending these techniques to light field reconstruction, such an extension falls outside the

scope of our current work.
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3.3 Summary

The approaches reviewed in this chapter estimate the depth for light field images using
stereo correspondence, EPIs, depth-from-defocus, and CNNs. The stereo-based algorithms
suffer from ambiguities while dealing with noisy images, and the narrow baseline for real
camera LF images makes it difficult for these algorithms to solve the occlusion problem [7].
The EPI-based algorithms claim to be insensitive to occlusion, noise, angular resolution,
spatial aliasing and wide range of depth. However, for noisy images, the EPI-based tech-
niques generate outliers that severely affect the accuracy of their depth maps [14]. The
algorithms that use depth from defocus cause ambiguities in the depth map near large
depth discontinuities. For the CNN-based algorithms, they generally suffer in accurately
evaluating the algorithm accuracy due to insufficient size to train data, satisfying all imag-

ing conditions and exclusion of ground truth depth maps [68].

The light field synthesis algorithms reviewed in this chapter are divided based on learning
and non-learning-based algorithms. Algorithms that use stereo-image pairs as input for
synthesis produce inaccuracies at depth discontinuities as no information is available to

fill the gaps generated in the vertical views.

Our research focuses on depth estimation algorithms for light field images using focal stack
images to improve the accuracy around depth discontinuities and noise resilience. To solve
the inverse problem of light field image synthesis using the focal stack and depth map,

improving the filling of occluded regions in the synthesized views.



Chapter 4

Light field toolkit for generating

focal stack images

4.1 Introduction

In this chapter, we address the challenge that existing light field datasets being used
for light field synthesis do not contain focal stack images. The toolkit presented in this
chapter extends on the work of Honauer et al. [3], and allows researchers to create datasets
containing light field images, corresponding ground-truth depth map, disparity map, and
focal stack captured by a 2D camera model. This enables the evaluation of algorithms that
use depth estimation as an intermediate step for light field synthesis, to test the accuracy
of both the depth estimation and light field synthesis. In the rest of the thesis, this toolkit
is used to analysis and validate our proposed approaches for depth estimation and light

field synthesis presented in Chapters 5, 6, and 7.

4.2 Existing light field datasets

Light field datasets can be divided into synthetic and real datasets. Synthetic datasets
are created using 3D modelling and rendering software such as Blender [93]. Real-world

39
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light field images are captured by either using a plenoptic camera, a camera array, or
gantry. A few existing light field datasets are: the new Light Field Image Dataset [94],
the 3D High-Resolution Disney Dataset [57], the Stanford Light Field Archive [2], and the
Synthetic Light Field Archive [95]. However, these datasets do not contain ground-truth
depth maps, making it difficult to evaluate algorithm accuracy. On the other hand, HCI
Light Field Benchmark [96] and 4D Light Field Dataset [3] contain the light field images
and the ground-truth depth map. However, none of these datasets contain the focal stack
of the same scene as the light field images. The lack of focal stack images alongside the
corresponding light field images of a scene poses challenges for light field image synthesis
algorithms. Without these focal stack images, it becomes challenging to compare the
algorithm-generated results with the original light field images. This lack of comparative

data hampers the evaluation of algorithm accuracy and performance.

4.3 Prior Work

The 4D Light Field Dataset [3] created a light field camera model in Blender [93] that
can render light field images with variable camera parameters. Specifically, they created
a light field camera simulation model using Blender. In this chapter, we extend on their
work and create a model to enable researchers to create focal stack images for the same

light field scene.

The model in [3] lets the user create a light field camera with different camera parameters.
The camera parameters include the focal length, image resolution, sensor size, and f-stop
number. These values are updated for all the cameras in the light field model. Users can
also vary the light field parameters, such as the number of cameras, the distance between
consecutive cameras, and the focus distance of the cameras; Fig. 4.1 shows the light field
model graphical user interface with default values. The model also lets the user visualize
the image space in terms of a frustum, making it convenient for setting up the objects in

the scene.

The light field image can be rendered once the camera parameters and the scene are set.

The rendering generates an 8-bit sub-aperture image of the user-defined resolution for each
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(a) (B)

FIGURE 4.1: Light field parameters with default values as seen in the Blender interface
for the light field camera model of Honauer et al. [3]

FIGURE 4.2: Sample focus points, as seen in the Blender interface for our proposed
toolkit.

camera in the model. By default, the model generates an 8-bit light field of size (9 x 9
X 512 x 512 x 3). Then, the light field render generates 16-bit ground truth disparity
and depth maps in two resolutions (512x512 px and 5120x5120 px) for the central view,
but can also create disparity and depth maps for all sub-aperture views. The model also
generates a ‘parameter.cfg’ file that lists all the camera parameters used for the light field

image.
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(D) (F)

FIGURE 4.3: (a) The all-in-focus or central image . (b) Focal stack with 3 images. (c)
Focal stack with 21 images. (d) Ground-truth depth map. (e) Depth map using 3 focal
stack images. (f) Depth map using 21 focal stack images.

4.4 Our Work

We extend the work of Honauer et al. [3] by creating a camera model to generate a focal
stack and an all-in-focus image for the same scene as the light field image. Our focal stack
rendering framework is publicly available on GitHub ! as the Focal Stack Toolkit. The
model lets the user create a focal stack with different camera parameters that include the
focal length, image resolution, sensor size, and f-stop number. Fig. 4.4 shows the graphical
user interface developed in this chapter for the focal stack camera with default values. By
default, the model generates an 8-bit focal stack image with size (512 x 512 x 3), but
the image resolution can be increased according to the user preference. We also create a
similar parameter configuration file as in [3]: our ‘parameter_fs.cfg’ file lists all the camera

parameters and the focus distance of the focal stack images.

"https://github.com/rishabhsharma27/Light-field-and-focal-stack-toolkit
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FIGURE 4.4: Focal stack camera parameters with default values, as seen in the Blender
interface for our proposed toolkit.

In addition to the camera parameters, the user has an option to enter the number of
images they need in the focal stack. The number of images required for the focal stack
determines the focus point for the camera for each image in the focal stack. We use the
disparity values from the light field camera parameters and the number of images to create
focus points at equal intervals. The disparity values differ from the depth values used to
select the focal point. As you move away from the camera, the distance between the focus
point for consecutive images in the focal stack increases. The focus points for the focal
stack with 21 images is shown by the cross-hair in Fig. 4.2. The depth value in metres
for each disparity value is calculated using the sensor size, focal length, distance between
the consecutive light field cameras, and image resolution. The cross hairs in Fig. 4.2 are
placed at a constant disparity difference of 0.4 with minimum and maximum disparity of
-4 and +4, respectively. Figure 4.3 (a) and (d) show the central light field view or the
all-in-focus image of the focal stack and the ground-truth depth map. Figure 4.3 (b) and
(c) show an example of focal stack with three and twenty-one images respectively and the
corresponding estimated disparity maps are shown in Figure 4.3 (e) and (f). Figure 4.5 (a)
and (b) show the focus point for the corresponding focal stack with three and twenty-one

images.



44 Chapter 4. Light field toolkit for generating focal stack images

(a) (B)

FIGURE 4.5: (a) Focal point for focal stack with 3 images. (b) Focal point for focal stack
with 21 images.

4.5 Discussion and Conclusion

This chapter presented a toolkit using the freely available and open-source Blender software
to generate a dataset containing the light field image, ground-truth depth, disparity map,
and focal stack captured by a 2D camera model. Extending an existing published light
field camera toolkit, our proposed toolkit allows researchers to generate a focal stack for
the same light field image to allow light field synthesis algorithms to evaluate performance

accuracy.

In this thesis, we were able to analyse the focal stack generated using our toolkit, and the
focal stack generated using the Matlab toolkit [97] to understand and address the errors
to improve the precision of our depth map as explained in Chapter 5 Section 5.2.1. We
were also able to understand how the focal stacks could be used to fill the gap generated
in the synthesised views at depth discontinuities presented in Chapter 7 Section 7.2.2. In
future, we believe that our proposed toolkit can also facilitate improvements in CNN and

deep learning approaches that use focal stack images for light field synthesis.



Chapter 5

Depth Estimation for Light field

images

5.1 Introduction

This chapter focuses on algorithms for the estimation of depth maps for light field images
using focal stack images. Existing depth estimation algorithms for light field images often
fail to accurately estimate the depth around depth discontinuities due to occlusions and
noisy images. To address this challenge, in this chapter we propose a depth map estimation
approach that is novel in two main ways: 1) using frequency domain representations of
image patches instead of the RGB patches to increase the noise resilience; and, 2) focal
stack generation technique to ensure sub-pixel accuracy for the focal stack, and to increase

the accuracy around occlusions and the depth precision of our depth maps.

5.2 Methodology

The depth estimation approach presented in this chapter exploits the characteristic of light

field images having multiple focal planes that are captured in a single image. The flow

of the algorithm is represented in Fig. 5.1, where the proposed approach is divided into
45
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FI1GURE 5.1: Flow of the proposed algorithm.

four main sections: initial depth estimation, focal stack generation, patch generation and
comparison, and depth refinement. Unlike the depth from defocus algorithms described in
Chapter 3, our approach uses frequency patch analysis which makes the algorithm more

resilient to noise.

5.2.1 Initial depth estimation

The initial depth estimation algorithm is similar to the depth estimation algorithm used for
the proposed techniques shown in Fig. 5.1, the only difference being that the initial depth
estimation algorithm only determines the maximum and minimum slope and corresponding
depth values in the light field image, rather than the intermediate depth values. When
considering EPIs or other depth estimation techniques from a light field, the slope values
within these images or data representations can often be associated with the depth of

objects or points within the scene, hence slope here means the depth for the refocus plane.

In this work, we select the depth or slope difference between two consecutive focal stack
images to be 0.2 for this stage. We chose a depth difference of 0.2 because it covers the
range needed for accurate estimation of peripheral depth values, all while minimizing the

computational time required.
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The experimental evaluation also proved that this value covers the depth range at equal
depth intervals to allow an accurate estimation of periphery depth values. The initial
depth estimation algorithm comprises three stages: the first stage generates the focal stack
images at a depth difference of 0.2, and as this step is only to determine the maximum
and minimum depth values, we reduce the number of sub-aperture views to generate the
focal stack. The second stage divides the focal stack and all-in-focus image into patches
of smaller patches of 4x4 pixels. The third stage compares the smaller patches with the
all-in-focus patches to generate a depth map. From this depth map, we only choose the
maximum and minimum depth values used as a reference to generate the focal stack in
the next stage of the depth estimation algorithm. The initial depth estimation stage
improves the depth estimation in two ways: firstly, it reduces the computational time as
only the relevant focal stack images are generated; and , secondly, it reduces the number

of redundant images to reduce the possibility of misdetections.

5.2.2 Focal stack generation and image pre-processing

A single LF image can be used to generate an all-in-focus image and also to generate the
same scene at different focal lengths and with a narrow depth of field. The sub-aperture
images can be obtained by holding (u,v) fixed and considering all (s,t) [4]. The central
sub-aperture image is the all-in-focus image. Fig. 5.3 shows the conceptual model of a
light field image when refocusing at a virtual plane (s’,¢’). Thus, to refocus the image to
a different focal plane (s,t’), the shifted versions of the sub-aperture images are summed
together. Following the same concept, the focal stack is generated using the shift-sum
filter, which is a depth-selective filter that functions like a planar focus. The filter works
by shifting (u,v) slices of the LF image to a common depth and then adding the slices
together to obtain the 2D image. The value of the slope controls the amount of shift that
corresponds to the image being focused on a different focal plane. Fig. 5.2 shows the flow

of the shift-sum filter refocusing algorithm.

Table 5.1 shows the values by which individual sub-aperture images are shifted to refocus
the images to a particular focal point using the slope value using the Matlab toolkit [97].

The negative value in Table 5.1 indicates that the sub-aperture images are shifted to the
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FIGURE 5.2: Algorithm for LF image refocusing using Shift-sum filter

right and downwards, whereas the positive value indicates that the sub-aperture images
are shifted to the left and upwards. In the initial implementation for light field image
refocusing the u,v values were calculated using Eq. (5.1) and Eq. (5.2), where LFSize(1)
and LFSize(2) are the light field image angular resolution in the horizontal and vertical
direction respectively, T'V slope and SU slope are the focal point at which the image needs
to be refocused. The amount the sub-aperture images need to shift is a product of the slope
and how far the sub-aperture images are from the central view. The ‘linspace’ function in
Matlab™ is employed to evenly partition a vector along a linear range, specifically within
the angular resolution of a light field image, spanning from -0.5 to 0.5; this ensures that
we have an amount by which each sub-aperture view needs to be shifted in accordance
with the position on the sub-aperture view in the light field image. The vector values
obtained from Eq. (5.1) and Eq. (5.2) are not specific to a particular scene type but can
be used with all light field images. The fact that the equations use the angular resolution
to multiply with the linear range vector ensures that it can be scaled according to the

angular resolution of the light field image.

As shown in Table 5.1, Eq. (5.1) and Eq. (5.2) give us the value by which each sub-aperture
image needs to be shifted to allow us to focus on a particular focal point in the scene for a
specific slope. While using the values obtained from Eq. (5.1) and Eq. (5.2) shown in Table
5.1 to generate the focal stack, we observed that there was an error with the estimated
focal stack and that the error would increase as we focused closer or further away from

the camera, i.e., near -4 and +4 slope values.

