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Streszczenie
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Celem pracy była analiza dotyczaca
˛
tworzenia i wykorzystania map
głeboko
˛
ści. W tym celu stworzono algorytmy korzystajace
˛ z informacji o głebi
˛
w celu zwiekszenia
˛
i polepszenia informacji wizualnej prezentowanej widzowi. Stereoskopia oraz śledzenie twarzy umożliwiły stworzenie symulacji holografii na zwykłym ekranie komputera, która może być dostepna
˛
do każdego
użytkownika. Głebia,
˛
jako niezależne źródło informacji została wykorzystana również podczas analizy jej wpływu na percepcje˛ obrazów. Dzieki
˛ temu
możliwe było stworzenie metody, która jest w stanie precyzyjniej przewidzieć
miejsca na obrazie, które bed
˛ a˛ przyciagać
˛
uwage˛ widza. Dla nowej technologii
light field, stworzono nowy algorytm, który jest w stanie szacować wartość
głeboko
˛
ści dla wielu obrazów jednocześnie. Ma on te˛ przewage,
˛ że informacja miedzy
˛
poszczególnymi widokami jest uzgadniana, dzieki
˛ czemu wartości
głeboko
˛
ści sa˛ ujednolicone we wszystkich widokach. Algorytmy zostały porównane z innymi obecnie dostepnymi
˛
rozwiazaniami.
˛
Słowa kluczowe: mapa głeboko
˛
ści, holografia, istotność wizualna, light field

Abstract
The objective of this work was the analysis of the creation and usage of depth
maps in terms of applications. In order to achieve the set goal, some applications
and algorithms were created, so that the usage of depth itself can improve
the quality of visual information presented to the user. Thanks to the face
tracking and stereoscopy it was possible to simulate holography on a simple PC.
To verify the depth influence on the visual perception, special image saliency
measuring algorithm was created, which, through the depth usage can better
predict places, that will catch user’s attention. Finally, using the new technology
- light field, the new algorithm was created, which allows to estimate the depth
for all views at the same time. It has the advantage over other algorithms, that
the information is consolidated between the views. As a result all of the depths
in all the views are compatible. All of the algorithms were compared to other
solutions that are currently available.
Key words: depth map, holography, image saliency, light field
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1. Introduction
This thesis explores depth images - their generation and usage in terms
of applications. They are introducing the third dimension to normal images
shown on the computer screen and, what is straightforward, more data to
analyze. Having another source of information gives user the possibility to
improve results of computer vision algorithms or create applications, which
have not been possible to create before.
We now elaborate, motivating the work by short analysis of the current
situation on cameras and film market, by showing requirements of the users
and areas with the opportunity for improvement, and provide context for
discussing the contributions and thesis structure.
In 2009, thanks to the premiere of ‘Avatar’, stereoscopy has got much
interest in the industry. The movie was the first one created in 3D and shown
in the cinemas. Thanks to its novelty, even now it is the most profitable
movie in the whole history of cinematography [4]. After such success, many
film companies tried to achieve the same success, but many of them failed,
because of the bad stereoscopic content. Many people claimed that for them
3D movies are hard to watch, as they cause headaches and other discomfort.
Some of the problems were resolved during the years, but some were not. This
will be described in the chapter 2.
After such big hype for the 3D technology, some people claimed that it is
over [1]. The author described mainly the television market, where nowadys
the main trend is High Dynamic Range (HDR) and pursuing after higher
and higher screen resolution. If it comes to this market, it is mainly true,
because the 3D technology used in TVs were immature, what led to poorly
created content. But this is not exactly the same for the film industry. Currently in the cinemas, there are a couple of movies that are shown with 3D
technology, so the technology is not dead. People, that are creating stereoscopic content, are getting better and better in converting 2D movies to 3D
ones.
There are some authors, who confirm progress in the area of 3D technology [2, 6]. It has slightly changed direction, so instead of creating TVs with active or passive stereoscopy, people are thinking about creation of the light
field display. Such display will allow to see 3D content without any glasses.

1
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CHAPTER 1. INTRODUCTION
Main problem with the lightfields is the amount of data needed to allow watching even the static scene from many points of view. Another branch of the industry, which is using 3D technology is the virtual reality. Many companies
have created their own solutions for creating virtual environment for computer
games players, but for now, the technology is immature and really expensive
to be available for everyone. However, thanks to the big development in this
area, things should change in the coming years. Confirmation of this words is
the recent product of PanaCast company, which created the VR kit for stereoscopic 3D real time video streaming [5].
Film industry or television market are not the only ones that have got profit
from stereoscopy. In other areas, such as medicine, it is also needed. Recently,
3D stereoscopic displays were created for endocopic surgery [28]. Authors
claim that, with the usage of such display it was possible to improve accuracy
and reduce the task workload.
Depth images (depth maps) can be created in many ways. The simplest
method for acquiring the depth image is to use a special camera, that will
capture the distance to objects. The problem with such devices, is that usually they capture low resolution, poor quality depth images [3]. Usually,
after capture such images need to be processed before further image analysis or usage in application. Another possibility for depth maps creation
are methods with origin in image processing. There are lots of algorithms,
starting with cross correlation and ending with neural networks, that can
estimate depth from a pair of images. Usually, the problem is precision
and time of the processing. There are several problems that should be handled with depth estimation, such as specific properties of objects in the scene.
For example specularity can cause most of the algorithms to fail the estimation. It is hard to estimate the depth for the stereoscopic content, so for 2 images, in reasonable time with satisfactory precision, but it is even harder
for the lightfields. In this case, there are more images for which the depth
should be estimated. As it has been mentioned before, now lightfields are getting more and more popular, so there is a need for quick processing of such
data source.
Because of the growing needs of the computer user, this work explores
the issue of holography. Normally the hologram is created using complicated
optics and lasers. It gives a possibility to see presented objects from different
points of view. Holography can be also connected with virtual reality. It should
give user the impression that the watched object is real. It can be achieved
in several ways, starting from simulating the effect and ending with really
using the VR googles.

2

CHAPTER 1. INTRODUCTION
Virtual reality can be problematic in many ways. First, amount of data
needed for the good quality content is twice as much as usual, because
the scene needs to be rendered for left and right eye. Second, the time
of the data processing must be really small, because images should be shown
with 60Hz for an eye, so 120Hz for a scene. One of the possibilities to reduce the need for better and better hardware is usage of the computer vision algorithms for predicting user’s eyes movement or finding salient objects
in the scene. That will help to transfer only the needed data, without the necessity of rendering always the whole frame.

1.1. Motivation and research contribution
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The main thesis of this work can be stated as follows:
1. Usage of depth information helps to provide new experiences for the user
and can be useful in terms of creation of new applications
2. Depth as an independent source of information allows to enhance existing
methods of computer vision and improve their performance.
3. Estimation of the disparity can be quick and robust for light field technology with large baselines, what makes possible to ameliorate applications
for the film industry or to create new types of effects in post processing.
The author of the thesis was interested in solving the problems mentioned
above. From the development and research around these topics, author can
form contributions listed below:
1. Identifying problems and the need for development in area of depth estimation and usage
2. Creation of two applications, which simulate holography
— Simulation of holography based on stereoscopy and face tracking,
where we showed the possibility of giving user the impression of looking
at the virtual object, even if it is the artificial one [23].
— Improved simulation of holography based on stereoscopy and face tracking, where we added new possibilities for virtual objects control and improved stability of the pipeline [24].
3. Interactive depth estimation for large baseline lightfields, where author took
advantage of having redundant data [26].
4. Creation of the algorithm for saliency estimation with the depth usage,
what gave the possibility to handle the problems, where other algorithms
fail [25].

3

1.2. Document structure
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The structure of the thesis is as follows. Chapter 2 gives the general background for the next chapters. Some chapters also expands this section to more
specific background for narrower concepts. Chapters from 3 to 5 are primarily
composed of our publications, with some contextual changes. They present
the possibilites of the depth maps estimation and possible usage in applications. The results given are unaltered to the one presented in our publications,
even if the newer hardware is present. In the chapter 6 we present possibilities
to improve even more our work and conclude all of the chapters.

4

2. Background
This chapter elaborates on the theory of depth images. It will include depth
maps capturing and estimation, as well as a description of human visual
system. It will present why it is important to include depth in calculations
connected with computer vision.
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2.1. Human visual system
This thesis is about the image processing, so it might be surprising why
there is a section about the human visual system. The reason for this is
the difference between displayed image and perceived one, what leads us
to the field of computer vision.
Human visual system as part of the central nervous system is very complicated mechanism. It allows to capture, process and interpret visual information coming from visible light. That gives us the possibility to build
the interpretation of surrounding environment.
Organ of vision consists of two parts: eyes and accessory organs. Parts
of an eye are the eyeball and the nervous opticus which connects the eyeball
with the brain. To the accessory organs belong muscles of an eyeball and protective devices, orbital fascia, eyelids, conjunctiva and lacrimal apparatus [90].
We are mainly interested in the mechanisms of the eyeball, a model of which
can be seen on 2.1.
Humans use two mechanisms of the visual system to perceive depth: eye
accomodation and eye vergence. Sometimes they can contradict with each
other, which can lead to visual discomfort during watching 3D images (section 2.2.2).
2.1.1. Eye accomodation
This is an ability to see clearly items located at different distances. During
watching items that are close, the Müller’s muscle shrinks and the Zinn’s
ligament relaxes and the lens, thanks to it’s own elasticity, increases it’s
convexity. Then the lens refracts light rays, so that the sharp image falls
on the retina. During watching further items, the Brücke’s muscle shrinks,
Zinn’s ligament stretches. Finally, the lens reduces it convexity and it refracts
light rays in a correct way.
5

CHAPTER 2. BACKGROUND
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Figure 2.1: Schematic profile of an eye (from [10]).

2.1.2. Eye vergence
This mechanism allows to provide single vision of an object by bringing
the images of a bifixation target onto corresponding retinal points in the two
eyes [22]. When observed object is changing depth, then the brain recognizes
the change in position of the retinal images, what causes extraocular muscles
to bring these images into the proper position.
Eye vergence can be divided into convergence and divergence. The first
one is simultaneous inward movement of both eyes toward each other. This
causes the creation of a single binocular vision, when viewing an object [15].
The second term describes the situation, when both eyes are moving away
from each other. In the case when one eye can move separately from the other,
one can have some dysfunction, which leads to incorrect depth perception.

2.2. Stereoscopy
In this section we provide some information about the stereoscopy and potential viewing problems. Next we give some insight into depth: its capture,
estimation and usage in some applications.
2.2.1. Stereopsis
Human visual system to perceive the scene as a whole, combines information from many cues like color, contours or occlusions. But to perceive depth
there is a need for more. To see in 3D human visual system uses stereopsis,
which is the most influential cue [67] and enables to measure the distance
6

CHAPTER 2. BACKGROUND
to objects. It is possible because of the binocular vision. Every eye sees
the place from slightly different positions. Later the brain uses two snapshots of a scene to estimate the depth. Stereopsis has really strong impact
on viewing experience. Even if the 3D is quite popular in the movie industry,
there are several problems that should be handled before presenting the final
content to the user. Badly simulated stereopsis will result in visual discomfort
of the user, which can cause headaches or nausea.
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2.2.2. Visual discomfort
One of the most important things during film 3D film watching is comfort,
which can be spoiled by many sources. One can ask: why is it even a problem?
Why can this happen? When we watch our surrounding, usually there are no
problems with perception of depth (exception are the people, who are stereo
blind). The problem arises during watching 3D movies on screen.
Normally when the problem with observation of an object occurs, people try
to change the viewing position. Of course this cannot happen while watching
a movie or playing a computer game. Changing viewing position in this case
give us nothing, because the information, that is coming from the screen is
limited.
Examples of such situations are quick, dynamic changes of the content
of the images. Normally, people are not used to things, that can exist in games
like flying bullets, quick camera movements or dynamic zooming. The problem of course can also happen, because information shown on the screen is
coming from the 2D image, so the depth can be incorrectly defined. The discomfort of the user is caused by two things: accomodation - vergence conflict
and rivalry.
The accomodation - vergence conflict is caused by the mechanisms of eye.
Eye accomodation and convergence are connected because of the purpose
they are serving [49]. The conflict occurs because the accomodation makes
the eye adapt to flat screen, when convergence can change in time according
to the sign of the disparity.
Human visual system can tolerate such conflict only in some limited
area [79] called comfort zone. It is also possible to manipulate the depth,
to make every object present in comfort zone. One may think, that this
will lead to good stereo image, but the problem, that can occur is flattening of the depth. So instead of a 3D object, users will observe an object
with smaller depth than they expect.
It is possible to move everything back to the comfort zone and there are several works about it. Jones in [44] described a method for controlling the camera movement in a way, in which every object will be perceived in a comfort
7
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zone. Lang in [50] proposed a method for nonlinear changes of disparity,
instead of a camera position, to improve user’s experience.
Even if an object is in the comfort zone, that does not guarantee that images
will be fused. To make it happen, all disparities should be limited to a specific
range and be present in Panum’s fusional area [41, Chapter 14]. To make
images possible to fuse for the user, they should not differ much from each
other. Otherwise, it will lead to the rivalry [41, Chapter 12] - when the watched
images generate not a stable view, which is changing in time. In real life this
can happen during view dependent effects like reflections or refractions. When
images are outside the Panum’s fusional real, they generate double vision.
If it comes to the rivalry, it can be divided into several types [41, Chapter 12]:
—
—
—
—

Area rivalry
Area-contour rivalry
Contour-contour rivalry
Mosaic rivalry

Depending from the type of the rivalry, watching different images lead
to different results. For example for the first case, watching homogenous
regions of opposite contrast will produce a shimmering region of variable
brightness. For the last case, watching images with horizontal lines for one
eye and vertical lines for the other. In such a case one will see vertical lines
in some regions and horizontal in other, with the regions constantly changing.
2.2.3. Depth capture
There are several ways of capturing depth information from the scene [74]:
—
—
—
—

Laser scanners,
Structured light
Time-of-flight cameras,
Stereo based methods

Laser scanners give the possibility to acquire data with high precision.
However, their main drawback is the fact that they do not work in real time
and their cost is high, because such system should consist of laser and mechanical mirrors to scan the environment.
Structured light systems can perform in real-time, but usually it is really
hard to achieve. Another weak point of this solution is that they measure
direct depth value only in the places that were illuminated by the light pattern.
Depth values in other places are obtained by interpolation or surface fitting
just like in the case of stereo based methods. Precision of such system can be
8
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good, but it needs a lot of calibration and it highly depends on the setup
and it’s parameters.
Time-of-flight cameras give a possibility to acquire 3D surface information
in real time and currently it is the cheapest way to get depth information
for the scene. To compute the distances, camera evaluates the phase shift
between a reference (emitted) signal and the received one. Emitted signal is
usually a non-visible light, which is close to the infrared spectral range. Such
camera can work out of the box, without any complicated calibration, and it
is safe for the user, not like the laser scanners, where special eye protection is
needed.
The last category are stereo based methods, which will be descibed in another section.
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2.2.4. Stereo disparity estimation
Disparity estimation is a known problem of the computer vision. It can be
easily solved for the lambertian surfaces, but it’s getting more and more
complicated where there are two or more values of depth in one place, so
in presence of reflection or refraction.
In the first case, the solution is point reprojection of points from the left
image to the right one. In this case, the problems can only occur in areas
of occlusions or featureless regions [75]. Another complication of the scene
is transparency. It causes, that in the same place we can have two values
of depth: the value for the transparent object and the one behind it. After
simple decomposition of the image into layers: transparent one and lambertian one, it comes down to the first solution [85].
After we start adding more and more complicated surfaces, the problem
becomes really costly to solve. Even for the specular case, most existing
solutions are working only for specific cases like flat mirrors [80]. In the scene
there can also be surfaces like glass, so the ones that can refract the light.
Thanks to phenomenon of refraction, it may happen that, mulitple points
in the scene can be projected to multiple points in the image with a different
value of disparity. There can also be more complicated cases, like the light
going through the medium with variable index of refraction, diffuse surfaces,
diffuse reflections or refractions.
The reflection and the refraction case was solved in [29] for the rendered
scenes. Authors proposed the method, which first decomposed the scene
into ray tree and estimated depth for each layer separately. Such approach
allowed manipulation of the disparity for different depth of reflection or refraction. It also solved every problem of the computer generated images
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for the stereo, because it gave the possibility to reduce problems of accomodation and vergence conflict and rivalry.
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2.2.5. View-dependent systems
View-dependent systems must consist of at least three parts: a computer,
a device for gesture or position tracking and a device for presenting information for the user. A typical device for gesture tracking is a webcam,
but nowadays there are several systems (for example HTC Vive) that allow
tracking in many dimensions such as: head position and gestures at the same
time. There is a possibility to present information to the user in many ways
but the most common is a screen.
The name of such systems comes from the fact, that what is presented
to the users depends on the direction and the point where they are looking at.
That creates the need for the view-dependent renderer, which will allow to generate a new content according to the user’s position, preferably in real-time.
There were several attempts to create such systems, one of them is a work
by Slotbo [81]. They used a system that consists of two cameras, which created
an input for the renderer. Their work showed the system that can work in real
time, but without the stereoscopy. Other authors in [40], introduced perception to such systems. They changed frustum from symetric to asymetric one
to achieve the most correct 3D perspective of a scene. That also helped them
to reduce distortions. In [17] authors introduced a new interface for manipulating virtual object. With the stereoscopic rendering user had the impression,
that the changed object was in front of him.
Another possibility to create such systems is the usage of the depth cameras instead of a single one. Authors in [103] proposed a method for user
tracking with the depth usage. They showed a possbility to add a motion
parallax to the rendered image. They also introduced many applications such
as box framing or generating pseudo 3D effects.
Different types of view-dependent systems are the ones, that map all
of the content to the real surfaces. Such system is really close to the virtual
reality. But the main problem in this case is projection. This problem was
for example solved in [33]. Authors proposed the method for 3D projection
on flat surface, what created the new controller - user could walk around
to see environment changing. In the work [70], authors showed the possibility to create view-dependent system for many projectors, which were working
dynamically. Presentation of information for the user is not limited to screen
only, which is a real advantage.

10
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2.3. Image saliency
In this section we provide a short survey of existing methods for detecting
salient objects.
There are many methods that tried to compute saliency. First they can be
divided into two categories:
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— biologically inspired,
— computionally oriented.
One of the most known papers representing the first category is the work
by Itti et al. [42]. In this work the authors take into consideration several
features of an input image, such as color, intensity and orientation. They
are computed by Differences of Gaussians and combined into feature maps
from which the final saliency map is computed by using winner-take-all strategy. The problem with this method is that it can overemphasize small local
features, what can be less effective if such maps are used in applications.
Another approach to saliency estimation, which represents the second category, is taking all computations into frequency domain [37]. Such an approach can better preserve the image structure, but it tends to highlight edges
instead of whole objects.
There is also a possibility to use another division for image saliency estimation methods:
— local methods,
— global methods.
Local methods involve per pixel comparisons in the neighbourhood [58]
or histogram usage [18]. Global methods compute saliency using image
patches [34, 55]. They can find a salient object, but tend to omit its local
features. The method presented in [68] is using Gaussians to determine important objects in the image. Currently, this is one of the best methods that is
using only color information for computation. It decomposes saliency estimation into four steps involving abstraction, uniqueness, distribution and combination of all into a single map.
There are also more complicated approaches, such as the one proposed
by Liu et al. [55], which uses conditional random fields. Another one is 3D
histograms usage, as it is proposed in the work of Cheng [18].
Recently, because of growing popularity of stereoscopy, there have been
attempts to involve depth and comfort into saliency estimation. Niu et al. [65]
showed the possibility of the accommodation-vergance conflict usage. They
showed that salient objects tend to be in the comfort zone. In the work
by Cheng [20] the authors use depth contrast as one of the factors, as well
11
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as the center bias (because people tend to look at the center of an image).
The final disparity achieved in their work gives too much weight to the background and tends to be segmented into large patches.