Vot fset = linspace(—0.5,0.5, LF'Size(1)) * Slope ¥ LF Size(1) (5.1)
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FIGURE 5.3: Conceptual model for refocusing a LF image at a different depth [4].The
(u,v) and (s,t) plane are surfaces of the camera respectively and (s’,¢’) is the refocus plane

TABLE 5.1: Light field refocusing shift variable from the Matlab light field toolbox.

Slope Sub-aperture image distance from central view
4 3 2 1 0 1 2 3 4
Number of pixels by which the sub-aperture images are shifted

0 0 0 0 0 0 0 0 0 0

1 -45  -3375 -2.25 -1.125 0 1.1256 2.25 3375 4.5

2 -9 -6.75 -4.5  -225 0 225 45 6.75 9

3 -13.5 -10.125 -6.75 -3.375 0 3.375 6.75 10.125 13.5

4 -18 -13.5 -9 45 0 4.5 9 13.5 18
Uogfset = linspace(—0.5,0.5, LFSize(2)) * Slope x LF Size(2) (5.2)

The amount by which the sub-aperture images need to shift is a product of the slope and
how far the sub-aperture images are from the central view. However, using the ‘linspace’
function to create the vector showing the amount by which each sub-aperture image needs
to move to refocus at a particular depth, creating errors in the generated focal stack images
and causing the depth map to be inaccurate. Table 5.2 shows the values we use to shift
the sub-aperture images for refocusing. The values in Table 5.2 are calculated by simply
multiplying the position value of the sub-aperture view from the central view to the slope
at which we must focus for the focal stack image. Using the values in Table 5.2, we could

remove the error with the depth labels in the depth map.

The other issue we faced with the algorithm was that we could not increase the depth
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TABLE 5.2: Light field refocusing shift variable from our approach

Slope Sub-aperture image distance
from central view
4 3 2 1 0 1 2 3 4
Number of pixels by which the
sub-aperture images are shifted

0 0 0 0 0 0 0 0 0 O
1 4 3 -2 -1 0 1 2 3 4
2 8§ 6 4 -2 0 2 4 6 8
3 12 -9 6 -3 0 3 6 9 12
4 -16 -12 -8 -4 0 4 8 12 16

map precision by increasing the number of focal stack images. This is because we were
using gridded interpolation to shift the sub-aperture images. The gridded interpolation
algorithm could not move the sub-aperture images with sub-pixel accuracy, meaning that
if we tried to generate the focal stack with less depth difference between consecutive focal
stack images, the two images were indistinguishable. This affected the accuracy of the
refocused images in the focal stack, so we could not increase the depth map precision by
increasing the number of focal stack images using gridded interpolation. On the other
hand, using the frequency domain approach to shift the sub-aperture images, we can move
the sub-aperture images with sub-pixel accuracy, which allows us to increase the depth
precision of the estimated depth maps. Using the frequency domain approach to shift the
sub-aperture images, we reduced the difference in slope values between two consecutive
images in the focal stack from 0.2 to 0.01. Since we could refocus images with sub-pixel
accuracy, our depth estimation algorithm was able to distinguish the best pixel match

with the central reference view, increasing the depth map precision.

In this approach, the relationship between the image shift in the spatial and frequency
domains is shown in Eq. (5.3), where sy and ¢ty is the slope value and wu, v is the sub-
aperture location. The amount by which the sup-aperture image has to be shifted to

refocus at a particular depth is the product of sy, v and %y, v.

usg+utg )

f(s+ so,t+tg) = Flu,v)e 27w (5.3)
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The refocused images can then be generated by either averaging the shifted sub-aperture
pixels or by using the median value of the pixels. Fig. 5.4 visually depicts the shifted
sub-aperture images to achieve focus based on the selected slope value at which the image
needs to be focused. The amount by which each sub-aperture image needs to shift is the
product of the slope and the position of the sub-aperture image, as presented in Table 5.2.
When we focus on the ‘0’ slope, the sub-aperture images are shifted by zero pixels; hence,
the refocused image is obtained by summing up the sub-aperture images as shown in Fig.
5.4 (A). When we focus the image closer to the camera(negative slope), the sub-aperture
images move away from the central view, as shown in Fig. 5.4 (B). In contrast, if we
focus on the focal plane’s further end(positive slope), sub-aperture images move inwards
toward the central view, as shown in Fig. 5.4 (C). It should be noted that the shift of
the sub-aperture images shown in Fig. 5.4 is exaggerated for use of understanding. Fig.
5.5 shows a comparison of the blur around the depth discontinuities when focusing on
the background for both the summing techniques. It is clear from the magnified parts
shown in Fig. 5.5 (A), (B) and (C) that the amount of defocus blur around the depth
discontinuities using the averaged pixel value is very large compared to the amount of

defocus blur using the median value.

The technique used in this chapter estimates the depth map by matching image patches
from the focal stack to the central sub-aperture image, thus it must be ensured that all
the edges and textured regions in the image are well defined in both the central all-in-
focus image as well as the focal stack images to minimize the number of misdetections.
This problem is addressed by adding the gradient of the image to itself. The main ad-
vantage of adding the gradient relies on the fact that in refocused focal stack images, the
textured regions in the image that are in focus maximally contribute to the gradient im-
age, while the out-of-focus objects contribute the least. This pre-processing step ensures
that the object boundaries and textured regions are exaggerated in the focal stack images
drastically reducing the number of misdetected patches, reducing the dependence on the
post-processing steps. As the purpose of the gradient addition step is only to enhance the
textured regions and boundaries on the focal stack images that are in-focus, unless the
shadows cause the region to become textureless in the image, our algorithm is not affected

by this step. The comparison between the accuracy of the estimated depth map with and
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F1GURE 5.4: Shifted sub-aperture images to refocus using shift-sum filter for ‘Antinous’

LF image, (A) When refocus at ‘0’ slope no shift is required, (B) When refocus for negative

slope the images move away from the central view , and (C) When refocus for positive
slope images towards the central view.

without the gradient addition is shown in Fig. 5.6 and it can be seen in Fig. 5.6 (C) and

(F), that the part of the image with shadows are also estimated accurately.

5.2.3 Patch generation and comparison

The focal stack images acquired in the previous stage are divided into smaller image
patches. Then those individual patches are compared with the corresponding block in the
all-in-focus image. Since the approach’s accuracy depends on the similarity check of the
individual image patches, it is crucial that a block of appropriate shape and size is selected.
Initial tests for patch selection were performed with a square patch of 10 x 10 pixels. This

was the preliminary test that was performed to validate the approach. The test was
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FIGURE 5.5: (A) Central sub-aperture view of the ‘Antinous’ LF image, (B) focal stack

image refocused on the background using median pixel values, and (C) focal stack image

refocused on the background using averaged pixel values and magnified region at depth
discontinuity for each image.

then repeated with patches of different sizes. The results showed that smaller window
sizes covered the image regions and boundaries more accurately. However, as the window
size decreases, the processing time increases as the number of patches being compared
increases. However, the nature of square-shaped patches over or under-compensated object

boundaries that were slanted or curved in the image.

In testing cross-shape patches, the area that is uncovered in the gaps between four con-
secutive crosses is less than that of the primary cross window size. Cross patches of two
different sizes were used to cover the entire image without any gaps. The primary cross’s
shape and size govern the secondary cross’s shape and size, as shown in Fig. 5.7. An
overlapping window is used to address misdetections due to the window size. We employ
an overlapping window due to the limitations posed by a 4 x 4 patch size, which leaves
only 2 x 2 pixels for the secondary window, indicated by the green square in Fig. 5.7. The
reduction to 4 pixels for comparison significantly escalates misdetections. To enhance the

accuracy of the depth map, equalizing the pixel count for both patches proves beneficial.
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FIGURE 5.6: (A) Central sub-aperture view of the ‘Cotton’ LF image, (B) unrefined
depth map calculated without gradient addition, (C) unrefined depth map calculated
with gradient addition, (D) ground-truth depth map, (E) refined depth map calculated
without gradient addition, (F) refined depth map calculated with gradient addition. The
Badpix metric for without and with gradient addition is 9.11% and 96.23% respectively.

However, considering that the remaining pixels in the secondary patch are already factored
in from the red square, we opt to utilize solely the 2 x 2 pixels from the green square dur-
ing the depth map generation process. For the proposed algorithm, we use the two cross
patches of size 4 x 4 pixels as shown in Fig. 5.7. In Fig. 5.7 the red and green squares are
the pixels that are considered for matching with the all-in-focus image patch, but only the
pixels highlighted in red in the red square and the pixels highlighted in green in the green
square are used to generate the depth map. The patch size can be reduced to lower than
4 x 4 pixels. However, experimental tests revealed that using a patch smaller than 4 x 4

pixels does not improve the depth map accuracy and increases the computational time.

By comparing the FFT of the image patches, we are no longer looking at individual pixel
values when comparing the image patches but a frequency domain representation of those

patches, which makes the comparison more robust to noise. To illustrate the proposed
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FIGURE 5.7: The red and green squares are the two overlapping 4 x 4 pixel patches used
to cover the entire image. As the patches overlap, only the highlighted red and the green
pixels from the red and green squares are used to estimate the depth.

approach, Fig. 5.8 shows the central sub-aperture image of the ‘Dishes’ LF image, a 4 x 4
pixel patch taken from the image and the FF'T of the patch generated. The FFT shown in
Fig. 5.8 (C) is a shifted version on the FFT: the highest co-efficient (DC) is in the centre.
The focal length for synthetic images lies between a slope of -4 to +4 and for a Lytro cam-
era, the image lies between slopes of -2 to +2. We, therefore correspondingly generated
the focal stack from a slope of -4 to +4 for synthetic LF images and from the slope of -2
to 42 for real LF images. The slope interval between two consecutive focal stack images
defines the number of depth levels in the depth map. We found through experimentation
that for our work, the slope can be varied at an interval of 0.01, as using an interval below
0.01 does not show any significant change in the focus for consecutive focal stack images
for both the synthetic and real LF images. Thus, for a synthetic LF image the depth map
can have up to 801 depth levels as the focal stack is generated from a slope of -4 to +4
at a slope interval of 0.01, while for a real LF image the depth map can have up to 401
depth levels as the focal stack is generated from a slope of -2 to +2 at a slope interval of
0.01. The depth levels for the depth map can be increased by reducing the slope interval
between the focal stack images. However, as the depth levels increase, the computation
time also increases. For visual brevity in Fig. 5.9, only 8 refocused images are considered

from -4 to +4 slope at an interval of 1. It is clearly seen that the fifth patch in Fig. 5.9 is
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(B) ()

FIGURE 5.8: (A) Central sub-aperture image of the ‘Dishes’ LF image, (B) a magnified
6x6 RGB image patch, and (C) FFT of the image patch.

the most similar to the reference patch.

5.2.4 Depth map refinement

The depth map evaluated up to this stage has a few patches that are not detected correctly,
and since the patches are shaped as a cross, it creates a depth map with jagged edges.
Thus, the object boundaries need to be refined to restore the object’s shape. Fig. 5.10 and
Fig. 5.11 show the comparison between the ground truth and the estimated depth map
before and after this refinement step for the synthetic and real images. The disparity map
is refined in two steps using an iterative approach. Firstly, the histogram of the disparity
map is checked for the number of pixels present at each depth. Suppose the number of
pixels at a particular depth falls below the threshold value. We decided the threshold to
be 100 pixels, which would mean that only six patches of 4 x 4 pixels in the entire depth
map are at that particular depth, and we assume that as 100 pixels is such a small number,
this is likely to result from misdetections. In that case, those pixels are filled with the
maximum likelihood value of the pixels in the depth map at that position using the pixel
value that occurs most in the neighboring pixels. The second step is similar to the first

step, but the cross patches are considered instead of looking at individual pixels. This
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FIGURE 5.9: (A) The RGB image patch and (B) the FFT patch at different focal lengths.

The patch with the red boundary is the closet match to the reference patch in Fig. 5.8. (C)

The graph shows the MSE values for the central image in Fig. 5.8, with the corresponding
focal stack image patch.

step checks for isolated patches in the image with different surrounding depth patches.
Once these patches are isolated, the patch is filled with the value of pixels with maximum
likelihood in the depth map at that patch position using the pixel value that occurs most

times in the neighboring pixels.
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FIGURE 5.10:

Ground truth
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Unrefined Final
depth map

Comparison between the ground truth and the estimated depth map before
and after the refinement step for synthetic images.
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Central view Unrefined Final
depth map

F1GURE 5.11: Comparison between the estimated depth map before and after the refine-
ment step for real images.

5.3 Misdetection analysis

The depth estimation in the proposed algorithm compares the FFT of the all-in-focus
patch and the patches at different focal positions in the focal stack to check for the least
error to then accordingly estimate the depth. The quantitative results for ‘Dot’ image
presented in Table 5.3 confirm that both techniques give comparable results. The metric
“BadPix” [3] presented in Table 5.3 measures the percentage of pixels deviating by less
than 0.07, 0.03, and 0.01 pixels from the ground truth in terms of their disparity values.

This is currently the most common metric to validate depth map accuracy [3].

The advantage of using the FFT domain over the spatial RGB patch is that the number of
misdetections is drastically reduced with the FFT, which reduces the algorithm dependence
on the depth map refinement stage. The two main reasons for using the FFT domain over
the spatial RGB patch are, firstly, as we are comparing the focal stack patches with the
all-in-focus patches, most of the patches are out-of-focus. So, when comparing the RGB
patches, the MSE for the out-of-focus patches can be closer to the MSE of the patch
in-focus, causing misdetections. Figures 5.12 and 5.13 illustrate a notable phenomenon.

In Fig. 5.12, the central sub-aperture image of the ’Antinous’ LF image is displayed
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FIGURE 5.12: (A) Central sub-aperture image of the ‘Antinous’ LF image, (B) a magni-
fied 4x4 RGB image patch, and (C) FFT of the image patch.

alongside a 4 x 4 pixel patch extracted from the image, along with its corresponding FFT
representation. For conciseness in Fig. 5.13, only 8 refocused images are included, spanning
from -4 to +4 slope at intervals of 1. As evident in Fig. 5.13 (A), the second patch closely
resembles the reference patch depicted in Fig. 5.12 (B). However, when examining the
Mean Squared Error (MSE) graph in Fig. 5.12 (C) comparing RGB patches, the seventh
patch emerges as the most similar. Conversely, in the MSE graph displayed in Fig. 5.12
(D), comparing FFT patches, the graph exhibits a dip at the correct focal stack image
patch.

The discrepancy in the RGB patch comparison arises from the fact that focal stack images
do not precisely replicate the pixel values of the all-in-focus image. This variation in pixel
values causes patches from out-of-focus focal stack images to closely match. In contrast,
when comparing FFT patches, the out-of-focus patches lack frequency components, except
for the color component due to blurring. This facilitates the accurate matching of the
patches to the correct all-in-focus patch. Secondly, the experimental evaluation showed
that FFT domain patches can better distinguish the correct depth when looking at patches
closer to the patches in focus. The FFT domain patches are able to distinguish between
patches taken from focal stacks at a very close slope value because the FFT of the patches

also captures the variation in the brightness levels of the regions of the patches, making
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FIGURE 5.13: (A) The RGB image patch and (B) the FFT patch at different focal lengths.
The patch with the green boundary is the closet match to the reference patch in Fig. 5.8,
while the patch with the red boundary is misdetected in the RGB domain. (C) The graph
shows the MSE values for the central image in Fig. 5.12, with the corresponding focal
stack image patch for RGB patches. (D) The graph shows the MSE values for the central
image in Fig. 5.12, with the corresponding focal stack image patch for FFT patches.
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TABLE 5.3: Comparison of the estimated depth map when using the FFT patch and
RGB patch algorithms

Dots Dots

FFT patch depth map RGB patch depth map
Badpix 0.07 0.9705 0.7760
Badpix 0.03 0.8853 0.5967
Badpix 0.01 0.3880 0.2391

it more robust for patches with less texture. A closer visual comparison in Fig. 5.14
also shows that the depth boundaries are sharper, and the depths are more accurately
represented for the results using FFT. The ‘dot’ image is one of the more challenging
images from the dataset due to the added Gaussian noise to approximate thermal and
shot noise [3] and the shape and size of the objects in the image. In further evaluation,
image-level comparisons for the proposed algorithm are shown in Fig. 5.14. It can be seen
that the noise in the image considerably reduces the depth map accuracy when using RGB
patches, where parts of objects in the image are completely misdetected. The results are
more noise-resilient for the depth map generated by using the proposed FFT comparison.
The proposed algorithm also outperforms the state-of-the-art for the ‘dot’ image, as shown

in Fig. 5.15.

Fig. 5.16 shows the central view, the ground-truth depth map and the estimated depth
map for the Rosemary image in the synthetic image dataset. Our algorithm produces an
inaccurate depth map for the Rosemary image with a Badpix 0.07 value of 0.34. The
error is caused because the wall in the background and the vase in the foreground have a
smooth and textureless surface, which makes the two indistinguishable by our algorithm.
It is important to note that the misdetection is not caused by the shadows in the image,
as the carpet at the bottom of the image is not misdetected even though shadows fall on
the carpet as well. The ‘Cotton’ LF image in Fig. 5.6 also shows that shadows do not

affect the depth map accuracy for our algorithm.

Fig. 5.17 shows the Mean Squared Error (MSE) for the patch that is estimated to the
correct depth at different focal lengths with the patch of the all-in-focus image. This trend
in the graph indicates that the image patch is depicting the correct depth: in the example
shown in Fig. 5.17, the plot takes a significant dip as it reaches the least MSE, which is

the true depth for that particular patch. As the patch goes further away from the correct
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FIGURE 5.14: Visual comparison between the ground truth depth map, the result using
FFT to estimate depth map (proposed algorithm) and depth map estimated using RGB
patches.

depth value, the graph makes a similar curve on both sides of the focal stack. Even though
in our work, we are only using the patches with the least MSE to estimate the depth map,
it is important to see that the graph almost traces a bell curve. This shows that the MSE
value is similar when defocusing toward or away from the patch in focus. In contrast, Fig.
5.18 shows an example of a patch being misdetected in the ‘cotton’ image. Although the
graph follows a similar trend to Fig. 5.17, the graph has two considerable dips, one at

the correct depth of slope 1.2 and the other at the incorrect depth of slope -2.6. It is also
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FIGURE 5.15: Visual comparison for the ‘Dot’ image with the ground truth, proposed

and state-of-the-art algorithms.
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Central view Ground truth

Proposed results

FIGURE 5.16: Misdetection of textureless regions in the ‘Rosemary’ image
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FI1GURE 5.17: MSE for the central image patch and the patch at different focal lengths
when the depth is estimated correctly.

important to note that the number of misdetections is less, even though the depth map

has not been refined at this stage.

5.4 Experimental results

The results of the proposed algorithm were evaluated on both real and synthetic light
field image datasets. The 4D light field dataset [3] was used for the synthetic data. The
dataset is widely used to validate depth estimation algorithms for light field images as it
contains ground-truth disparity and depth maps. The dataset contains 28 images with 9

x 9 sub-aperture images with a resolution of 512 x 512. We have selected ten images to
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FIGURE 5.18: (A) The depth map of ‘Cotton’ image with the red square showing the
cross error patch (B) The central image with the red box showing the error patch (C)
The MSE of the central image patch with the patch at different focal lengths.

evaluate our algorithms with the benchmark algorithms, as each image contains different
materials, lighting conditions and complex structures. Fig. 5.19 (A), (B), (C) and Fig.
5.20 (D) have finer detail and complex occlusions. Fig. 5.19 (C) and (D) have transparent
and reflective surfaces. Fig. 5.19 (D), Fig. 5.20 (A) and (E) have shadows. Fig. 5.19
(B), Fig. 5.20 (B) and (C) are abstract scenes with complex textures. The EPFL light
field dataset [94] was used for real data. The real image dataset contains 138 LF images

in LFR (Light Field Raw) file format captured by a Lytro Illum camera with 15 x 15
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sub-aperture images with a resolution of 434 x 625. The Lytro Illum camera used for LF
image acquisition has different calibration data, and the LFR files were processed by their
corresponding calibration data. Fig. 5.21 (A), (C), Fig. 5.22 (A), (B) and (C) contain
finer objects and complex surfaces like perforated metal and fences. Fig. 5.21 (B), Fig.
5.22 (C) and (D) contain textureless or overexposed regions like the sky. Fig. 5.21 (A),
(B), Fig. 5.22 (D) and (E) show a gradually change in depth and Fig. 5.21 (E) contains

complex structures like the branches and trees.

The depth maps generated by our proposed approach initially calculate the depth range.
The depth levels vary according to each LF image’s maximum and minimum depth values.
The slope for real data is within the range of +2 to -2, whereas for the synthetic data lies
within the range of -4 to +4, and the slope interval used for both types of images is 0.01, as
explained in section 5.2.2 and section 5.2.3. The number of depth levels can be increased
or decreased by reducing or increasing the slope interval between focal stack images. The
proposed algorithm is compared to four benchmark techniques from Strecke et al. [5],
Wang et al. [6], Zhang et al. [7] and Shin et al. [8] using the BadPix metric that specifies
the percentage of pixels where disparity deviates by less than 0.07, 0.03 and 0.01 pixels
from the ground truth. We have chosen these four techniques as they are state-of-the-art
for the different depth estimation techniques. Strecke et al. [5] and Wang et al. [6] use
depth from defocus, Zhang et al. [7] use EPIs, whereas Shin et al. [8] use CNN for depth
estimation. To assess the outcomes for all four techniques, we executed the code supplied

by their respective authors in our evaluation.

In order to compare the depth maps using different algorithms to the ground truth, all
output disparity maps are normalized to the ground truth depth map range. For Strecke
et al. [5] and Shin et al. [8], normalized results are directly compared to the ground-truth
disparity map. For Wang et al. [6] and Zhang et al. [7] the disparity map is normalized

before comparing it to the ground-truth.

5.4.1 Synthetic LF images

The LF images in the 4D Light Field Dataset [3] comprise 9 x 9 sub-aperture images.
For the synthetic images, the images in Fig. 5.19, Fig. 5.20, Fig. 5.24 and Fig. 5.25
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show the error pixels in red where depth deviates by more than 0.07 from the ground
truth and the pixels in green where depth deviates by less than 0.07. Table 5.4 and Table
5.5 compares the ground truth images to the disparity maps generated by the algorithms
that are being tested using the Badpix metric. The LF images generated synthetically
have little to no noise compared to the real LF images. Thus the estimated depth maps
have fewer misdetections, and the depth boundaries are well defined on the synthetic data
compared to the real data. Table 5.4 and Table 5.5, which is a comparison of the depth
maps with the ground-truth depth map, shows that the proposed algorithm outperforms
the state-of-the-art algorithms in the two criteria of Badpix 0.07 and 0.03 for the ‘dots’
images from the synthetic images in the dataset. On visual inspection of Fig. 5.19 and
Fig. 5.20, we can observe that even though the noise level is increased in the bottom part

of the image, the background is region is still detected accurately.

For the ‘medieval 2’ image, the region in the image near the window on the top left and
near the door on the bottom right has a dark shadow which is a common area misdetected
for all algorithms. Shin et al. [8]’s produce the least errors around object boundaries for
the synthetic light field images. The ‘kitchen’ and ‘museum’ image in Fig. 5.19(C) and (E)
shows how the error pixels are in the same regions for all the estimated depth maps. The
similarity is that those regions in the image are either transparent or reflective surfaces.
And Shin et al. [8] show lesser errors around these regions as they explicitly use a mask
for these types of surfaces while training their network. The depth map for our algorithm,
Shin et al. [8] and Strecke et al.[5] give similar results for the background and foreground
region in the ‘kitchen’ and ‘museum’ image, whereas the depth maps from Wang et al. [6]

and Zhang et al. [7] produce errors in the background and foreground regions.

For the ‘museum’ image in Fig. 5.19(E), and the ‘pillow’ and ‘platonic’ images in Fig.
5.20(A) and (B), our proposed algorithm out-performs the non-CNN based algorithms at
Badpix 0.03, with comparable results for the other two criteria. Out of the three images
mentioned above, the main reason for the errors is the reflective display case and the bright
display case lighting for the ‘museum’ image. For the ‘platonic’, ‘pyramids’ and ‘tomb’
images in Fig. 5.20, our depth map generates errors only at depth boundaries and all other
regions are estimated accurately and is comparable to Shin et al. [8]’s CNN approach. Shin

et al. [8] produce high accuracy depth maps and can also distinguish accurate depths for
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TABLE 5.4: Quantitative depth map comparison to ground truth for synthetic data

Back- Dots Kitchen Medi- Museum
gammon eval2

Proposed Results
Badpix7  0.8230 0.9605 0.7010 0.9362  0.8440
Badpix3 0.7324 0.8853 0.5941 0.8528  0.7772
Badpixl  0.4910 0.3880  0.3749 0.5514  0.5305
Strecke et al. [5]
Badpix7  0.9580  0.6273  0.7224 0.9608  0.8578
Badpix3  0.9283 0.4514  0.6282 0.8895  0.7615
Badpixl  0.6606  0.1777  0.4644 0.6469  0.5256
Wang et al. [6]
Badpix7  0.8753 0.8801  0.6300 0.5136  0.8522
Badpix3  0.4525 0.2485  0.3991 0.1119  0.6902
Badpixl  0.0544  0.0456  0.1772 0.0370  0.2741
Zhang et al. [7]
Badpix7  0.7889 0.7358  0.6379 0.9580  0.8940
Badpix3  0.3762 0.4810 0.31656 0.7513  0.5413
Badpixl  0.1057 0.4810  0.0997 0.2658  0.1899
Shin et al. [8]
Badpix7  0.9777 0.9473  0.7931 0.9847  0.9598
Badpix3  0.9594  0.7957  0.7209 0.9584  0.9053
Badpixl  0.8265 0.5122  0.4809 0.7263  0.6478

occlusions and smaller objects in the image. Still, the accuracy is reduced for transparent

or reflective surfaces and noisy images.

5.4.2 Real LF images

The proposed algorithm is not able to distinguish objects in the image that are less than
4 x 4 pixels in width due to the patch size used, but using patches of size less than 4 x
4 pixels drastically increases the number of misdetected depth patches and also increases
the computational time. The image results displayed in Fig. 5.21 and Fig. 5.22 on visual
inspection shows similar outcomes as for the synthetic images. The central view for four
images in the Fig. 5.21 (A), (B), and Fig. 5.22 (D) and (E) show a gradual change in
depth and the depth maps correspondingly show the gradient change. For the proposed
algorithm, the images in Fig. 5.21 (A), (C), and Fig. 5.22 (C) with the chain fences, the
regions where the chain has a shadow cast over it is mis-detected. The chain fences in all

three images for all the algorithms have been under or over-compensated. The lorikeet
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(A) ‘Backgammon’ image

FIGURE 5.19: Cont.
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(C) ‘Kitchen’ image

FIGURE 5.19: Cont.
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(D) ‘Medieval 2’ image

FIGURE 5.19: Cont.
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FIGURE 5.19: Visual comparison of the proposed algorithm with Strecke et al. [5], Wang
et al. [6], Zhang et al. [7] and Shin et al. [8] for synthetic LF images.
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(A) ‘Pillows’ image

FIGURE 5.20: Cont.