2.4. Light fields
In this section we provide some information about the light fields: how
to capture them and how to estimate the depth.
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2.4.1. Definition
To describe best what light field is, there is a need to compare it to a normal
photography. The traditional camera perceives the image as the human eyes.
So, the light passes through the lens and aperture and hits the sensor to create the image from scene. This type of camera captures only the light’s
color and intensity. The light field camera can capture all of the information
as the traditional camera, but from many points of view (so from left to right
and from top to bottom and all of the points in between). Thanks to many
vantage points, the light field captures also the angular information.
As an example of usage, imagine the scene like in the fig. 2.2, which is
captured using the light field camera. Thanks to so many vantage points,
it is possible to change the position of the virtual camera (which cannot be
done in traditional photography) and observe the colorful balls from different
persepctive or even this can allow to notice them, what was not possible before.

Figure 2.2: Thanks to so many view points and depth estimation, the virtual
camera can be created.
The light field can be defined by the 4D plenoptic function. In literature
they are called the 4D light field [51] or the lumigraph [35]. The simplest
12
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definition of the light field can be done by using two planes parametrization
fig. 2.3. The first one st describes the 2D position of the pinole within 2D
surface. The second one uv determines the position of the pixel on 2D sensor.

Figure 2.3: Lightfield can be parametrized by the 4D function L(s, t, u, v). st
plane - position of pinhole, uv plane - position of pixel on sensor.
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2.4.2. Light field capture
The best light field capture will be characterized by the high angular resolution - dense sampling of the different view points over the large baseline.
This combination is really chalenging in terms of data size and capture costs.
Because of this, all of the commercial products have small baseline, that includes: Lytro [64], Raytrix [69], Pelican [87] or Fraunhofer [12] and research
prototypes such as programmable apertures [53] or kaleidoscopic imaging
[59]. Scaling such devices will lead to products with enormous size. Even
if it will be possible, the maximum distance between captured views is limited.
This can be overcome by array-based light field capture devices. Even
then there are some limitations starting from the capture resolution, following by the shape of the capture or scene itself. For example in [32, 60, 95, 100]
resolution is not full-HD, which is the smallest one that should be used in production. The resolution problem was resolved by the Ziegler et al. [106]. They
created and array-based system with low number of cameras, which thanks
to the depth-image warping enabled video capture. In many of the capture
devices the shape can be only rectangular [86, 109], what can be problematic
for same specific cases. There are also Gantry-based systems [46, 52, 93],
which can capture dense light fields, but only for static objects.
The problem with camera arrays is that in all setups (small array, large
array and sparse array) they have three goals, which are competing with each
other:
1. Viewport Flexibility
2. Image Quality
3. Storage and resources
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The first one - viewport flexibility, determines how much the virtual camera position can be changed. The second one is quite obvious, it describes
the quality of the image coming from a single camera in array and the one
that can be reconstructed. The last one describes how much disk space is
needed to save the whole light field.
In case of the small array it is easy to store the data and thanks to the low
number of images, the image quality can be good, but possibilities to move
the virtual camera are very limited (because of very few cameras). The second possibility of so large array preserves the image quality of new created
views. It also improves the flexibility, thanks to the larger number of cameras,
but because of that, the storage needs to be bigger. The third, so the sparse
arrays in comparison to two previous approaches, have met 1st and 3rd goal,
but the image quality of reconstructed views is much lower.
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2.4.3. Light field depth estimation
Most of existing light field depth estimation algorithms [16, 53, 59, 83, 91,
101, 104] rely on densly sampled input, as it is produced by commercial
devices. Even then they need lots of computational effort. Example processing
rates reached by the algorithms are 30 minutes for CPU implementation
reported by [53] or 240 seconds achieved by a fast variant approach of Wanner
and Goldlücke [93].
In case of densly sampled input, there is a possibility to use structured
tensors on epipolar images [93] or phase space [104]. These approaches are
not applicable for the array-based sparse light fields.
For sparse light fields, depth can be estimated by plane sweeping [100,106].
The problem in this case is scaling. The more views, the higher resolution
and larger baseline, the more time is needed to calculate. This algorithm needs
to check each depth hyphothesis for each camera. So everything together
with lots of variance in depth leads to non-interactive rates.
There are also approaches for multi-resolution multi-view matching.
The one proposed by Umlauf and Denker in [27] does not use any confidence
and luminance guides, what can cause blurry edges in depth maps. Some
of the algorithms in literature are handling the occlusions [53, 96], but because of working at single resolution it limits the speed and cannot work
interactively.
2.4.4. Large baseline correspondences
In the case of large baseline, it can be hard to find corresponding image
features, because they can be hundreds of pixels apart. In this case none
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of the existing algorithms for small baseline can be used, they are not applicable. Some algorithms that can handle such big differences are proposed
in [63,100], where the authors preserve luminance edges. There are also some
modern innovative approaches, where everything depends on the objective:
quality [38, 78], real-time [39, 72]. There are also some specific alogrithms
for a small number of views (for example 3 or 4), which can perform fast
multi-camera depth estimation [30, 107].

15

3. Holography simulation
This chapter is based on two articles: ’Simulated holography based
on stereoscopy and face tracing’ [23] and ’Improved simulation of holography
based on stereoscopy and face tracking’ [24].
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3.1. Holography
To start with the simulation, we need to know: what holography is and what
it gives to the potential viewer.
In brief, holography can be described as the physical structure that uses
phenomenon of diffraction of light to generate images. This term can be used
to name the encoded material as well as the new image.
Holographs are created with using lasers and the special setup as it can be
seen on fig. 3.1 for them. There is a need for the special recording medium
and the environment that will allow the lasers beams to intersect. The laser
beam is splitted into two identical beams. The first is directed at the object,
what results in reflecting the light onto the recording medium. The second
beam (reference beam) is directed directly at the recording medium and allows
to create more precise image. A hologram, so the recording medium captures
the interference of the light beams. The most common medium for the hologram is a photographic film with addition of light-reactive grains. Obviously,
the recreation of the object is not the only application of the holograms. They
are commonly used as the security assurement in credit cards, driving licences
and so on, because nowadays it is nearly impossible to fake the hologram.
Holography is quite similar to the photography. However, photography captures only the single area of perspective whilst holography captures the whole
area of the interest (the whole area of perspective). It serves as the ’window’
that can be used to look at the object.
What everyone will notice when looking at the hologram are the changes
during observing it from different points of view. It is similar to looking
through the window, so when one will move more to the left, it will allow to see
objects that are more to the right and were not visible at the first glance.
Sometimes, the methods that are projecting and reflecting images are called
holographic, because of the quality they provide. Example of this effect
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Figure 3.1: Setup used for recording a hologram.

are the ghosts created by Pepper in 1860s [77], where he mixed the reflection with the scene beyond.
What is really interesting in holograms is their ability to show the different
views of the object. Next two works [23,24], have the aim to create the interface
for the user, that will allow to recreate ’viewing through the window’ property
of the hologram.

3.2. Viewer’s Setup
In creation of view-dependent systems, the problem always constitutes
their availability for the user. To overcome this issue, the main source of information for the system are the images coming from the simple camera. This
device does not need to have any additional sensors, so every device, which can
be bought by every user or it is provided with the laptop is enough. In the system setup, the camera was placed above the monitor. The schematic drawing
of the system can be seen on the fig. 3.2. That allows to observe the user
and restricts impact of the environment to the final image.
Camera, as an the input device, captures the images of the user, who is
using the system. That allows to detect and track user’s movements. Tracking
gives the possibility to simulate the main property of the hologram - looking
at object from different perspectives gives different results. In the setup there
are not any restrictions for the user’s head movements - user can move their
head freely.
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Figure 3.2: Schematic view of the system.
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3.3. Method’s intoduction
The first attempt to create a system to simulate holography’s properties
was presented in [23] and here it will be treated as a base for the improved
method. In the next version of the system, which was presented in [24], we
added some functionalities and improved the stability of the system.
The first thing that can be noticed by looking at every view-dependent system is that always some tracking is involved. This operation allows to create a human-computer interface. Such interfaces start with simple key
presses, by mouse pointers and finishing with special systems of virtual reality, which track every movement of the user, including walking, hands waving
and changing poses.
The first thing that comes to mind as the idea for the content adjustment
by tracking is eye tracking. However, there is one problem specially linked
to holography: holographic object should be perceived as the three dimensional item. To show the user 3d content we need to use the glasses or special light-field monitors. Because of the price, the second option is not available for everyone, so the choice fell on the glasses. We considered anaglyph
and row-polarized glasses, but both affect the possibility to find eyes and track
their movements.
The main problem is feature finding, which can be later used for tracking and at the same time the technique should allow to present 3d content
on the screen.