76 Chapter 5. Depth Estimation for Light field images

Central view Proposed result Strecke et al.[5]

Wang et al. [6] Zhang et al. [7] Shin et al. [8]

(B) ‘Platonic’ image

FIGURE 5.20: Cont.
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(C) ‘Pyramids’ image
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Central view Proposed result Strecke et al.[5]

Wang et al. [6] Zhang et al. [7] Shin et al. [§]

(E) ‘Tomb’ image

FIGURE 5.20: Visual comparison of the proposed algorithm with Strecke et al. [5], Wang
et al. [6], Zhang et al. [7] and Shin et al. [8] for synthetic LF images.
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TABLE 5.5: Quantitative Depth Map Comparison for Synthetic Data to Ground Truth
for different Algorithms

Pillows Platonic Pyramids Stripes Tomb
Proposed Results
Badpix7 0.9212  0.9747 0.9920 0.8853  0.9696
Badpix3 0.8769  0.9447 0.9582 0.8275 0.9100
Badpixl 0.6096 0.7600 0.7485 0.6732 0.6423
Strecke et al. [5]
Badpix7 0.9710  0.9645 0.9969 0.8741 0.9813
Badpix3 0.8687  0.9230 0.9927 0.8556  0.9252
Badpixl 0.4914  0.7792 0.9417 0.4925 0.6875
Wang et al. [6]
Badpix7 0.9387  0.6583 0.9843 0.8231 0.7953
Badpix3 0.5611  0.4620 0.7520 0.0048 0.4134
Badpixl 0.1492  0.1889 0.0737 0.0004 0.1359
Zhang et al. [7]
Badpix7 0.9398  0.9906 0.8958 0.8373 0.9622
Badpix3 0.5066  0.7454 0.1885 0.5243  0.7500
Badpixl 0.1869  0.2946 0.0634 0.5243 0.2871
Shin et al. [§]
Badpix7 0.9939  0.9981 0.9972 0.9894  0.9963
Badpix3 0.9772  0.9941 0.9917 0.9865 0.9826
Badpixl 0.7727  0.7273 0.8673 0.8869 0.6453

image, Fig. 5.22 (E), is a complex image with leaves and branches, but the proposed
algorithm performs similarly to Strecke et al. [5] and Zhang et al. [7]. On the other
hand, with Wang et al. [6] major parts of the image are misdetected. For the ‘perforated
metal 1’ image Fig. 5.22 (A), parts of the image in the far background and foreground
are represented with less error as compared to all the other depth maps, whereas in the
‘perforated metal 3’ image Fig. 5.22 (B), Wang et al. [6] better estimates the depth around
the holes in the metal frame. In Fig. 5.21 and Fig. 5.22, misdetections can been seen for
textureless regions for the ‘backlight 1’ image Fig. 5.21 (B), the ‘perforated metal’ image
Fig. 5.22 (A), and the ‘university’ image Fig. 5.22 (D) i.e. the regions of the image with
the sky.

5.4.3 Noisy image analysis

The results in Fig. 5.15, Fig. 5.23 and Table 5.6 demonstrate that the proposed algorithm

is more noise-resilient than existing approaches. To further explore our algorithm’s noise
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Central view

Wang et al. [6] Zhang et al. [7] Shin et al. [8]

(E) ‘Lorikeet’ image

FIGURE 5.21: Visual comparison of the proposed algorithm with Strecke et al. [5], Wang
et al. [6], Zhang et al. [7] and Shin et al. [8] for real LF images.

TABLE 5.6: Comparison for the ‘Dot’ image with ground truth for the proposed and
state-of-the-art algorithms

Dots
Proposed Strecke et  Wang et Zhang et  Shin et
result al. [5] al.[6] al. [7] al. [8]
Badpix7  0.9605 0.6273 0.8800 0.7357 0.9473
Badpix3  0.8853 0.4514 0.2485 0.4810 0.7957
Badpixl  0.3880 0.1777 0.0456 0.4810 0.5122

resilience, Gaussian noise approximates thermal and shot noise in images, and Gaussian
noise with zero mean and variance of 0.01 was added to the 4D Light Field Dataset [3].
Gaussian noise was chosen as it approximates thermal and shot noise in images, as at
large light levels, the Poisson distribution that describes shot noise approaches a normal

distribution and can be approximated using Gaussian noise.

The proposed algorithm out-performs the benchmark algorithms for all images in all three
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FIGURE 5.22: Cont.
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Central view Proposed result Strecke et al.[5]

Wang et al. [6] Zhang et al. [7] Shin et al. [8]

(E) “Zwahlen and Mayr’ image

FIGURE 5.22: Visual comparison of the proposed algorithm with Strecke et al. [5], Wang
et al. [6], Zhang et al. [7] and Shin et al. [8] for real LF images.

criteria as shown in Table 5.7, Table 5.8, Fig. 5.24 and Fig. 5.25. The algorithm from
Zhang et al. [7] and Wang et al. [6] generate disparity maps that use the maximum
and minimum depth values from the ground-truth depth map to scale the disparity map
accordingly. The problem with noisy images is that misdetections and outliers make the
re-scaling unreliable and nontrivial. It is clear from the results shown in Table 5.7 and
Table 5.8 that the accuracy of the proposed algorithm is also significantly affected for most
of the images, but the algorithm is still able to estimate a depth map with comparatively
high accuracy compared to the state-of-the-art algorithms. The average accuracy for our
algorithm for Badpix 0.07 across the ten images used for testing shown in Fig. 5.24 and
Fig. 5.25 is 0.75, whereas for Shin et al. [8], Strecke et al. [5], Wang et al. [6] and
Zhang et al. [7] it is 0.6, 0.3, 0.26 and 0.11 respectively. For the ‘dots’, and ‘pyramids’
images the accuracy is over 95% out-performing the state-of-the-art algorithms. The

images with finer details like the ‘backgammon’ image in Fig. 5.24(A) has a considerable
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(B) ‘Dots’ image - Badpix 0.01
FIGURE 5.23: Visual comparison of the ground truth with the proposed algorithm,
Strecke et al. [5], Wang et al. [6], Zhang et al. [7] and Shin et al. [8] for dots im-
age for Badpix 0.03 and 0.01.
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TABLE 5.7: Quantitative depth map comparison to ground truth for synthetic data for
noisy images

Back- Dots  Kitchen Medi- Museum
gammon eval2
Proposed Results
Badpix7 0.7408 0.9620 0.6341 0.8171 0.6921
Badpix3 0.5126 0.8561 0.4323 0.5584 0.4889
Badpixl 0.2101 0.2808 0.1733 0.2290 0.2023
Strecke et al. [5]
Badpix7  0.2781  0.3975  0.2309  0.3024  0.1938
Badpix3  0.1312 0.1895  0.1140  0.1419 0.0919
Badpixl  0.0450  0.0634  0.0402  0.0487  0.0318
Wang et al. [6]
Badpix7  0.0022  0.8619  0.1229  0.0892  0.1868
Badpix3  0.0008  0.7684  0.0570  0.0340  0.0790
Badpixl  0.0003  0.1351  0.0197  0.0083  0.0260
Zhang et al. [7]
Badpix7  0.0144  0.0002  0.1587  0.2456  0.1054
Badpix3  0.0057  0.0001  0.0666 0.1022  0.0517
Badpixl  0.0019  0.0000 0.0217 0.0322  0.0174
Shin et al. [8]
Badpix7  0.5778  0.8990  0.5035  0.6512  0.5237
Badpix3  0.3265  0.6624  0.3090  0.3898  0.3112
Badpixl  0.1162 0.3034  0.1247  0.1451 0.1181

amount of misdetections, but algorithm is still able to obtain a Badpix 0.07 value of 0.74.
The ‘kitchen’ and ‘museum’ image in Fig. 5.24(C) and (E) shows errors for transparent
or reflective surfaces, but the depth map for our algorithm estimates the background
and foreground region in the image accurately with Badpix 0.07 values of 0.63 and 0.69
respectively, whereas the depth map from Wang et al. [6] and Zhang et al. [7] produces
errors in the background and foreground regions and a Badpix 0.07 value below 0.25. Shin
et al. [8], on the other hand, shows a Badpix 0.07 value 0.5 and 0.52, but large parts of
the background and foreground region are misdetected. An important observation that
can be drawn from Table. 5.4, Table. 5.5, Table. 5.7 and Table. 5.8 is that without the
added noise, the average accuracy for the proposed algorithm, Shin et al. [8], Strecke et
al. [5], Wang et al. [6] and Zhang et al. [7] is 0.96, 0.9, 0.89, 0.79 and 0.86, respectively.
After the noise is added to the images, our accuracy reduces to 0.75, whereas for Shin et
al. [8] it reduces to 0.6, Strecke et al. [5] it reduces to 0.3, Wang et al. [6] it reduces to
0.26 and Zhang et al. [7] it reduces to 0.11.
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FIGURE 5.24: Cont.
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Central view Proposed result Strecke et al.[5]

Wang et al. [6] Zhang et al. [7] Shin et al. [8]

(E) ‘Museum’ image

FIGURE 5.24: Visual comparison of the proposed algorithm with Strecke et al. [5], Wang
et al. [6], Zhang et al. [7] and Shin et al. [8] for synthetic LF images with added noise.
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FIGURE 5.25: Cont.
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Central view Proposed result Strecke et al.[5]

Wang et al. [6] Zhang et al. [7] Shin et al. [8]

(E) ‘Tomb’ image

FIGURE 5.25: Visual comparison of the proposed algorithm with Strecke et al. [5], Wang
et al. [6], Zhang et al. [7] and Shin et al. [8] for synthetic LF images with added noise.
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TABLE 5.8: Quantitative depth map comparison to ground truth for synthetic data for
noisy images

Pillows Platonic Pyramids Stripes Tomb
Proposed Results
Badpix7 0.6823 0.8457 0.9891 0.3582 0.8008
Badpix3 0.5099 0.6272 0.9108 0.1982 0.5089
Badpixl 0.2417 0.2600 0.4835 0.0930 0.1877
Strecke et al. [5]
Badpix7 0.3212  0.3093 0.6557 0.1388  0.1404
Badpix3 0.1698  0.1476 0.3456 0.0641  0.0615
Badpixl 0.0613  0.0511 0.1136 0.0212  0.0206
Wang et al. [6]
Badpix7 0.1472  0.2515 0.6136 0.2488  0.0561
Badpix3 0.0700  0.1126 0.0870 0.1106  0.0209
Badpixl 0.0257  0.0366 0.0141 0.0014  0.0069
Zhang et al. [7]
Badpix7 0.1794  0.0394 0.2569 0.0419  0.0530
Badpix3 0.0814  0.0148 0.0917 0.0219  0.0214
Badpixl 0.0273  0.0045 0.0115 0.0078  0.0075
Shin et al. [§]
Badpix7 0.6000  0.6621 0.9729 0.2084  0.3957
Badpix3 0.4383  0.3836 0.8325 0.1051  0.1904
Badpixl 0.2193  0.1461 0.4132 0.0372  0.0664

TABLE 5.9: Average runtime for synthetic data

Synthetic light field dataset
Proposed Strecke et al. [5] Wang et al. [6] Zhang et al. [7] Shin et al. [§]
1418s 462s 243s 537s 7s

5.4.4 Runtime complexity analysis

The code for the proposed algorithm was implemented in MATLAB™ on an Intel i7
machine at 1.9GHz and 16 GB of RAM. The results for Strecke et al. [5], Wang et al. [6]
and Zhang et al. [7] were generated using the same machine. Table 5.9 shows the average
runtime over all the images in the dataset for a single run for the proposed algorithm
compared to the state-of-the-art algorithms. As Shin et al. [8] propose a CNN approach,

their network has to be trained and their network takes 5 days to train.

The runtime for the proposed algorithm varies for each of the images as the algorithm first
calculates the maximum and minimum depths for the image and then generates the focal

stack. The runtime for the algorithm can be divided into 4 stages: the first stage calculates
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the initial depth which takes an average of 52.18 sec; all of the pre-processing steps in the
second stage for the images takes an average of 0.21 sec per image; the third stage generates
the focal stack where the majority of the processing time is spent, an average duration of
2.17 sec per image; and the last stage is where the depth map is estimated and refined,
which on average consumes a duration of 0.8 sec per image. For real images, the initial
depth estimation stage takes an average of 150 sec; all the pre-processing steps for the
images takes an average of 0.21 sec per image; the third stage generates the focal stack
where majority of the processing time is spent, an average duration of 9.68 sec per image,
and the last stage estimating and refining the depth map on average takes 1.02 secs per
image. The run time can be approximated by adding the per image times for each stage

and multiplying it by the number of focal stack images.

5.4.5 Data availability

The results presented in this Chapter and our code are available at https://github.com/

rishabhsharma27/Depth_estimation_results.

5.5 Discussion and Conclusion

In this chapter we proposed an algorithm that uses depth from defocus to estimate the
depth maps. Specifically, we divide the focal stack and all-in-focus image into smaller
patches of size 4 x 4 pixels, and compared the FFTs of these patches to find the closest
match to the all-in-focus image patch. We showed that using these FFTs of the patch in-
stead of the RGB patches makes the algorithm more resilient to noise. Further, we showed
that using the frequency domain to shift the sub-aperture views and the median value
generates focal stacks with sub-pixel accuracy, even at small focal distances, increasing

the accuracy depth precision for our depth maps near occlusions.