3.4. Face detection
In our case, we want to simplify the interface as much as possible
and at the same time we want to keep the immersion of the user, so that
18
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he or she can observe the object from different angles without any special device. To make it possible we chose face detection and tracking as our interface
between human and computer. The face tracking technique allows to easily
adjust the content on the screen to the user’s movements. This technique
allows the user to wear 3D glasses during watching the content on the screen.
It is more robust solution, because the user can also wear the glasses during
the face detection step. This makes it easier to use the system without any
special preparations.
Solution that was chosen for the face detection was Viola-Jones framework
[88]. This method uses pixels from the image directly and because of this
fact, the lighting conditions should be very good to make it work correctly.
There should not be any or at least there should be really small number
of over- and unsaturated regions. Like every method for detecting objects, this
also needs to find some features in the image. Detection features are based
on Haar wavelets and they are represented by combination of rectangular
regions. Each rectangle consist of two kinds of pixels: white and shaded ones.
The value representing every region can be calculated using 3.1.
f eature =

WR
X

P (i, j) −

i,j

BR
X

P (k, l)

(3.1)

k,l

So the value of the feature is the difference of the sum of pixels (P ) in white
regions W R and the sum of pixels in black regions BR. At the first glance, feature calculation looks rather primitive, but it has very big advantage over more
complicated methods - it can be computed in constant time. This is possible
by usage of the integral image. Integral image is a method for generating sum
of values in a rectangular subset of grid. The base of this method is a summed
area table (SAT), which consist of the sum of the features above this point.
Every point (x, y) in the SAT is the sum of all of the values above and to the left
of (x, y). This can be simply described by the equation 3.2.
X

SAT (x, y) =

P (i, j)

(3.2)

i<x,j<y

Once the SAT is constructed, every rectangular feature can be calculated
by only four table reads. Using the example that is in the fig. 3.3, the final
value of the feature in the red region can be calculated as the D − B − C + A.
AdaBoost [31] was used as the main method for selection of features
and training classifiers. Because view-dependent systems needs to work interactively, we used cascade classifiers fig. 3.4. There is a set of them, and every
classifier works only on the data that is provided by the previous one. This not
only speeds-up the training but also the detection step. As it can be noticed
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Figure 3.3: Schematic image of feature calculation using integral image.
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in the fig. 3.4, rejection can happen on every step of classification, which
contributes to a big boost in performance.

Figure 3.4: Schematic image of the cascade classifiers activity
There are many other possibilities for face detection. One of them is specially adjusted histogram of oriented gradients [56]. This method can further
improve the detection of face in the image. It can be more reliable method
and it is independent of lighting conditions. The detection based on the histogram of oriented gradients (HoG) in the first step computes gradient for each
pixel in the input image. Next, the cell histograms are created by voting each pixel is giving a weighted vote for the spatial and orientation cell. To
account for the illumination changes, the cells needs to be grouped and normalized, so the image is divided into overlapping regions. The final operation is
the object recognition, which is using the SVM classifier or a neural network.
The HoG owes its effectiveness to the descriptors which in a quite good way
describe the object that needs to be recognized.
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3.5. Face tracking
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After the detection step is done, the follow-up is the tracking. There are
many methods developed for this reason, for example: Kalman filter [45],
particle filters [62] and optical flow [57].
Kalman filter [45] works on a series of measurements that are used for estimation of the unknown variables. The algorithm works in two phases: prediction and correction. Prediction step should be based on some model (for example physical model) or on velocity vectors. It is used to guess the next state
of the system, in this case the next position of the user. The outputs of this
step are the estimates and the uncertainity of each of the variables. The current prediction can be defined by equation 3.3, where xk is the current prediction, xk−1 is the previous prediction, uk−1 is the control vector and the wk−1 is
the prediction noise.
xk = Axk−1 + Buk−1 + wk−1

(3.3)

zk = Hxk + v

(3.4)

Next, the measurements are done, which have some error or they are
corrupted by noise 3.4. In the equation the zk is the measurement, and v
is the measurement noise. In the correction step, the current prediction is
updated using the last measurements with some weighted average, where
higher weights are given to the predictions with a higher certainity. Kalman’s
method assumes Gaussian distribution of the noise.
Particle filters [62] are based on the Monte-Carlo methods and aim
to solve the filtering problems in signal processing. The main advantage
over the Kalman’s filter is that they can perform better in nonlinear systems. But because of the high number of particles that needs to be randomly
chosen, the computational cost of the particle filters is much higher. Similarly to the Kalman’s filter, they work in the prediction-update methodology.
The implementation of the transitions is based on the mutations and selections.
If it comes to the usage of the particle filters in tracking, the procedure maintains the distribution of the state of the object (so scale, position and so on). Such distribution is represented by set of weighted samples,
where each of the particles is trying to estimate the state of the object. In other
words, each particle is trying to guess the position of the object and there will
be more samples in the places where the probability of the object’s existance is

21

CHAPTER 3. HOLOGRAPHY SIMULATION

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-08

much higher. The distribution is propagated over time. Prediction on the position of the object is done by averaging the set of particles with the highest
weights.
Method based on the Lucas-Kanade optical flow was chosen [57]
as the tracking method. The method tries to resolve a set of equations
for each point. The main assuption of the tracked point is that the neighbourhood of a given pixel is constant, because equations describe the movement of the patch. The patch usually has a size 3x3. To solve the equations
least square fit method is used. The main problem with the method are huge
movements, which are handled by using the pyramid of images. Then all
of the movements can bo considered small, because large ones on higher levels of the image pyramid will be small. If the tracked point was not found,
then there is a need to account for it, otherwise there will be false matches
(the algorithm will find simlarly looking point, which is not the one that was
tracked). The result of the tracking are flow vectors for each tracked point.

3.6. Simulation’s description
In the proposed method we provide the example of the system which can
handle movements in three dimensions so in the X, Y and Z axis. The Z
axis has direction towards the computer screen. Additionaly to the normal
movements, the head rotations are handled, what further improves the immersion and enhances the viewing experience.
To give a user the impression of the holography, definition of the space
where the object or objects will be, needs to be done. This allows translation and transfer of the head movements to the behaviour of the object
and environment. As for the problem of holography simulation it is possible
to assume many things.
First of all, there is no sense in definition of the environment, where
the user can move freely. As a result it will be rather a kind of simulation of the reality and such case is handled by the virtual reality systems. There whole position of the user is tracked including head movements.
In the first place, it is not possible to compete with such systems. They consist of much more equipment, which is not available for every user. Thanks
to many sensors, they can be very precise.
In the case of the holography, the hologram is usually shown in one place.
That allows to make the assumption, that object in itself will not move. Even,
if it will be opposite, then adding the possibility to move around on the scene
for the user is straightforward. Environment for the observed object can be
defined as a sphere. Every object will be placed inside of the virtual sphere.
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Camera in the scene (which is controlled by the user’s movements) is placed
on the surface of it. Scene representation can be seen on the fig. 3.5. The green
chevron represents the camera in the virtual scene, the position of which is
calculated according to the user’s position in real world. The blue arrows show
the possibility that this camera can be moved over the sphere’s surface.
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Figure 3.5: Schematic image of the scene representation
Proposed system can be divided to 3 parts, where they are responsible
for different head movements. In the fig. 3.6, there is an overview of the algorithm. The paths are painted in different colors:
1. green - XY axis
2. yellow - Z axis
3. red - head rotation
The base for the calculations are the tracked points and their optical flow.
Tracking algorithm provides the flow vectors which defines the displacement
of the points in the image space. Such information is enough for the definition of the XY axis movement. Detection and tracking of the points’ movement
allows to move the camera along the surface of the virtual sphere. The two
components are influencing the rotation matrix. From the user’s perspective
this allows to watch the object from the left and right side (X component)
and from top and bottom (Y component).
To move the camera in the XY directions the equation 3.5 is used. The sum
of differences is done for every point in the set of tracked points (N ). The calculations are done between consecutive frames (current [k] and previous ones [l]).
It can happen, that the tracked point will be in constant movement (because
of the small shifts of the user’s head), so the performed calculations will lead
to the flickering of the observed object. To handle this, small movements are
thresholded and ignored later. This resolves the problem of stability in this
case.
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Figure 3.6: Visual representation of the described algorithm
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XY =

N
X

Pki (x, y) − Pli (x, y)

(3.5)
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Next type of the movement are the shifts in depth. In this case, there is
no information that can be used directly as an optical flow provides information only about the movements in the image space. The easiest way to acquire
depth is to estimate it (because, there was an assumption of the simple cameras usage only, so without depth sensors). Here, the next problem can arise.
It can happen, that the image quality is too low (too much noise on the image,
even the pixels in non moveable parts are changing and so on), so the estimation can be spoiled and lead to not correct results. To limit the error that
can occur, the consecutive frames are subtracted from each other. Thanks
to this operation, pixels with the same values are removed. To remove pixels,
that are nearly simlar, the thresholding is performed and such values are
filtered out. This operation permits not to consider invalid pixels, but only
truly changed ones. For further operations, the textures containing differences between current frame and previous one and between the previous one
and the penultimate are used.
The estimation is done by usage of the cross correlation on the previously
described textures. Cross correlation tries to find distance in pixels between
each pixel in two images. It is done in the RGB color space. To lower
the possibility of the wrong match, instead of comparing a single pixel to single
pixel, comparison is done on the window around the pixel. For each window,
X windows in the second image in the corresponding row are compared using
the SSD (Sum of Squared Distances) metric. Then, the best match is where
the SSD has its minimum and the result of the cross correlation is the distance
in pixels between the source and the corresponding pixel in the second image.
Example can be seen in fig. 3.7. The window in the left image is compared
to each window in the right image, where the center for the second window is
on the turquoise line.
The result of the estimation is the image with disparities in X axis. There is
no need to estimate it perfectly, because it will serve as the control for the direction and speed of the movement in depth. To deterimine how to make
the influence on the scene, simple sum of the texture should be done. Then
by usage of the signum function, it can be determined how the user moved.
Movement towards the camera will result in the negative value of the sum,
the opposite direction will result in the positive value of the sum.
From the user’s perspective using this calculation will result in changing
distance to the object. So moving towards the screen will help to see the object
in details. Other direction will allow to observe it in larger environment
25
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Figure 3.7: Matching of the single pixel using the cross correlation algorithm.