Our initial depth estimation estimates the depth range of the light field image. We then
only generate the focal stack within that depth range, which reduces the number of re-
dundant images, reducing the possibility of misdetections and the runtime. The gradient

addition step described in Section 5.2.2 drastically improves the accuracy of the depth as
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shown in Fig. 5.6. In this step, we add the gradient of the image to itself. As in a focal
stack image, only the region in focus will contribute to the image’s gradient, enhancing

the textured regions and boundaries for the in-focus regions.

The Fig. 5.17 and Fig. 5.18 in Section 5.3 shows the Mean Squared Error (MSE) for the
different focal patches with the patch of the all-in-focus image when the depth is estimated
correctly and when it is misdetected. In our current approach, we only look at the lowest
value for the MSE and assign the depth accordingly. This approach makes the depth map
accuracy more dependent on the refining step. In our future work, we intend to use a
varying threshold value that would be calculated for each focal stack patch. If the number
of minima below the threshold is more than one, we would further analyze that patch to
ensure that the correct depth value is detected, reducing the dependence on the refining

step.

We refine the depth map in two stages; one that looks at the number of pixels at a
particular depth value and the second that looks for isolated patches with depths different
from their neighboring patches. But as part of the refining step, we also use a global
blurring filter on the entire depth map. This approach tends to cause misdetections for

thin objects in the image and might get removed entirely from the depth map.



Chapter 6

Depth estimation for focal stack

from 2D camera capture

6.1 Introduction

In this chapter, we extend our work from Chapter 5 to estimate the depth map using a
focal stack captured by a 2D camera, rather than from a light field image. We analyze
the different parameters to capture the focal stack, resulting in the most accurate depth
map that can be used for light field synthesis. We also address the challenges posed by
differences in the lighting conditions and magnification of the focal stack with the all-in-

focus image.

6.2 Methodology

The methodology presented in this chapter uses the focal stack and all-in-focus image
captured by a 2D camera to estimate the disparity map. The flow of the algorithm is
represented in Fig. 6.1. As shown in Fig. 6.1, the methodology can be divided into six
main sections: focal stack and all-in-focus image capture, focal stack distortion correction
and pre-processing, patch generation, FFT, sharpness and gradient comparison for each

103
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FIGURE 6.1: Flow of the proposed algorithm for a focal stack captured by a 2D camera.

patch, confidence estimation for each patch, and depth refinement. The depth estimation
algorithm presented in this Chapter is based on the same depth from defocus concept

presented in Chapter 5.

6.2.1 Focal stack capture

Two crucial parameters must be considered to capture the focal stack: the f-stop and step
size. The f-stop number governs the depth of focus for each image, while the step size
moves the focal point by a set amount between two consecutive images in the focal stack.
In the case of a camera lens, the step size is the amount by which the focal point between

two successive images in the focal stack.

In this work, we use a Canon 600D camera with a 50mm prime lens; the f-stop for this
lens can vary from f/1.8 to f/22. None of the existing focal stack datasets for 2D images
contain the all-in-focus image, so we need to capture the images ourselves. Table 6.1
shows the number of images captured in the focal stack to cover the entire scene from
the point closest to the camera to the furthest point according to the lens’s focal length.
We capture the all-in-focus image using an f-stop of /22, as a higher f-stop has a larger
depth of field, i.e., too much of the scene may be in focus for our purposes. Our initial test
conducted by capturing focal stacks with varying f-stop and step size revealed that depth
estimation accuracy depends on both the step size and the f-stop, which are interdependent

parameters. That is, since a smaller f-stop has a smaller depth of field, the step size needs
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TABLE 6.1: Step size vs. number of images in the focal stack

Step size 50 75 100 125 150
No. of images 40 27 21 17 15

to be smaller; thus, the number of images in the focal stack is larger. On the contrary, if
a larger f-stop is selected, the depth of field is larger, and the step size needs to be higher
to avoid overlap between the regions in focal in consecutive images in the focal stack.
The f-stop and step size selection depends on the application for which the depth map is
being used. Since we intend to use the depth maps for light field synthesis, for our work,
the f-stop of /1.8 and a step size of 100 produces the most accurate depth maps for our
application. As we don’t have the ground-truth depth map of the scene, we confirm the
depth map accuracy by reconstructing the all-in-focus image and comparing the similarity

index with the camera capture all-in-focus image.

6.2.2 Focal stack distortion correction and image pre-processing

As a camera changes focus on capturing the images in the focal stack, its field of view ex-
pands or contracts slightly because image magnification changes with sensor distance [98].
There can be two ways to tackle this problem: the first approach is to implement the dis-
tortion correction algorithms that uses the translation-invariant SURF algorithm [54], to
scale and align the focal stack image according to the all-in-focus image. However, as the
focal stack images only have part of the image region in focus, the feature can sometimes
be undetected or misdetected. The second approach takes advantage of the fact that any
two consecutive focal stack images are captured at a known step size: in our case, a step
size of 100. This means that we can use a predefined scaling factor calculated according
to the step sizes and f-stop value. The scaling also depends on the focus point, and f-stop
used to capture the all-in-focus image. We capture the all-in-focus image for all the images
in the same way, by choosing the focus point as the mid-point of the focal length of the

lens.
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We use the SURF algorithm and a predefined scaling variable in our work. To start, all
the images in the focal stack are scaled according to their position in the focal stack.
Then we use the SURF algorithm for two reasons, firstly to check the number of matching
points in the reference all-in-focus and focal stack images. If the number of matching
points is below a particular value, we remove those images from the focal stack. Secondly,
to ensure that the scaled images are accurately scaled, examine the translation variable
of the SURF algorithm. If the translation variable for scaling and rotation is within a
particular threshold we accept the change, but if not then we remove the image from the

focal stack.

The pre-processing step is the same as for the depth estimation for light field images
presented in Chapter 5, section 5.2.2, where we add the gradient of the focal stack images
to itself. Adding the gradient ensures that the object boundaries and textured regions are
exaggerated in the focal stack images. The textured areas of the image that are in focus
maximally contribute to the gradient image, while the out-of-focus objects contribute the
least. This pre-processing step drastically reduces the number of misdetected patches and

the dependence on the post-processing steps.

6.2.3 Patch generation

We use the same two cross patches of size 4 x 4 pixels presented in Chapter 5, section 5.2.3
and shown in Fig. 5.7. As shown in Fig. 5.7, the red and green squares are the pixels
considered for matching with the all-in-focus image patch, but only the pixels highlighted
in red in the red square and the pixels highlighted in green in the green square are used

to generate the depth map.

6.2.4 FFT, sharpness and gradient patch comparison

The depth estimation algorithm presented in Chapter 5 only uses the FFT of the focal
stack patches to estimate the depth map. However, using only the FFT of the patches for
the 2D camera captured focal stack produces errors in the depth map, especially for the

smooth textured regions. The results shown in Fig. 6.2(B) and (E) show the errors marked



Chapter 6. Depth estimation for focal stack from 2D camera capture 107

by the red box in the estimated depth map for the Gnome and Owl images, respectively.
We believe that these errors are due to the focal stack being captured with an f-stop of
/1.8, whereas the all-in-focus image is captured with an f-stop of £/22. The difference in
the f-stop causes the lighting conditions to change slightly, which makes using only the

FFT for comparison unreliable.

An intuitive way to solve this problem would be to use color or luminance matching
algorithms to match the color of the all-in-focus image with the focal stack images. The
issue with the approach though is that since the focal stack has only part of the image
region in focus, these algorithms produce incorrect color correction in most cases. We
address this problem by using the sharpness and gradient of the patches for comparison
with the FF'T, where the gradient is the directional change in the pixel values in the image.
It is calculated by taking the derivatives in the horizontal and vertical directions in the
image. The algorithm we use to estimate the sharpness uses the gradient of the patches
and then calculates the sharpness by taking the average of the sum of normals [99]. We
calculate the MSE for the focal stack patches with their corresponding all-in-focus patch

for all three comparison measures i.e, we use the FFT, sharpness and gradient measure.

Once we have the MSE value for the FFT, and sharpness and gradient for the patches in
the focal stack, we normalize the values for each set of focal stacks, where a set is defined
as the group of the same patch for each focal stack image. This normalization step is
added to combine the three measures in the next step. We normalize the values for each
set of focal stacks by dividing the mean of the set by the individual MSE values in the
set. To compare all three measures and calculate their confidence scores, we adopt the
normalisation techniques proposed by Tao et. al [21]. We calculate the maximum values
by concatenating all three measures and then dividing each element for all three measures
by that maximum value. This step normalizes the confidence score for all three measures
to compare them. To estimate the depth map, we check if all three measures point to
the same maxima. If it is the same maxima, we choose that value as the disparity of the
patch. Otherwise, we check if two of the three measures point to the same maxima. If
none of the measures points to the same maxima, we combine the three and choose the
maxima for that value. The image shown in Fig. 6.2(C) and (F) show the estimated depth

maps for the Gnome and Owl images using the FFT, sharpness and gradient measures,
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(F)

FIGURE 6.2: (A) and (D) are the all-in-focus image, (B) and (E) are the estimated depth
map using only the FFT patches for comparison, and (C) and (F) are the estimated depth
map using only the FFT, sharpness and gradient patches for comparison.

respectively. It is clear from the regions of the image in Fig. 6.2 marked by the red box
that using the three measures improves the depth map, especially for the smooth textured

areas in the image.

6.2.5 Depth refinement

The depth map evaluated up to this stage has a few patches that are misdetected, and
since the patches are shaped as a cross, it creates a depth map with jagged edges. We use
the same techniques described in Chapter 5, Section 5.2.4 to refine the edges and get rid
of the misdetections. Fig. 6.3 shows the comparison between the estimated depth map
before and after this refinement step. The disparity map is refined in two steps using an
iterative approach to remove the jagged edges and correct any misdetections. Using the
histogram, we first check for the number of pixels present at each depth. Those pixels that
fall below the threshold are filled with the maximum likelihood values occurring most in
the neighboring pixels. In the second step, we consider the patches instead of looking at

individual pixels. If any isolated patches have a different depth than the adjacent patches,
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FIGURE 6.3: (A) and (D) are the all-in-focus image, (B) and (E) are the estimated depth
map before refinement, and (C) and (F) are the estimated depth map after refinement.
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FIGURE 6.4: SSIM error map colorbar.

they are filled with the maximum likelihood values occurring most in the neighboring

patches.
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TABLE 6.2: Dataset image complexity

(A) (B) (©) (D) E) #® (G

(H)

Image Object  Object Gnome Gnome Jar  Cards Blocks Owl
image-1 image-2 image-1 image-2 image image image image
Multiple objects X X o o o X X o
Complex patterns X X o X o X X X
Smooth texture X o X X X X o X

6.3 Experimental results

6.3.1 Dataset

To evaluate the depth map estimation approach of this Chapter, we captured the data
with a Canon 600D camera with a 50mm prime lens. The data is publicly available, and
the link is given in Section 6.3.3. Table 6.2 shows the composition of the different images
in the dataset in terms of the number of objects, complex texture and smooth regions in
the images. The crosses in Table 6.2 mark the images that fulfill the above mentioned

criteria.

As explained in 6.2.1, we intend to use the depth maps for light field synthesis and in our
work, we use an f-stop of f/1.8 and a step size of 100 for the focal stack. For the all-in-focus
image, we use an f-stop of £/22, as a higher f-stop produces an image with a larger depth
of field. As shown in Table 6.1, a step size of 100 corresponds to twenty-one images in the
focal stack, plus one all-in-focus image. We then calculate the accuracy of the depth map
by reconstructing the all-in-focus image with the depth map and focal stack. Once we
have the reconstructed all-in-focus image, we use the Structural Similarity Index Measure
(SSIM) to measure the similarity with the all-in-focus image captured by the camera. The
pixels in the SSIM map most similar to the all-in-focus image appear white, where the
similarity index is close to 1. In contrast, the regions in the image least similar appear

red, where the similarity index is close to 0, as shown in Fig. 6.4.
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TABLE 6.3: SSIM score for the reconstructed all-in-focus image.

(A) (B) (©) (D) E) & (G H
Image Object  Object Gnome Gnome Jar  Cards Blocks Owl
image-1 image-2 image-1 image-2 image image image image

SSIM score 0.94 0.92 0.8 0.96 0.95 0.96 0.94 0.85

6.3.2 SSIM Analysis

Fig. 6.5 and Table 6.3 show the visual comparison and quantitative results for the images
in the dataset. It can be seen from the reconstructed images (A), (B), (C), (D), (E),
and (H) in Fig. 6.5 that when the difference between the foreground and background
objects is large, the boundary of the foreground objects are misdetected. The yellow
color around the boundaries of the objects in the SSIM map reveals this error. Images
(F) and (G) in Fig. 6.5 have a continuous depth change in the image, and there is no
large difference between the foreground and background objects; thus, the boundaries
are estimated accurately. The SSIM map for images (C) and (H) show that the wooden
background texture is completely misdetected, and a closer inspection of the reconstructed
image shows the background to be blurry. However, important to note is the background
still being estimated as the same surface. This is because of the initial focal stack correction
step presented in Section 6.2.2. Other than correcting the magnification for the focal stack
images, we also remove the images from the focal stack that don’t have any regions in focus.
We do this by checking the number of SURF matching points of the focal stack with the
all-in-focus image, and if it falls below a threshold, we remove the image. For foreground
objects, the object boundaries become the matching points for the SURF algorithm, so
even if the objects have a smooth texture, the number of matching points is above the
threshold, and the image is not removed from the focal stack. On the contrary, if the
background region is smooth and has no other objects, the algorithm removes the image
for the focal stack. Therefore, the SSIM measure for images (C) and (H) in Table 6.3 is
0.8 and 0.85 respectively. Since images (C) and (E) have a wooden block and the card is
close to the background, the focal stack focused on the background is not removed from

the focal stack, and the background is estimated accurately.
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FIGURE 6.5: Visual comparison of the all-in-focus image and the all-in-focus recon-

structed using the focal stack and depth map; the SSIM map is the similarity index
between in the all-in-focus image and the reconstructed all-in-focus image.
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6.3.3 Data availability

The results and data presented in this Chapter are available at https://github.com/

rishabhsharma27/2D-camera-focal-stack-Depth-map.