or just the object as a whole, if it cannot be viewed this way in a normal
position of the user. During this operation the radius of the virtual sphere is
changing. The further away from the screen the user is, the larger the radius
of the sphere is. For the user, it will be quite natural to move inside such
system.
Up to this point, movements in XYZ were described. Thanks to the stereoscopic content, it is possible to add another type of movement - head rotations
(understood as head tilting towards the shoulders). The result of this operation can enhance viewing experience by adding small amount of vertical
disparity. This type of disparity can be tricky to handle. It is quite unnatural
for people, when images in both eyes are offset from each other in Y axis.
Normally, people shift their heads only a little, so the shift is not important
and ignored. In the case of the computer system, it is possible and necessary
to generate images particulary for this type of movement. Without taking it
into account, it can happen that for the observer the final image will look
strange and felt experience will be far from real (because the computer generates only the images for a normal position). The problem with the vertical
disparity is that, too much will rather spoil the experience than enhance it.
To handle this type of motion, there is a need to estimate head tilt in XY
axis. The input for this step are the images, that are free from camera capture errors. To detect user head rotation, the first step is gradient calculation in both directions using the Sobel filter. Resulting gradient image will have
lots of unnecessary information, which are outside of the region of interest
(in this case, of course this is the head). To improve the quality of the result,
the edge detection is performed by using the Canny algorithm [14]. Because,
the edge detection can also fail for some cases, so the two morphological operations are performed: erosion and dilation. The first one helps in removing
too small groups of pixels, the second helps in closing and filling them. After
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this processing, the edge map will serve as a mask for the gradient image. All
of the small and unnecessary regions will be removed after masking operation.
To say if there was any tilting head movement, there is a need for two operations. First, prediction of the angle is performed for each pixel in the gradient
image. Because it will result in many angles, some gathering operation is
needed. The straightforward operation is the histogram calculation. That will
group calculated angles in buckets. To say which angle is the most probable
angle of the rotation, the highest value in the histogram is chosen. To get rid
of the numeric errors, thresholding operation is performed and values below
given threshold are removed. The value taken from the histogram is used
to add vertical disparity to the image.
During the previous movement types, single camera matrix was changed.
For the head tilt, stereo matrices are changed. As a result, cameras responsble
for left and right image are moved up and down respectively or the opposite,
if the tilting was in the other direction. For the person, who is not using
the system, the result will be visible as two images shifted in Y axis in addition to normal stereo.

3.7. Rendering
Two types of the rendering were tested during development of the system.
In the [23] custom raytracer was used as well as a normal deferred shading. In [24] normal deferred shading was the basic algorithm. The main reason for the reduction of rendering methods were growing computational requirements.
During the deferred shading usage only diffuse objects were considered. It
simplifies the pipeline, because none of the objects can add effects that will
cause discomfort. The only thing that can happen is accommodation and vergence conflict. Other thing is limiting too large disparties. However, as there
is no 3rd application that controls the rendering, it is possible to handle it
direclty. Too large disparities will disallow to see the object in 3D. In this
rendering, image based lighting [36] was used in addition to the precomputed
ambient occlusion [105]. This simplifies the lighting computation and helps
the system to work in real-time.
In the [23] in addition to the deffered shading also the Whitted-style [94]
raytracer [71] was used. To speed up the computation, the BVH [89] was
used as a support structure for a ray traversal. It groups the geometry
into the bounding volumes, which are in turn grouped into tree-like structure.
When ray is traversing through the scene, there is no need to check intersections with all the objects, because many collisions can be rejected on higher
27

CHAPTER 3. HOLOGRAPHY SIMULATION

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-08

level of the BVH. This results in great boost in performance. The rays, that are
responsible for reflection and refraction, are weighted according to Schlick’s
approximation [76]. This is done to omit costly computations associated
with Fresnel’s coefficients. To omit the shadows computations, precomputed
ambient occlusion [105] was used. To simplify the scene, external lights were
not created. Instead, just like in the first rendering method, the image based
lighting [36] was used.
In comparison, the raytracing is a more complicated technique, which
can cause many problems in terms of stereo rendering. It allows to create
objects, that can reflect and refract light, which can end up with adding
rivlary to the scene. Reflections and refractions are changing the direction of the traced ray, and it can end up in different places for left and right
eye. Main cause is that they are created from different camera positions.
In the fig. 3.8, there is an example of path of the rays, when they hit refractive
object.

Figure 3.8: During raytracing there is a possibility, that the rays for each eye
will hit completely different places. Blue arrows present the path
for the diffuse component of the object. The red ones show the path
for refractive rays. In the final image the diffuse disparity will be quite
normal, but the refractive one (so the distance between pixels generated
using the refractive rays) can be changing much.
The real example can be seen on fig. 3.9. As it can be noticed, because
of the glass, the two images are very different. Nowadays, there were presented
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many works that handle the problem of the rivlary or excessive disparities,
for example [29].
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Figure 3.9: Images for the left and right eye generated using ray tracing.

3.8. Results
The virtual-reality system for simulating holography was created by using
the face tracking and stereoscopy. The aim was to use as common hardware
as possible and with a limited cost. In our case, additional part was only
the camera. It gives the possibility to observe the object from different points
of view and thanks to this improve the user’s experience.
The main difference between the two versions of the system is stability improvement, revision of the movement in depth and addition of the stereoscopic
componenent, which resulted in vertical disparity.
Thanks to different rendering methods, the created system can generate
images with objects of different properties. By using the raytracing, it is
possible to generate more complicated and fancy content, but it can reduce
the speed of the system greatly. Diffuse rendering can be used to make
the system work in real-time in the first work. In the second one, even if there
is so much image processing, the system is quite responsive.
Mainly for showing the stereoscopic content, anaglyphs were used. It is
possible to make the system work also by using different types of screens. It
was also tested with row-polarized glasses.
In the fig. 3.10 is shown the movement in XY direction. As it can be observed, movement of the head in the XY plane results in the rotation of the object, which allows to see its sides, as well as the top and the bottom of the object.
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Figure 3.10: In the first row, images show normal position of the user.
The second one shows how the image has changed when the user is moving
in XY plane.

In the fig. 3.11 is shown the movement in depth. Movement further from
the screen results in moving the object further from the user. Approaching
the screen results in close-up to the object, as it will be in reality.
The stereoscopic transformation is shown on the fig. 3.12. The head tilting results in a vertical disparity addition. It can be clearly seen in the image in the left lower corner, where the boundary of the object is shifted up
for the left eye.
The main problem that can cause our pipeline work erroneously is a failure
of the tracking or face detection method. This constitutes the heart of the system, so if something goes wrong there, then the whole system fails to work.
It can be simply resolved by adding markers to track (for example glue it
to the glasses). They should be easier to find and track. There will be a limited
number of markers, where all of them are unique.
In the final system, there was not any limitation for the user’s movement.
Because of this, some strange things can happen to the content on the screen.
Too dynamic movements can cause the flipping of the virtual sphere, so the object will be seen from the other side. Moving too close or too far from
30
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Figure 3.11: In the first row, images show normal position of the user.
The second one shows how the image has changed when the user is moving
in depth.

the screen, can cause change in disparity not handled by the user - there
will be no possibility to verge on the object. For the user, it can be quite misleading, when during movement, the scene changes in the way, that it cannot
be observed any more. There are two solutions to this problem. First one, is
to limit the movement of the object in the scene. The second one is correcting
the disparity algorithmically. In both solutions, returned infomration can lead
to some difficulties on understanding how the user is influencing the scene.
The system can be developed further, by moving every component
to the GPU. Currently, the main part of the detection and tracking is done
on the CPU. Moving it to the GPU will result in better performance and allow
further optimalizations.
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Figure 3.12: In the first row, images show normal position of the user.
The second one shows how the image has changed when the user is tilting
his head.
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4. Saliency
This chapter is based on article ’Depth guided detection of salient objects’ [25].
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4.1. Introduction to saliency
To start operating on the saliency, there is a need to realize what really
catches people’s attention. To present the issue, some examples will be
analyzed.
In the image fig. 4.1 one of the item is unique in terms of color. It immediately and effortlessly attracts attention. There were many studies, which
analyzed this phenomena. The conclusion is that, if the display is simple
enough (the objects are not too complicated, not so many colors and so on),
there is no scanning performed by human’s mind. Even if there are many
other objects (called distractors) present, the attention is drawn to the one
that pops-out of the image. What can be inferenced from it, is that the whole
image is processed in parallel by the brain to find out the position and orientation of the most salient object.

Figure 4.1: Example of an image, which catches user’s attention with color.
Second example is in the fig. 4.2. This is a little bit different, because there
are no bars that are different in terms of color. But people will find the vertical
33

CHAPTER 4. SALIENCY

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-08

bar as the one that catches their attention. In comparision to the previous
example, the visual properties of the most salient bar were changed and now
they do not determine its saliency. Now, the context is more important.
By the context analysis, people will find the attractor effortlessly, so this is
crucial.

Figure 4.2: Example of the image, which catches user’s
attention with orientation.
Certainly, these are not the only criteria defining if the item will catch
people’s attention. Another can be the motion. If you consider many similar
items which moves around, but only one moves faster, then this one will be
the attractor. Single snapshot of the video with this motion, will not help
in finding salient object, so the distinct pattern in motion can be responsible
for the saliency.
If we consider more complicated examples, like in the fig. 4.3, the problem of finding the most important object can be challenging. For the first
image from the left, the object which will catch user’s attention is the fire
extuingisher, because of the much different color from the surronding.
In the second image, this applies too. However, the vacuum cleaner is also
in the center of the image, which is the first place, where user’s eyes are directed. In the third image, the most imortant object is the frame of the painting. Thanks to some specular component and it’s color, it is the first one that
will catch user’s attention.
As it can be noticed, the salience is the consequence of the interaction between stimulus and other stimuli and the visual system. Some disabilities
can help in explaining the phenomena. For example, the color blind person will have different impressions during watching the content, than the person with a normal vision. As saliency comes from fairly low levels of the visual
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Figure 4.3: Real examples, taken from the set [21]

processing, it results in nearly the same feelings during watching content,
even if the observers or conditions are different. Thanks to this property,
saliency can be compared between the people and it also allows to create
the algorithms, that can compute the visual saliency.
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4.2. Algorithm motivation
Saliency is one of the most complex multidisciplinary problems. It refers
to finding the elements that stand out from the surrounding and catch user’s
attention [43]. The problem was previously analyzed in disciplines like psychology [84] or vision perception [66].
In computer vision, the image needs to have features that will be used
to compute the saliency. Most of the algorithms use features like color, texture or edges [47]. The problem with this set of features is that they need
to be quite unique in their surrounding. If the feature is not distinguishable,
then the object will not be marked as salient, even if the object can catch
people’s attention. Example of this can be seen in fig. 4.4. The little figure is
quite distinguishable for people, but the existing algorithms will have problem
in finding this object. It is caused, by color similarity of the object to the background, as well as the repetetive pattern around, which also has the colors
as the parts of the toy.
What can resolve this problem is adding another cue to image analysis.
The independent cue from others is depth, which can come from time-of-flight
cameras or be estimated using algorithms. The main reason for using it is
how the human visual system works. It uses depth to extract 3D information from the environment. For the previous example fig. 4.4 it can help
in finding the toy algorithmically, because depth values for the toy will be
much different than the background.
Binocular vision is the people’s mechanism to acquire depth information.
We can see the surrounding from slightly different perspectives, which is
used by our brain to get 3D information. Finding objects that have similar
visual attributes, can be challenging in saliency computation. Here depth can
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Figure 4.4: Problematic saliency case for existing algorithms, taken
from the set [20]

help, because people tend to consider closer objects as more important than
the further ones. Obviously, everything depends on the conditions, because
movement of the object that is far away can spoil such assumption. Movement
is the cue that can be even more dominating than the depth.
Depth was successfully used in many applications, but only few of them
considered it in the saliency computation [20, 65]. The first work did not consider depth directly, but the disparity. They tried to consider conflict between
accomodation and vergence, to estimate, where user will look. The second
work considered depth as one of the factors during computation, but the algorithm has its downsides.
The proposed algorithm uses contrast and depth measures. It does
not need any special assumptions about the image decomposition, because it uses the image as a whole. This work proposes method which is
based on course-to-fine uniquenss measurement. This allows to speed up
the saliency computation, by going from global to local measurement. What
is more, the method tries to detect and remove false positives - so regions
that were marked salient, even if the features describe the opposite. To make
it work, part of algorithm analyses object distribution in terms of luminance
and depth. It can help to remove the repetitive patterns or parts of the image, where the color or depth gradient is the only distinguishable information.
The method uses many image processing operations and combines their result
for final saliency computation.
The motivation for creation of such algorithm is that there is no such
method, which can deal with RGBZ data in quick and reliable manner.
The proposed method, allows to analyse images and find parts of the image
which will attract human’s attention. It can also cope up with the data, where
other algorithms fail (for example the toy image from the fig. 4.4).
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Proposed method modifies the algorithm described in [68] by adding additional features and operations. The main difference is addition of the depth
influence on the final result. The complicated cases (like repetitive patterns
or gradients in colors) are handled by proposed rejection maps. To speed up
the computation, multi-scale approach was proposed. In the original algorithm, there were assumptions about the localization of the objects (distribution maps), where such assumption is not needed anymore. To make the algorithm simpler, there is no need to divide the original image into Superpixels [8].
Instead, filtering operation was used.
The algorithm can be divided into several steps, which can be visually seen
in fig. 4.5. More specifically it can be divided into following steps:
A.
B.
C.
D.

Preprocessing - applying the Gaussian blur into the input image
Multi-resolution input - creation of the mip-maps
Uniqueness maps - computation of the outstanding regions
Rejection maps - creation of the maps, which are responsible for removing
erroronous regions
E. Final image saliency - combination of the uniqueness and rejection maps
into final saliency

Figure 4.5: Schema of the proposed algorithm
Steps marked in yellow and violet can be done in parallel. The output
of these steps will be synchronized in the final step.
4.3.1. Preprocessing
The first part of many saliency calculation algorithms is the image decomposition into some basic elements. The main reason for this operation is to create homogenous looking regions with quite similar properties. In the proposed
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solution, this step is omitted and istead the image is blurred with the bilateral filter with Gaussian kernel. Such operation can help to remove noise
from the image (even if the noise will be counted as a part of the result).
Because of the edge-preserving operations it behaves in the same way as a division into homogenous regions. Problematic part of the filter is adjusting
the kernel size to remove all unnecessary information. If the size of the kernel
will be too small, then noise will be present and will influence badly further
computations. In the opposite case, it is possible that some features will be
lost, because they will be averaged with their surrounding. Thanks to the edge
preservation, the second case should not happen, if the size is chosen rationally.
During the preprocessing step also the color space is changed. All colorful
images are changed from RGB to CIELAB color space. Justification for this
operation is that we analyze the saliency for humans and the CIELAB is
the perceptual meaningful color space. It allows to be as close to the human
vision as possible. During computations, when the color changes the importance will also change. For some of the computations the depth is combined into the colorful image to create the CIELABZ image, where Z is saved
into the alpha channel.
4.3.2. Multi-resolution input
Next step is the creation of the pyramid of images, which will be used during
the computation of the uniqueness. They are typical construction designed
to be operated on the GPU. In technical terminology they are called mip-maps.
Each of the images in the pyramid is built with the 3x3 Gaussian kernel.
In the fig. 4.6 is presented typical mip-map used in the algorithm. As it can
be noticed, every level has half of the resolution of the previous level.
4.3.3. Uniqueness maps
Next step in the algorithm is assigning the value, which tells how much
pixel differs from its surrounding. The calculation is done on every level
of the pyramid. For this, equation 4.1 is used.
ULi (x, y) = W ULi−1 + (1 − W )U cLi

(4.1)

The ULi (x, y) denotes for the uniqueness for the level i. As it can be noticed,
for the final computation of the uniqueness, computations from the previous
level (ULi−1 ) is needed, as well as the value resulting from the differences
between current pixel and its surrounding on the current level (U cLi ).
For the computation of the ULi−1 equation 4.2 is used. The uniqueness
for the previous level is the weighted sum of all the pixels from the previous
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Figure 4.6: Pyramid of images used in uniqueness computation. Red
rectangle marks an example path of creation of the mip map for a single pixel.
level in a given neighbourhood N of a current pixel. The function C(x, y)
returns the color and depth of a pixel with coordinates (x, y). The weight
Wpl for the pixels above is a reciprocal of difference in colors in CIELAB space
and depth. It helps to assure that outstanding pixels will not appear of out no
where. The weight will be getting bigger, if the dissimilarity between pixels is
getting smaller.
ULi−1 (x, y) =

X

Wpl (x, y, k, l)Ci−1 (x + k, y + l)

−N ≤k≤N
−N ≤l≤N

d(x, y, k, l) = Ci (x, y) − Ci−1 (x + l, y + l)
1
Wpl (x, y, k, l) =
d(x, y, k, l) · d(x, y, k, l)

(4.2)

The value W is weight used to define the influence of the uniqueness
from the previous level. This value should be adjusted by the user. The value
0 means that the previous levels will not be taken into consideration, 1 means,
that the current level will not have any influence on the final result.
Current level U cLi is calculated with 4.3. In this equation functions P (x, y)
and C(x, y) are reponsible for reading position and color with depth respectively. The values of the differences between C functions is weighted, because otherwise, the final result can be polluted by taking too much information from luminance or depth. Justification for this is that human vision is
much more sensitive to color changes than the luminance. If it comes to depth,
it can overwhelm other sources of information very easily. Wrong weighting leads to removing outstanding regions, which are very different in terms
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of color, but their depth is nearly the same. The value of the uniqueness is
normalized by the factor Z, which is the sum of the weighs of the neighbourhood of the pixel with (x, y) coordinates. The Ws is the size of the window
around the pixel for which the calculations are made. The window is scaled
differently on different levels of the pyramid, which minimizes the number
of pixels to check. This scalling gives the possibility for the algorithm to work
locally and globally at the same time. At the higher levels, neighbourhood is
as big as the whole level, which leads to considering every pixel for every pixel.
During processing, the neighbourhood is shrinking, which leads to the refinement of the result from previous levels.

U cLi (x, y) =

1
Z

X

−1

e 2σ2 p(x,y,k,l) h(x, y, k, l)

−Ws ≤k≤Ws
−Ws ≤l≤Ws

p(x, y, k, l) = (P (x, y) − P (k, l))2

(4.3)
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h(x, y, k, l) = (Wc (C(x, y) − C(k, l)))2
The example of processing one pixel to calculate U cLi (x, y) is presented
in fig. 4.7. Considering only the differences between colors and depth
of the pixels will lead to false results, because all of them will be weighted
in the same way. To make it work better, the position is used to check, how far
is the given pixel from the one for which calculations are made.

Figure 4.7: Uniqueness measurement for one pixel (marked as the red
cross). On the level i, only the values from the surroundings of the pixel (red
rectangle) are used. Calculations are performed (yellow arrows) between all
of the pixels from the neighbourhood and the targetted pixel.
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4.3.4. Rejection maps
Rejection maps are responsible for removal of the false positives. It
can happen that the gradient of the image or repetetive pattern will cause
the uniqueness measure to mark it as salient, but this mechanism allows
to handle such situation.
Rejection maps are created on luminance and depth. Every operation is
done on each branch of the algorithm. First, the gradient of the images
is calculated by using the Sobel operator. Next, we calculate the statistics
of the gradient around each pixel in the image. It is needed to discard potentially wrong regions, the most important value is variance, which will describe
the level of the difference. The problem of such statistics is the potential noise,
because there is no propagation to the surrounding, which leads to the acceptance of the wrong regions. The simple operation that will remove too small
values of the variance is thresholding. To make the result expand to other pixels, the image is blurred with the Gaussian filter. After the set of operations,
both branches (luminance and depth) are combined together to create final
rejection map R. To combine the maps, they are just added one to another.