6.4 Discussion and Conclusion

In this chapter we extended our depth estimation approach to using the focal stack cap-
tured by a 2D camera, focusing on light field synthesis using focal stacks. We show that
capturing the focal stack with an f-stop of f/1.8 and a step size of 100 covers the scene
with sufficient depth levels to synthesize a light field image using the depth map and all-
in-focus image. We address the differences in lighting conditions in the all-in-focal and
focal stack image by combining the FFTs of the image regions with the regions’ sharpness

and gradient and using their combined confidence score to estimate the depth map.

In Section 6.2.2, we rescale the focal stack images with reference to the all-in-focus image
and remove the focal stack images that don’t have any part of the scene in focus. Removing
these images from the focal stack reduces the possibility of misdetections. For rescaling,
we take advantage of the fact that the focal stacks only change in magnification. We use a
predefined scaling factor that we calculate according to the f-stop value used to capture the
focal stack. But if different camera parameters are used to capture the focal stack, we can
use the SURF algorithm for rescaling. As mentioned above, the focal stack images change
only in magnification, and if the consecutive images in the focal stack are captured with
constant step size, then the magnification between consecutive images changes gradually.
Using this knowledge, we can analyze the translation parameters of the SURF algorithm

for each focal stack image and ensure that the scaling is done correctly.

In the next chapter, we extend our techniques from Chapter 5 and 6 of depth estimation

using focal stacks to synthesize a light field image.


https://github.com/rishabhsharma27/2D-camera-focal-stack-Depth-map
https://github.com/rishabhsharma27/2D-camera-focal-stack-Depth-map

Chapter 7

Light field image synthesis

7.1 Introduction

This chapter proposes a light field synthesis algorithm using the focal stack and all-in-
focus image. We investigate how to mimic the apparent shifting of the all-in-focus image
according to the depth values to synthesize the sub-aperture views. We also analyze how
we can extract information from the input data to fill the gaps generated in the synthesized

sub-aperture views, to ensure high accuracy for both horizontal and vertical views.

7.2 Methodology

The methodology presented in this chapter exploits the characteristics of focal stack images
and the all-in-focus image to generate a light field image with an angular resolution of 9
x 9. The 9 x 9 resolution is chosen to have the same angular resolution as the images in
the dataset; thus, the accuracy of the algorithm can be calculated for the entire light field
image. The flow of the algorithm is represented in Fig. 7.1. As shown in Fig. 7.1, the
methodology can be divided into three main stages: depth estimation, sub-aperture view

synthesis, and RGB and depth map filling for occluded regions.

117
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FIGURE 7.1: Light field synthesis algorithm flow
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FIGURE 7.2: Depth estimation algorithm flow.

7.2.1 Depth estimation

We exploit the characteristics of focal stack images to generate a disparity map that is

used to synthesise the light field image. Our algorithm uses the concept of depth from

defocus by a one-to-one comparison between each focal stack image and the central all-in-

focus image. This estimation approach is also noise-resilient, and outperforms the current

state-of-the-art benchmark algorithms in the presence of noise [14]. Note that the below
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only overviews our depth estimation approach; more details are presented in our previous

publication [14].

7.2.1.1 Focal stack generation and image pre-processing

Our depth estimation algorithm works with a focal stack image captured by a camera, or
generated using the light field image. For the purpose of our work, we use the focal stack
images generated using the light field image as we are able to validate the accuracy of the
synthesized light field view by using a similarity index metric with the original light field

image views.

The focal stack is produced from the light field image through the application of a shift-
sum filter. This depth-selective filter operates akin to a planar focus, involving the shifting
of sub-aperture images to a uniform depth and subsequently combining them to generate
the 2D image. The average of the shifted sub-aperture pixels values is used for refocusing,

as it replicates the blur around depth discontinuities in focal stacks captured by a camera.

To minimize the number of misdetections, the gradient of the image is added to itself
to ensure that all the edges and textured regions in the image are well defined in both
the central all-in-focus image and the focal stack images. The advantage of gradient
addition relies on the fact that in focal stack images, the textured regions in the image
that are in focus maximally contribute to the gradient image, while the out-of-focus objects
contribute the least. By undergoing this pre-processing step, it guarantees an accentuation
of object boundaries and textured regions in the focal stack images. Consequently, there
is a significant decrease in the occurrence of misdetections, leading to a reduced reliance

on subsequent post-processing steps.

7.2.1.2 Patch generation and comparison

The focal stack images from the previous stage are divided into smaller image patches,
with the individual patches then compared with the corresponding patches in the all-in-
focus image. For depth estimation, we use the two patches of size 4 x 4 pixels as shown in

Fig. 5.7 from Chapter 5, Section 5.2.3, the squares outlined by red and green lines. The
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results for depth map accuracy with different window sizes showed that smaller window
sizes covered the image regions and boundaries more accurately. We can also reduce the
patch size to lower than 4 x 4 pixels; however, experimental tests revealed that using a
patch smaller than 4 x 4 pixels does not improve the depth map accuracy and increases
the computational time. Fig. 5.7 shows the two 4 x 4 image patches in the red and green
squares that are considered for matching. Since we use overlapping windows, we only use
the pixels highlighted in the red square and green square for the depth map estimation as

shown in Fig. 5.7.

7.2.1.3 Depth estimation and refining

The estimated depth map still has a few errors, and these are refined in two steps using
an iterative approach. Firstly, the histogram of the depth map is checked for the number
of pixels that are present at each depth. If the number of pixels at a particular depth falls
below a threshold value, those pixels are filled with the maximum likelihood value of the
pixels in the depth map at that position, i.e., using the pixel value that occurs the most
times in the neighbouring pixels. The second step is similar, but instead of considering
individual pixels, the patches are considered. This step checks for any isolated patches in
the image that have different surrounding depth patches. Once these patches are isolated,
the patch is then filled with the value of pixels with maximum likelihood in the depth map

at that patch position (similar to the above).

7.2.2 Sub-aperture view synthesis using FFT-shift

Epipolar images are formed by stacking the sub-aperture images in the horizontal and
vertical directions, and a representative slice through this 4D block is shown in Fig. 2.2(B)
and Fig. 2.2(C), respectively. The red, green and blue parallelograms show that the slope of
the line reflects the depth of the pixels. The pixels that do not appear to move in-between
the sub-aperture views are seen as a straight line; this is shown by the blue parallelograms
in Fig. 2.2(B) that have a zero slope. The pixels shown by the green parallelograms in
Fig. 2.2(C) that are closer to the camera incline to the right, and the pixels that are further

away from the camera incline to the left, as shown by the red parallelograms in Fig. 2.2.
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FIGURE 7.3: Algorithm flow for generating sub-aperture views

The pixels in the sub-aperture view depict the depth as they appear to be moving toward
or away from the central view. In turn, if the depth is known, the pixels in all of the
sub-aperture views can be filled by using pixels from the central view or the all-in-focus

image.

The amount by which the pixels appear to move from the central view in the sub-aperture
views is the product of the depth value and the distance of the sub-aperture view from the
central view. Since the product of the depth value and the distance of the sub-aperture
view from the central view can have small decimal values, we use the frequency domain
to fill the sub-aperture views. Using the frequency domain to mimic the apparent shift
of pixels between sub-aperture views ensures the accuracy of synthesized views at the
sub-pixel level. The pixels in the sub-aperture views are thus filled from the minimum
depth to the maximum depth in the depth map. As we move through different perspective
views, the regions in the image closer to the camera cover the background pixels, and
filling the views from the minimum depth values ensures that the regions in the image
that overlap the other depths in the sub-aperture views are correctly filled.The pixels in
the sub-aperture views are thus filled from the minimum depth to the maximum depth in
the depth map. Fig. 7.3 shows the flow of the algorithm. Instead of filling the EPI with
the shifted pixels, we directly add the RGB and depth pixels to the sub-aperture views
by moving the pixels by the amount calculated by the depth value of those pixels in the
depth map and the position of the sub-aperture view with respect to its position from the

central view.
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FIGURE 7.4: (A) Gaps generated in the depth image due to occlusion, and (B) Depth
map after the gaps are filled.

7.2.3 RGB and depth map filling of occluded regions

Once we fill the pixels in the separate sub-aperture views using the all-in-focus image and
depth maps, due to the difference in the depth between different regions, some parts of
the image that are not visible in the central view are exposed. This also occurs in the

perspective depth map views as shown in Fig. 7.4.

7.2.3.1 Depth map filling of occluded regions

In a depth map, if there are two regions at different depths and a gap is thus created,
the region will always be filled by the depth value which is farther away, as the apparent
movement of the foreground objects is more than the background objects between sub-

aperture views as shown in Fig. 7.4(B).

7.2.3.2 Filling occluded RGB regions using the focal stack

Filling the occluded regions in the RGB images is more complex than filling the occluded
regions in the depth map, as the depth map values have only two possible values to choose
from: the foreground or the background depth values. In our approach, the depth values

and the focal stack images are used to estimate the pixel values for the gap generated
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(A) (B) (©)

FIGURE 7.5: (A) The all-in-focus image, (B) the image in the focal stack focused at the
background, and (C) background region minus the effect of the foreground object blur.

near depth discontinuities. Due to the defocus blur in focal stack images, when focusing
on the background, parts of the background are revealed that are not visible in the all-in-
focus image. The amount of blur is also dependent on the depth difference between the
foreground and background object. As the pixels in the sub-aperture images also move
in accordance to their depth values, the focal stack image reveals the exact amount of
information required to fill the gaps, as shown in Fig. 7.5. Fig. 7.5(C) is obtained by
blurring the foreground objects by the amount equivalent to the depth difference between
the object and subtracting it from the image focused on the background. But since the
induced blur can only approximate the lens blur, the extracted image region still contains

the color tone of the foreground region.

7.2.3.3 RGB image refinement

Fig. 7.6 represents a light field image with an angular resolution of 9 x 9 views. The
blue square represents the starting point for the proposed light field synthesis algorithm.
We use the all-in-focus image and the estimated depth map to synthesize the central
horizontal and vertical sub-aperture views; which in this depth map is represented by the
green and yellow squares in Fig. 7.6. Each of the generated central horizontal views and
its corresponding depth map are then used to synthesize the sub-aperture views above
and below the green squares, while each of the generated central vertical views and its
corresponding depth map is then used to synthesize the sub-aperture views to the right

and left of the yellow squares. All of the orange squares thus are synthesized using the
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FIGURE 7.6: Showing the order in which the sub-aperture images are generated.

central horizontal and vertical sub-aperture views, and its depth map is represented by
the green and yellow squares. Both the sub-aperture views generated from the horizontal

and vertical views are then averaged as the final light field image.

7.3 Results

7.3.1 Dataset

The results of the proposed algorithm were evaluated on a synthetic 4D light field image
dataset [3]. The dataset is widely used to validate depth estimation and reconstruc-
tion/synthesis algorithms for light field images as it contains ground-truth disparity and
depth maps. The depth range for the synthetic data lies within the range of -4 to +4, and
the number of focal stack images can be increased or decreased by reducing or increasing

the focus interval between consecutive focal stack images.

The proposed algorithm is compared to three benchmark techniques from Kalantari et
al. [10], Chao et al. [11], and Zhang et al. [9]. We have chosen these three techniques
because they are state-of-the-art for light field synthesis, and each uses a different approach.
Zhang et al. [9] use a micro stereo pair, Chao et al. [11] use a stereo pair with a large

baseline, while Kalantari et al. [10] use the four corner sub-aperture views for light field
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synthesis. The Structural Similarity Index Measure (SSIM) and Peak-Signal-to-Noise-

Ratio (PSNR) metrics were used for evaluation.

For Kalantari et al. [10], we utilised the trained network used by the authors to synthesize
the light field images. For Chao et al. [11], we trained the network using the code provided
by the authors. For the SSIM metric, we compare the top-left sub-aperture views for the
algorithms that synthesize a 9x9 or 8x8 light field image. We can use any of the four
corner images for evaluation: we use the corner views for evaluation as they show the
maximum parallax from the central view. For the algorithm that only synthesizes the
horizontal sub-aperture views, we use the central left-most horizontal view for evaluation.
For the PSNR metric, we convert the sub-aperture light field image to the lenslet view

and calculate the PSNR.

Kalantari et al. [10] synthesize the light field image using the 4 corner sub-aperture images
with an angular resolution of 8 x 8, whereas we synthesize the light field image with an
angular resolution of 9 x 9. We thus evaluate the results for comparison by using only
the inner-most 8 x 8 sub-aperture views. Chao et al. [11] use 2 central horizontal corner
sub-aperture images with an angular resolution of 9 x 9. As they train their network on
20 images from the dataset, only 4 light field images remain for testing, so we evaluate
the average PSNR and SSIM for the 4 test images. The algorithm proposed by Zhang et
al. [9] only synthesizes horizontal sub-aperture views using 2 micro baseline stereo pairs,

so we evaluate the results for only the horizontal views.

The images in Fig. 7.7 show the synthesized left most horizontal view and the SSIM error
map for three dataset images. The pixels in the SSIM map most similar to the ground-
truth sub-aperture view appear white, where the similarity index is close to 1. In contrast,
the regions in the image least similar appear red, where the similarity index is close to 0,

as shown in Fig. 7.8.

For depth estimation we use a depth from defocus technique that uses the focal stack
images and an all-in-focus image to estimate the depth map. As the number of images in
the focal stack govern the resolution of the depth map, the accuracy of the synthesized
light field images reduces as the number of focal stack images reduces. Table 7.1 shows the

average PSNR and SSIM for the proposed algorithm for different numbers of focal stack
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(C) ‘Dino’ image

FIGURE 7.7: Visual comparison for the ‘Boxes’, ‘Cotton’, and ‘Dino’ images synthesized
leftmost horizontal sub-aperture view and the SSIM with the ground-truth sub-aperture
view for the proposed algorithm, Zhang et al. [9], Kalantari et al. [10] and Chao et al. [11].
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FIGURE 7.8: SSIM error map colorbar.

TABLE 7.1: Average PSNR and SSIM for all images in the dataset using focal stacks of
varying sizes. For focal stack with 5 images, the focal stack images used are captured
between the maximum and minimum depth value for the depth range of each image.

41 21 17 5*

PSNR 33.69  32.23 31.5 29.63
SSIM  0.9588 0.9461 0.9395 0.9052

images used for light field synthesis for all images in the dataset [3]. It should be noted
that for the sake of generalization, the focal stack images are captured over the entire
depth range for the synthetic data; that is, from -4 to +4 irrespective of the depth range
of individual images in the dataset. So even though the number of focal stack images for
light field synthesis are 41, 21, and 17 in Table 1, the focal stack images that have regions
in focus are less than the total number of images in the focal stack. We chose the number
of focal stack images as 41, 21, and 17 as these values generate consecutive focal stack
images at a depth difference of 0.2, 0.4, and 0.5, respectively, for the depth range of -4 to
+4. Furthermore, only the images that have regions in focus contribute to the estimation
of the depth map. For a focal stack with 5 images marked with a **’ in Table 7.1, the
focal stack images are captured between the maximum and minimum depth values for the

depth range of each image.

7.3.2 Quantitative Analysis

The quantitative results are divided into two parts, as the method of Zhang et al. [9]
only generates the central horizontal sub-aperture views. Fig. 7.7 and Table 7.2 show the
visual comparison and quantitative results for the left most horizontal view for the Boxes,
Cotton and Dino image for Zhang et al. [9], Kalantari et al. [10] and Chao et al. [11] using
the PSNR and SSIM metrics. Table 7.3 shows the average PSNR and SSIM for Zhang et

al. [9] and the proposed algorithm for the central horizontal views for all the images in



130 Chapter 7. Light field image synthesis

TABLE 7.2: Quantitative comparison for leftmost central horizontal synthesized view for
images shown in Fig. 7.7.

Boxes Cotton Dino

Our result

PSNR 28.41 44.99 38.42

SSIM  0.9313 0.9953 0.9901
Zhang et al. [9]

PSNR 21.50 25.72 23.15

SSIM  0.6362 0.7390 0.6801

Kalantari et al. [10]

PSNR 19.74 17.21 19.16

SSIM  0.8139 0.8902 0.9207
Chao et al. [11]

PSNR 27.34 24.85 19.67

SSIM  0.9260 0.9357 0.9355

the dataset [3]. Table 7.4 shows the average PSNR and SSIM for Kalantari et al. [10] and
the proposed algorithm for 8 x 8 views for all the images in the dataset [3]. For Chao et
al. [11], since 20 images are used for training the network, Table 7.5 shows the average

PSNR and SSIM for the 4 test images in the dataset [3].

7.3.2.1 Quantitative analysis for central leftmost horizontal sub-aperture view

The ‘Boxes’ image in Fig. 7.7 consists of a crate with books in the foreground and bags
in the background. None of the algorithms can accurately synthesize the fine criss-cross
pattern on the crate, as shown by the yellow and red regions in the SSIM error map of
Fig. 7.7(A). While our algorithm can still maintain the criss-cross pattern of the crate, the
results for Zhang et al. [9] show distortion for this foreground pattern. For Kalantari et
al. [10], the criss-cross pattern is invisible in some regions in the synthesized view, whereas
for Chao et al. [11], the pattern appears to be doubled. The results for Zhang et al. [9]
also show distortion around the edges of the crate and the box placed on the crate. For
the view synthesized by Kalantari et al. [10], the thread pattern on the box placed on

the crate is synthesized inaccurately, and the pattern appears twice in some regions. For
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Chao et al. [11], the boundaries of the bags in the background appear to be shifted and

superimposed on the image, making it appear blurred.

The ‘Cotton’ image in Fig. 7.7(B) is relatively simple as it only consists of a statue and
a plain colored wall in the background. Our results show that, except at depth disconti-
nuities, our algorithm can synthesize the image accurately for all the other regions in the
image: for PSNR and SSIM in Table 7.2, the accuracy is 44.99 and 0.9953, respectively.
For Zhang et al. [9] the synthesized image and SSIM error map show that near the head
of the statue on the left side, the boundaries are pixelated, and on the right side, part of
the head is stretched. It is also be seen in the SSIM error map in Fig. 7.7(B) that most of
the depth discontinuities within the statue and the shadow regions in the figure are also
incorrectly synthesized. For Kalantari et al. [10], we can see from Fig. 7.7(B) that the area
within the statue is synthesized accurately, except for the regions where a shadow is cast
on the statue. Some texture near the top of the head is missing, represented by the red
area in the SSIM error map. The image background region is synthesized inaccurately,
shown by the yellow areas in the SSIM error map. For Chao et al. [11], even though the
SSIM score is 0.9357, the structure of the eyes, nose, and hair appear to be perceptually
shifted and superimposed on the image, making it appear blurred near those regions in

the figure.

The ’Dino’ image in Fig. 7.7(C) is relatively complex as it consists of a textured wooden
background, the cast of a dinosaur shadow on the wall, and wooden toys and boxes. Our
results show a similar trend as the 'Boxes’ and ’Cotton’ images, where our algorithm can
synthesize the image accurately for all the regions in the image except at depth discontinu-
ities: the PSNR and SSIM results show the accuracy to be 38.42 and 0.9901, respectively,
as shown in Table 7.2. For Zhang et al. [9] the resultant image and SSIM error map show
that most of the depth discontinuities in the figure are also incorrectly synthesized. It can
also be seen in the synthesized view in Fig. 7.7(C) that the open wooden shelves on the left
and the wooden boxes on the right have jagged edges. For Kalantari et al. [10], we can see
that the synthesized view from Fig. 7.7(C) has no visual errors. Still, the SSIM error map
shows that most regions in the image appear yellow, implying that the accuracy of the
synthesized views compared to the actual light field view is between 80-90% (as indicated

by the color bar in Fig. 7.8). For Chao et al. [11], we see a similar trend as the 'Boxes’
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and ’Cotton’ images, where the synthesized view has regions in the image that appear to
be shifted and superimposed on the image, making it appear blurred near those regions
in the figure. This effect is visible near the dinosaur shadow on the wall, and the wooden

toys near the bottom of the image, where the image appears blurred.

7.3.2.2 Quantitative analysis for top-leftmost sub-aperture view

Since Kalantari et al. [10] and Chao et al. [11] synthesise the light field image with angular
resolution on 8 x 8 and 9 x 9 respectively, we can compare the appropriate corner sub-
aperture view to measure the algorithm’s accuracy. Fig. 7.9, and Table 7.6 show the
visual comparison and quantitative results for the top left sub-aperture view. The results
for our algorithm for the top corner sub-aperture views reduces in accuracy compared to
the horizontal views. As our algorithm uses depth maps to synthesize the sub-aperture
views, the error in the depth map for horizontal views is amplified for the top and bottom
sub-aperture views, which reduces the synthesized image accuracy for the top and bottom
views. For all images in the dataset, the accuracy is reduced for the top left view compared
to the horizontal view for our algorithm: the PSNR reduces from 33.55 to 31.24 and the
SSIM reduces from 0.9713 to 0.9525. For Chao et al. [11], the accuracy for the top corner
sub-aperture views also reduces compared to their synthesized horizontal views, but the
drop in accuracy is quite significant for SSIM. For the four test images evaluated, the
accuracy for the top left view compared to the horizontal view in terms of PSNR reduces
from 23.74 to 21.8, whereas the SSIM reduces from 0.9093 to 0.7902. In contrast, for
Kalantari et al. [10], as the input images used are the four corner sub-aperture views, the
accuracy of the synthesized views reduces as we move towards the central views from the
four corner views. For all images in the dataset, the average reduction in accuracy for the
horizontal view compared to the top-left view is a PSNR reduction from 19.21 to 18.62
and SSIM reduction from 0.8872 to 0.8071.

For the 'Boxes’ image in Fig. 7.9(A), as in the case of horizontal views, the top left
sub-aperture view also struggles with the fine criss-cross pattern on the crate, as seen in
the yellow and red regions in the SSIM error map. For our algorithm, the depth map

inaccuracies cause some regions to be synthesized incorrectly. This effect is visible above
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the box near the upper left part of the image, where the boundaries of the bags are shifted
slightly to the right. The results for Kalantari et al. [10] and Chao et al. [11] show errors
in similar regions as seen in Fig. 7.9(A), which is near the top edge of the box and the

crate.

For the 'Cotton’ image in Fig. 7.9(B), our results show similar high accuracy for the top
left view as the horizontal view, where the algorithm can synthesize the image accurately
for all the regions except at depth discontinuities. The PSNR and SSIM results shown
in Table 7.6 show the accuracy to be 43.07 and 0.9925, respectively. For Kalantari et
al. [10], we can see from Fig. 7.9(B) that the background region in the image is synthesized
inaccurately, as shown by the orange regions in the SSIM error map. Areas in the image
with shadows near the neck and shoulder are also inaccurately synthesized. For Chao et
al. [11], similar to the horizontal view, the structure of the eyes, nose, and hair appear to
be shifted and superimposed on the image, making it appear blurred near those regions

in the figure.

In the 'Dino’ image in Fig. 7.9(C), our algorithm accurately synthesizes the image for all
the regions except at depth discontinuities, where the SSIM error map appears yellow.
For Kalantari et al. [10], we can see that the synthesized view from Fig. 7.9(C) has no
visual errors with an SSIM of 0.9420, but this high accuracy is also because the corner
sub-aperture views are used as input images for the synthesis. Still, the SSIM error map
shows that most regions in the image appear yellow, implying that the accuracy of the
synthesized views compared to the actual light field view is between 80-90% (see color bar
in Fig. 7.8). For Chao et al. [11], near the dinosaur shadow on the wall and the wooden toys
near the bottom of the image, parts of the image appear to be shifted and superimposed

on the image, making it appear blurred near those regions in the figure.

In the 'Sideboard’ image in Fig. 7.9(D), our synthesized view shows errors in two regions
in the image. As our depth estimation algorithm cannot distinguish the depth for thin
objects, the ceiling wires on which the lights hang from are incorrectly synthesized. The
other error is near the bottom of the image, where the legs of the sideboard appear
distorted. Again, this is because the depth estimation algorithm misdetected the depth

of the legs. For Kalantari et al. [10], we can see the sideboard and the objects placed on
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TABLE 7.3: For comparison with Zhang et al. [9], we evaluate the average PSNR and SSIM
for only horizontal views for all images in the dataset as the algorithm only synthesizes
horizontal views.

Our result Zhang et al. [9]

PSNR 32.23 21.1
SSIM 0.9313 0.7592

TABLE 7.4: For comparison with Kalantari et al. [10], we evaluate the average PSNR
and SSIM for all images in the dataset.

Our result Kalantari et al. [10]

PSNR 33.69 18.6
SSIM 0.9588 0.8834

TABLE 7.5: For comparison with Chao et al. [11], we evaluate the average PSNR and
SSIM for 4 test images in the dataset, as the remaining 20 images are used to train their
network.

Our result Chao et al. [11]

PSNR 38.08 20.02
SSIM 0.9672 0.8901

the sideboard are accurately synthesized as these regions in the SSIM error map appear
white, whereas all other regions appear yellow. For Chao et al. [11], the pattern of the
wall and the objects placed on the sideboard appear to be blurred, which is again because

it appears as a shifted image superimposed on the image.

7.3.3 Quantitative analysis for real light field image

To evaluate the accuracy of our algorithm on real light field images, we use the 30-scene
dataset [10]. We compare the accuracy of our algorithm with Wu et al. [12], Yeung et
al. [13] and Kalantari et al. [10]. Table 7.7 shows the PSNR and SSIM results averaged
over all 30 images in the dataset. We synthesize 7 x 7 sub-aperture views for the real
light field images using the focal stack images and the central all-in-focus image. The
results for Wu et al. [12], Yeung et al. [13] and Kalantari et al. [10] were extracted from

the results presented by these authors in their respective publications. For the real images,
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Our result Kalantari et al.[10] Chao et al.[11]

(A) ‘Boxes’ image

Our result Kalantari et al.[10] Chao et al.[11]

(B) ‘Cotton’ image

FIGURE 7.9: Cont.
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FIGURE 7.9: Visual comparison for the ‘Boxes’, ‘Cotton’, ‘Dino’, and ‘Sideboard’ images
synthesized top-left sub-aperture view and the SSIM with the ground-truth sub-aperture
view for the proposed algorithm, Kalantari et al. [10] and Chao et al. [11].
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(a) Car

(b) Flower

FIGURE 7.10: Cont.
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(d) Seahorse
Ground Truth Our result
FIGURE 7.10: Visual analysis for the ‘Car’, 'Flower‘, 'Leaves‘ and ’Seahorse‘ images’

synthesized left most horizontal sub-aperture view and the SSIM map with the ground-
truth sub-aperture view for the proposed algorithm.
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TABLE 7.6: Quantitative comparison for top-left synthesized view comparison for images
show in Fig. 7.9.