Figure 4.8: Rejection maps creaction (decomposition into color and depth is
omitted). The image above is a result from the analysis of luminance, the one
below is the result of the depth image.
In the fig. 4.8, there is a simple creation of branches and a merge of the rejection maps to a single map R.
4.3.5. Final image saliency
After the construction of the uniqueness and rejection maps, they are combined into the final image saliency. Final saliency is computed with the equation 4.4.
S(x, y) = U (x, y)e−kR(x,y)
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After the computation the map is normalized to [0, 1]. Symbol k is used
to control the influence of the rejection map on the final result.

4.4. Results

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-08

There are some parameters in the algorithm that user can change
to achieve different results. For example using the fig. 4.9, there is a possibility to remove different regions or improve final saliency map as it can be seen
in fig. 4.10. By using different weightings for the computation of the uniqueness, the final result will change greatly. As it can be noticed, the depth
has a big influence on the final result - it really boosts objects that are closer
to the viewer. It is also possible to turn on and off each of the rejection maps.
The main advantage of using the two rejection maps is that they are complementary. If the homogenous region will not be removed by the luminance
rejection map, then it will be removed by the depth rejection map and vice
versa.

Figure 4.9: Input for the example weighting in fig. 4.10

The main problem in testing the algorithm like this is an absence of many
RGBD datasets with saliency information. The sets that were used are
from [20,21] (images are taken with Microsoft Kinect, so the resolution is quite
low (640x480). To test the state-of-the-art algorithms, the testing framework
42
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Figure 4.10: Usage of different weights in the algorithm and its influence
on the final result.

made by Borji [11] was used. Results of the different algorithms and the one
shown in this work can be seen in fig. 4.11.
The tests were performed on many methods, even if they are not using
the depth information. The only algorithm, which tries to account for this additional information is DES [20]. The rest so: Saliency Filters [68], FT [7], MSS
[9], GMR [98], GU [18], GC [19] are using the color information only. The column named ’Ours’ presents the result achieved by the method described
in this work. Last column has the information about the most salient object
as a whole from the image. This information also comes from the datasets.
As it can be noticed in fig. 4.11, each method fails to get only the segmented object. So to make it more comparable and adapt the comparison to real life usage, we compare them by such criteria ’find the most salient
region in the image’ criteria. This case should cause the algorithms to mark
highlights, really different places in colors or objects that are standing out
from among others in terms of depth. Quite easy examples are the fire extinguisher, the vase with flower and the toy. As a first glance, these objects (or parts of them) should be marked as the ones that will catch user’s
attention. The first case should be identified because of the color, as well
as the second case (even if the colors are washed out). The third case is difficult for the color-based only algorithms, because the colors are quite similar.
But in this case also the DES algorithm fails to find only the toy [20]. Quite
interesting example is the paiting image. In this case, the frame should be
marked as the most salient (especially the highlight), but the most of the algorithms tends to mark the center of the image, which in some cases probably
will be true (because people are focusing mainly on the center of the images).
The rest of the examples are problematic even for the most successful algorithms presented in literature as [68].
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Figure 4.11: Saliency computation with different algorithms: DES [20],
Saliency Filters [68], FT [7], MSS [9], GMR [98], GU [18], GC [19]. Column
‘Ours’ represents the output of the algorithm presented in this paper.
The last column is the segmented output, which shows objects that should
be identified as salient.

Presented algorithm resolves some of the problems, that have not been addressed before, so repetitive patterns (like in the toy image) or color gradients.
It also fails in some cases, like the plant image. It was caused by not so much
44
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color difference as well as big jumps in depth around the plant, which caused
highlighting the regions around the leaves. Comparing to others, presented
methods seems to be quite successful. It can handle special cases and improve the overall saliency regions detection.
Saliency by itself can be then used to predict eye movements of the user
sitting in front of the computer. This can help in improving the rendering
systems, by focusing only on interesting regions, so it reduces the data generation. It can be used in data compression, because there is no need to send
or encode the regions, where none of the users will look. The video or images
can be compressed even more with taking into account the saliency. Potentially it can also improve the tracking methods, by finding most interesting
regions, which are most interesting according to humans.
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5. Light fields
This chapter is based on the article ’Efficient Multi-image Correspondences
for On-line Light Field Video Processing’ [26].
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5.1. Introduction
Light field videos can express much more information comparing to traditional ones. Usually, it is not possible to process the visual information in real
time, because the capture, calculations and display are taking too much time.
The light field consists of many images from different points of view. These
images can deliver many cues to the final user e.g. binocular disparity, motion parallax or view-dependent effects like highlights or reflections. The video
adds the temporal component on top of it. That allows to express all possible
information from the scene and can be used to enhance and simplify camera
capture and processing in the film production, broadcasting or applications
like teleconferencing, computer games or virtual reality. The main problem
with currently available hardware is that they can capture only highly dense
lightfields. The consequence is that the data is low resolution, but even then it
consumes a lot of storage, even if the data is highly redundant (the difference
between views is from one to two pixels).
The amount of the data is so big, that most of the time, the light fields
are processed in the off-line process. The images are captured by many
cameras, next they are stored and processed and then they can be manipulated and displayed. The main problem with light field’s data processing is
depth map computation. These need to be computed for each view. Computing single depth map is quite easy, there are many algorithms that were
created specifically for this reason. But the challenging part in this case is
creating depth maps at interactive rates in order to make them that they
will be consistent and robust with each other. The problem is getting more
and more complicated, when sparse light fields are taken into consideration.
Then, the disparity between corresponding pixels can go into hundreds. These
video light field streams enable to enlarge a virtual camera motion and lower
the amount of data to be processed. At the same time, the resolution for each
of the stream can be higher, what allows to create good quality transmission
and eases the compression.
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5.2. Algorithm motivation
This chapter describes the algorithm that can create animated depth-maps
for each of the light field’s streams at interactive rates. The algorithm is based
on Lucas-Kanade optical flow [57] and expands its action to the entire array
of the images (the whole light field is stored in array of images). Proposed
algorithm can create dense correspondences for each view at the same time.
The method uses both an inner-view and intra-view constraints to make use
only of the confident matches. In addition to seeking for correspondences
between views, the new step - consolidation - is added, which propagates
only reliable information between the views. The algorithm uses rectified
images as the base, which allows to interpret correspondences as the disparities between the views. The distance is proportional to the distance between the center of the cameras in camera array. The conversion from single
to multi-view depth maps can be simply done by multiplying the reciprocal
of the disparity and the proportionality constant. The resulting depth can be
used to generate light field enabled effects. As it has been mentioned before,
light fields are quite redundant source of data. The algorithm makes use of it,
which allows to create confidence driven robust multi-resolution approach.
Algorithm can be easily implemented on GPU. The whole algorithm was tested
on dataset, which was captured with different camera arrangements, which
were synchronized and calibrated.
The multi-view content has been analyzed before by many researchers.
In [27], authors were doing multi-view matching, but they did not consider any
confidence measure. That can result in blurred depth maps. The problem that
was considered by other authors was the occlusions [53,96]. In the multi-view
environment, this can be really complicated, because the occlusions need
to be detected between more neighbours than in the stereo-case. For example
the [96], tried to explicitly resolve for them, but becasue of the plane sweep,
the resulting algorithm was working at limited speed and resolution. The proposed algorithm does not handle occlusions explicilty, but it is considered
as a failure-to-match, which can also happen because of the many reasons
like noise, specularity or just inability to find correspondences between pixels
at a given pyramid level.
As it has been mentioned before, the algorithm is based on the traditional multi-resolution correspondence finding proposed by Lucas-Kanade
[57]. Contemporary methods for correspondence finding like the ones proposed in [13, 54, 99], use warping or belief propagation with great success.
But, currently there is no algorithm that uses multi-resolution and multi-view
data at the same time. Thanks to the confidence measurements, it was possible to preserve the edges.
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The proposed algorihtm uses much x image streams and produces
the same number of depth maps. The algorithm uses data that is rectified
before further processing and imposes usage of the camera array for data generation. The algorithm tries to eliminate wrong correspondences by the usage
of multi-resolution cofidence measurement.
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5.3. Algorithm description
This section presents the description of the method for sparse light field
depth reconstruction. It assigns labels to each pixel at each level of the constructed pyramid, which for the level 0 results in complete depth map.
As an input the algorithm takes the images captured by the camera array,
and after estimation it produces multiple depth maps (one for each view).
In comparison to other solutions, this one produces multiple outputs, instead
of creation of single depth-map from multi-view input.
The whole algorithm can be seen on fig. 5.1. In the next sections it will
be described in a more detailed way. The first section 5.3.1 will provide some
basic information about the definitions and basic ideas, which are needed
to understand the whole algorithm. The algorithm is performed in several
steps, which are repeated until the original resolution is achieved. The processing is done as follows:
1. First, the light field is captured using the camera arrays.
2. Correspondences are found for the current level of the pyramid 5.3.1
3. Matching 5.3.2 is done between the four neighbours of the given image.
This step also produces the confidence maps 5.3.3.
4. Produced disparity maps are used in the consolidation step 5.3.4, which
produces new disparities and confidence maps for each view.
5. To refine the result, the upsampling 5.3.5 is done to create the initial
disparity for the next level of the algorithm’s loop.
The whole algorithm was implemented on GPU, more specifically it used
OpenGL shaders. All of the outputs are written to array textures. Pyramid
and descriptors creation is done sequentially for each level and parallel over
views and pixels. All of the mentioned steps are executed in parallel over views,
levels and pixels. Obviously, to start each step, the output from previous one
is needed, so here the algorithm needs to be synchronized.
5.3.1. Definitions and basic matching
To process the light field, first there is a need for the definition. The input is
the set of nv images. Each image L consist of many pixels, where each of them
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Figure 5.1: The processing pipeline for the proposed algorithm.