Boxes Cotton Dino  Sideboard

Our result

PSNR 2752  43.07 35.92 25.83
SSIM  0.9137  0.9925  0.9808 0.9431

Kalantari et al. [10]

PSNR 19.77  17.40 19.44 20.04
SSIM  0.8417  0.9150  0.9420 0.9324

Chao et al. [11]

PSNR 23.72  24.63 19.32 19.51
SSIM  0.7938  0.8955 0.8614 0.6102

TABLE 7.7: Comparison with Wu et al. [12], Yeung et al. [13] and Kalantari et al. [10]
for the 30 scene dataset

30 Scenes dataset Owur result Wu et al. [12] Yeung et al. [13] Kalantari et al. [10]

PSNR 36.24 41.02 40.93 37.50
SSIM 0.9922 0.9968 0.98.27 0.97

TABLE 7.8: PSNR and SSIM for the four images shown in Fig.7.10 from the 30 scene
dataset

30 Scenes dataset Car Flower Leaves Seahorse

PSNR 30.02 30.98 28.27 31.04
SSIM 0.9921 0.9877  0.9786 0.9923

the depth values range from 42 to -2, as opposed to synthetic images, which have depth
values ranging from +4 to -4. Since our algorithm is a non-learning-based approach, the
only change we make to synthesize real light field images is to change the depth range,
which shows the flexibility of our approach. It can be seen from the results shown in
Table 7.7 that our approach produces comparable results in terms of the SSIM but reduces
in accuracy in terms of the PSNR values. The reduction is because Wu et al. [12] takes 3
x 3 input images and only interpolates one image between their input views. Kalantari et
al. [10] use the corner images as input and interpolate all the internal views, while Yeung

et al. [13] in their 2 x 2 - 8 x 8 set-up only extrapolate two views in both directions,
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while the other views are interpolated within the baseline of the input images. On the
other hand, we only use the central image as input and extrapolate three images in both
directions to synthesize a 7 x 7 light field image. We mainly use the focal stack image and
the all-in-focus image as input instead of sub-aperture views because sub-aperture views
are comparatively more difficult to capture. In addition, while extrapolating to synthesize
the views using sub-aperture images, we don’t have any information to fill the occluded

regions.

Fig. 7.10 shows the visual comparison for the left-topmost sub-aperture image with the
ground truth for four images from the 30-Scenes dataset [10]. Table 7.8 shows the PSNR
and SSIM results for the four images shown in Fig. 7.10 from the 30-Scenes dataset [10]. We
have chosen these images as there is a significant depth difference between the foreground
and background regions in these images. In Fig. 7.10(a), the bark of the tree covers part
of the road and the car. It can be seen from the magnified images that the bark in the
synthesized image shows no blurring around the edges near the road or the car, as seen in
the red and green magnified images, respectively. The flower scene in Fig. 7.10(b) consists
of plants and trees in the foreground and cars, houses and a man in the background. The
magnified images in Fig. 7.10(b) show that the edges of the leaves are sharp, and even
the bark with the house in the background is synthesized correctly. But closer inspection
of the image reveals that just to the left of the green magnification window, the edges
of the window on the house in the background slant a little to the right. An error of
the depth map causes this abnormality in the synthesized view. A similar aberration can
be seen in Fig. 7.10(c) in the magnified green window, but this irregularity is due to the
incorrect filling of the occluded region of the image. This irregularity can also be seen in
the SSIM map, highlighted by the dark red spots. In Fig. 7.10(d), the red magnification
window shows no blurring effect near the seahorse’s snout, but if we look closely at the
green magnification window, we notice that the gap between the seahorse and the chair
handle is less than seen in the ground truth image. This is again due to an error with
the depth map, as the car in the background or the seahorse is estimated at a slightly

incorrect depth, causing the objects to appear closer.
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7.3.4 Data availability

The results presented in this Chapter and our code are available at https://github. com/

rishabhsharma27/Light_field_synthesis_results.

7.4 Discussion and Conclusion

In this chapter we proposed an algorithm that uses the focal stack images and the all-
in-focus image to synthesize a 9 x 9 sub-aperture view light field image. We use depth
from defocus to estimate a depth map using the approach presented in Chapter 5. This
depth map and the all-in-focus image are then used to synthesize the sub-aperture views.
We show that our algorithm can synthesize high-accuracy light field images even with a
varying number of focal stack images. We also show that the information revealed from
the defocus blur in the focal stack image of regions not visible in the all-in-focus image can
be used to fill the gaps in occluded regions in both the horizontal and vertical synthesized
views. In our approach, using the frequency domain to mimic the apparent movement of
the regions at different depths in the sub-aperture view ensures sub-pixel accuracy even

for small depth values.

Fig. 7.6 in Section 7.2.3.3 represents the order in which the light field image is synthe-
sized. We start at the blue square in Fig. 7.6, representing the all-in-focus image and
the estimated depth map and synthesize the central horizontal and vertical sub-aperture
views, which in this depth map is represented by the green and yellow squares. Thus, the
orange squares can be synthesized using the central horizontal and vertical sub-aperture
views. As we use the same depth map and synthesize the central horizontal and vertical
sub-aperture views, the error in the synthesized view will occur only due to an error in
the estimated depth map or the occluded regions. But since the views represented by the
orange squares are synthesized from both the horizontal and vertical direction, we average

them to reduce the errors in the final synthesized light field image.

It can be seen from the visual comparison shown in Fig. 7.7, Fig. 7.9, and comparative

quantitative results presented in Table 7.2 to 7.6 that our proposed algorithm outperforms
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the three algorithms we have studied for both the PSNR and SSIM metrics. One main
disadvantage of Kalantari et al. [10] is that they use four corner sub-aperture views for
synthesis, and it is not easy to capture the corner views without moving the camera. Chao
et al. [11] uses a large baseline horizontal stereo pair and interpolates the horizontal views
within that baseline. Still, as no information is available for the extrapolated vertical

views, the algorithm’s accuracy reduces for the corner sub-aperture views.

Furthermore, for our algorithm, the final resolution of the light field image mainly depends
on the resolution of the central all-in-focus image. The precision of the depth map only
ensures parallax accuracy in the sub-aperture views. So even if the depth map precision is
reduced, that will only reduce the amount of parallax of the synthesized light field image.

Still, the resolution of the light field will correspond to the central view’s resolution.

Wu et al. [12], and Kalantari et al. [10] only interpolate images within the baseline of the
input image to synthesize the internal views. Yeung et al. [13] in their 2 x 2 - 8 x 8 set-up
only extrapolate two views in each direction, while the other views are interpolated within
the baseline of input images. Since these algorithms interpolate most of the synthesized
views between the baseline of the input views, they achieve higher accuracy than our
approach, but as these algorithms require sub-aperture views as input, these algorithms
are not practical for light field synthesis using 2D cameras. In contrast, focal stack images
can be captured relatively easily as we don’t need to use any additional equipment to move
the camera to capture different viewpoints instead we only need to change the camera’s

focal point.
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Future work

For the depth estimation techniques described in Chapter 5, 6, and 7, the number of depth
levels in the depth map is proportional to the number of images in the focal stack. We can
increase the number of focal stack images for the depth estimation for light field images
to improve the depth map precision as the input data is the light field image. However,
the same is not possible for depth estimation techniques in Chapter 6 and 7, as the input
data for these algorithms is the focal stack and not the light field image. As shown in
Fig. 5.17 in Section 5.3, the MSE for the focal stack patches compared to the all-in-focus
image patches traces a bell curve, where the out-of-focus patches almost fall on a straight
line, whereas, as the patches approach the focused patch we see a bell curve. In our future
work, we intend to analyze the patches that fall on the bell curve and check how the MSE
for the patches changes if we apply a blurring filter by gradually increasing the order of
blurring. This analysis would help us understand at what point the patch blurs enough
that the MSE falls on a straight line and accordingly decide the depth of that patch.

For the light field synthesis presented in Chapter 7, the number of depth levels in the depth
map is dependent on the number of images in the focal stack, so fewer focal stack images
produce abrupt discontinuities for objects with two or more depths, as shown in Fig. 8.1
(highlighted by the red squares). The image shown in Fig. 8.1 is generated using five focal
stack images. In our future work, we intend to use the focal stack images to estimate

the amount of blur for the same defocus regions between consecutive focal stack images
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FI1GURE 8.1: Error in light field synthesis using fewer images in the focal stack.

and use that information to increase the depth levels of the depth map. Increasing the
depth levels using fewer focal stack images will reduce the effect of abrupt discontinuities
for objects with two or more depths in the synthesized view, increasing the synthesized
view accuracy with fewer focal stack images. In our future work, for light field synthesis
using focal stack images captured by a 2D camera, we intend to compare our algorithm

accuracy with RVS and VSRS view synthesis algorithms [100] that use DIBR.

Our current work only verifies the light field synthesis approach using the focal stack
generated with the light field images. This makes it easy to verify the accuracy of the
synthesized views by comparing them to the sub-aperture views of the light field image.
In future work, the depth estimation techniques described in Chapter 6 could be used with
the focal stack captured by a 2D camera to synthesize the light field image. However, as
the light field image would not be available, we would not be able to compare the accuracy
of the synthesized views. To solve this, we propose a creative approach to capture the light
field image with a plenoptic camera, and then use a 2D camera to capture a focal stack
and all-in-focus image of the same scene. Then, align the all-in-focus image with the
central view of the light field image. Using the same translation parameters, finally align
all of the focal stack images. The synthesized light field sub-aperture views would then be
in-line with the plenoptic camera sub-aperture views. Even though the color of the images
captured with the two cameras would be different, it is still possible to check structural

similarity to estimate the accuracy of the synthesized light field image.
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Some commercial cameras such as Lumix [101] and Olympus [93] already have a feature
called focus stacking that can take high-resolution focal stack images and merge them
to create a sharper all-in-focus image. These cameras also allow the user to save the
individual focal stack images in the raw format. Thus, with further development our
algorithm can help to enable light field creation. In our future work, we intend to use
these focal stack images and all-in-focus images to synthesize the light field image with an
angular resolution of 15 x 15 with a high spatial resolution of the individual sub-aperture
views. We also intend to capture the focal stack with a 2D camera and align the light
field camera with the 2D camera to capture a light field of the same scene and use that as

reference views to check the accuracy of our approach.
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Conclusion

Light field images capture rich visual information by representing light distribution in free
space, allowing researchers to enhance computer vision applications’ performance, such
as depth estimation, post-capture refocusing, and image segmentation. Depth maps from
light field images play a crucial role in applications like light field image compression
techniques, reconstructing views from a sparse set of perspective views, increasing the

number of perspective views, and 3D reconstruction.

This thesis focused on novel contributions to two main issues for depth estimation al-
gorithms for light field images: depth inaccuracies around occlusions, and depth map
accuracy for noisy images. We also extended our depth estimation algorithm to synthesize

the light field image.

To address occlusion and noise-resilient depth map estimation, we proposed a depth-from-
defocus algorithm that uses the focal stack and all-in-focus image. To ensure depth accu-
rately around depth discontinuities, we used the median value of the shifted sub-aperture
images instead of taking the average value to generate the focal stack. This reduced the
defocus blur around the depth discontinuities, improving our algorithm’s accuracy near
depth boundaries. We showed that using frequency domain analysis instead of the RGB
images to compare the focal stack image regions with the all-in-focus image improved our

algorithm’s resilience to noise.
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Then, with a few modifications to our depth estimation algorithm for light field images, we
can extend it for depth estimation for a focal stack captured by a 2D camera. We evaluated
different parameters for capturing the focal stack, and showed that using an f-stop of /1.8
and a step size of 100 covered the scene with sufficient depth levels to synthesize a light

field image using the depth map and all-in-focus image.

To evaluate our proposed depth map estimation approach in a real-world application, we
presented a novel light field synthesis algorithm that improves the synthesis accuracy near
depth discontinuities. Our algorithm uses the focal stack images and the all-in-focus image
to synthesize a 9 x 9 sub-aperture view light field image. Using the depth-from-defocus
approach, we first synthesize the depth map and use this depth map with the all-in-focus
image to synthesize the sub-aperture views. We showed that by using the frequency domain
to mimic the apparent movement of the regions at different depths in the sub-aperture
view, and using the information extracted from the blurred regions of the focal stack to

fill the occluded regions, we ensured the high accuracy of the synthesized views.

Finally, to address the challenge that existing light field datasets do not comprehensively
contain the light field image, focal stack, ground-truth depth, and disparity map, we
proposed and implemented an extension to existing work on a light field camera simulation
model in Blender. This extended toolkit enables researchers to evaluate algorithms for
both depth map estimation and light field synthesis. In evaluating light field synthesis
algorithms, the focal stack of the light field image can be captured with varying camera
parameters such as image resolution, f-stop and depth of field. In addition to enabling the
evaluations of our proposed depth map and light field synthesis approaches presented in
this thesis, our extension to the toolkit will also enable advancements in CNN and deep

learning approaches that use focal stack images for light field synthesis.
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