Li is a RGB triplet. The lightfield then is a L = {Li ∈ R2 → R3 }. In the tests that
were performed later, the lightfield size nv was 3x3 or 4x4. All of the images
were rectified to one common plane. The problem is that, distances between
rows and columns in camera array can be different. To account for this,
special normalization needs to be done. In the algorithm the special distance
vector ri,i2 ∈ R2 is used for every camera pair i and i2 . That allows for each
point in the image to find its correspondence in the other image by using
the equation: x2 = x + ri,i2 · Di (x). The Di (x) is the disparity value, which
is related to the scene depth and should be the same for all non-occluded
regions. Thanks to such definition, the distance vector ri,i2 contains the information about the capture setup. This vector can differ for every column
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or every row, so potentially there can be (1+|n2v |)|nv | vectors, one for each camera pair. In such definition the disparity magnitude changes into the scalar
multiplier of the distance vector, which enables to find pixel disparity between view i and i2 . The output of the method is a set of disparity maps
D = {Di ∈ R2 → R+ ∪ {0}} for all the views specified by the light field L.
The actual disparity sign ±Di (x) between the view pair i and i2 is determined
by the direction ri,i2 . For the matching step, the directions are assumed to be
known for all pairs of i and i2 from the rectification which is a part of the capture step.
Because the algorithm is multi-resolution, there is a need for pyramid
construction. Similarly to 4.3.2, they are build using the 3x3 Gaussian kernel.
The j-th level of the pyramid will be denoted as L(j) .
To simplify and speed-up the computation instead of using RGB values directly, the images from L are transformed into a set of desriptors. In particular
a 5 × 5 census [102] binary descriptor is used, that can be stored into a single
32-bit integer value. This allows to compare only a single integer value instead
of many color values (because, always the window around the pixel needs
to be compared). Such comparison also improves the robustness of the solution [54]. Construction of the single descriptor for a single pixel can be seen
on the fig. 5.2. To build the descriptor, a series of comparisons are made.
The central pixel is compared to its neighbours and if the value that it has is
greater than the neighbour value, then the bit is set to 1 in the descriptor, 0
is put otherwise. In the next sections the pyramid in the descriptor space will
be denoted as B = {B (j) }. The descriptor differences operation (so calculation
of the Hamming’s distance) will be denoted with the symbol: .

Figure 5.2: Example of creation of a single descriptor with census transform.
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5.3.2. Matching
Matching operation is performed sequentially for each level of the pyramid,
but in parallel for views and pixels. What makes difference between this
approach and the others is that the matching step results in creation of multi
(j)
(j)
view output (the disparity map Di and the confidence map Ci ) instead
(j)
of a single depth map. The results map consolidated per-view disparity D̄i
(j)
and confidence C̄i maps for all views in L. To make the computations
possible, there is a need to make the assumption about the previous level
(j−1)
disparity Di
. It needs to be known before processing of the current level.
For the level 0 of the pyramid (so the image with the lowest resolution),
(j−1)
the Di
can take the value of 0 or the result of the best match for this
level. For the rest of the levels, the initial flow is initialized with the value
(j−1)
(j−1)
of ↑ Di
, which is the upscaled version of the disparity Di
to the resolution
of the level j-th.
The pyramid of images gives a possibility to reduce the number of pixels
that need to be compared at every level. Typically the number of hypothesis
to check nd equals 3. Such low number of comparisons is possible, because
of the smaller and smaller resolution at each level of the pyramid. At the starting level, the image size is so small, that these 3 pixels are enough to check all
of the possibilities. At the same time at the full resolution with a large baseline
light field, the number of neighbours to check can go into hundreds. Theoretically, the nd can equal 1, but it was not achievable in proposed method,
because the quality of the results were not acceptable. In such case having
the pyramid of n levels, potentially gives the maximum achievable disparity of 2n . The method can achieve this limit, but the condition is the usage
of the higher-quality camera sensors or descriptors of different type, which are
able to describe the surrounding of the pixel better. This will reduce the computational cost greatly.
To begin with, what needs to be done during matching is minimization
of the cost function fi of the disparity d at location x. For this the available range of disparities is checked. As it has been mentioned before it is
the neighbourhood of the given pixels starting from −nd and ending with nd .
To be precise, the whole operation can be described using the equation 5.1.
(j)

(j)

D̄i (x) = arg min fi (x, d)

(5.1)

(j)
d∈Si (x)

(j)

The value of Si (x) can be defined by the equation 5.2. It defines the set
of pixels to be checked at level j in view i. The calculations are made relatively
(j−1)
to the upsampled disparity ↑ Di
from the previous level.

51

CHAPTER 5. LIGHT FIELDS

(j)

(j−1)
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Si (x) = {↑ Di

(j−1)

(x) − nd , . . . , ↑ Di

(x) + nd }

(5.2)

For some camera setups, the range of disparities, can be reduced by elimination of the negative part. Thanks to this, only half of the range is checked,
but this should be treated only as optimization.
The cost function fi defines the cost of taking value d of disparity as an optimized solution (equation 5.3. It is defined as the sum of all view-pair costs gi,i2
of the view i and all immediate neighbouring views Ni in horizontal and vertical direction. Usually there are 2 neighbours in each direction. Problematic
case is created by border stream of images, where special handling is needed.
There are two possibilities. First, because there is no other neighbouring view,
it can be just ignored. In the second one, the whole set of images can be
treated as the sphere/cylinder, where view can take neighbours by modulo
operation. The second way can lead to more errors, because the larger jump
as the initial step is needed in every iteration. The cost function fi combines all
costs of the matching one view to every other, what leads to the creation of one
position per each view. This approach is justified by the properties of the light
fields, where depth maps needs to be the same for each of the views.
(j)

fi (x, d) =

1
|Ni |

(5.3)

The view-pair cost gi,i2 can be defined by the equation 5.4. It contains
the definition of the lowest operation in the whole algorithm. It is a compari(j)
(j)
son of the descriptor Bi at x in view i to descriptor Bi2 in view i2. The location
of the second descriptor is defined by the sweep range (the value of the disparity from range −nd to nd .
(j)

(j)

gi,i2 (x, d) = Bi (x)

(j)

Bi2 (x + d · ri,i2 ).

(5.4)

The whole matching operation is very quick, because it relies on the binary
descriptors, where all of the values can be compared at once. The binary
descriptors contain information about the pixels and their neighbourhood, so
during calculations only a single value to single value needs to be compared.
Also the multi-resolution helps to compact greatly the range of disparities
and at the same time the number of comparisons between views.
5.3.3. Confidence
The matching itself can fail or return false positive results. To reduce
the probability of incorrect matches, during the previous operation also
the confidence of the solution is calculated. For a given pixel x in view i, it
can be defined by the equations 5.5 and 5.6.
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1

(j)

C̄i (x) = 1 −
1

(j)

hi (x) = |(

(j)
|Si (x)|
(j)
d∈Si (x)

|
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X

(5.5)

(j)

1 + σm hi (x)
(j)

1

(j)

f (j) i(x, d)) − (fi (x, D̄i (x)))| 2 .

{z

Average cost

}

|

{z

Best cost

(5.6)

}

The confidence is calculated as the difference between the average
cost of the performed matching and the cost of the optimal solution.
From the equation 5.6 comes a simple conclusion, that when the average cost
and the best one will be nearly the same, the confidence of such a solution
will be small. This means, that probably during matching, all of the checked
alternatives were having nearly the same descriptors. The bigger the difference
will be, the more confident solution algorithm will be able to achieve. The confidence is further used in upsampling and consolidation steps, which will remove unconfident regions from further processing, which will be described
in the next sections. More explanation is needed in the case of the square
root in the equation. This operation helps to penalize a little less differences between the average and best cost. The whole operation is controlled
by the weight σm , which is responsible for the strength of the measurement.
For most of the time the value of 10 was used.
As it was mentioned in the motivation of the algorithm, quite problematic
for all matching algorithms are the occlusions, even if they are handled explicitly like in [53]. Instead of finding, detecting and handling them, in this method
different approach was used. They are not treated specially, but are resolved
jointly with other complicated cases like specularities and a completely basic
failure to match cases, which saves the time needed for complicated calculations.
The only problem that was not taken into consideration is that every matching procedure with confidence has so: the confidence measure can be completely wrong. Imagine the textureless or badly lit region, which will be subjected to processing. Then because of the lack of the features in the images,
the matching will produce some result (which with high probablity will be
bad), but also the confidence itself will produce the wrong result. It can even
confirm the wrong solution.
5.3.4. Consolidation
Up to this point, the matching was done independently for all views. Considering only the diffuse objects, disparities should be agreed on all views.
So the reprojection of the point x in view i with disparity di to the view i2
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should be the same as the reprojection of the point x + di in view i2 with disparity di2 to the view i. More specifically: x + di = x + di − di2 , so all matching
points from different views should have the same disparity. Such assumption
is valid for all the views from L. The problem arises in presence of noise,
occlusions or more complicated materials that consider reflections and refractions of the light rights. Then, because of missing information in other views
or bending rays, the assumptions have to be changed to more general ones.
Proposed algorithm can easily handle the cases, where the matching fails
and the data becomes unreliable. During matching also the confidence is
calculated, which allows to specify how good the estimation was. Thanks
to the multi-resolution procedure, the incorrect matches can be eliminated
during changing the level of the pyramid. The solutions with low confidence
will be rejected and the missing information will be filled using the neighbouring matches. This allows to reject incorrect matches, from which most
of the algorithms cannot recover. The consolidation step provides the possibility to create the new measure of confidence and takes into consideration the reprojection between views criteria. It allows to improve the solution
by adding the assumption mentioned in the previous paragraph.
During the dispartiy estimation of the light field it can happen that the final results will contain invalid resulsts. To elminate the outliers or noisy
disparity there is a need to adjust the disparity in the whole light field.
(j)
So during the consolidation step the new confidence Ci (x) is created for each
view i and pixel x in each pyramid’s level j. This is done by summing
up all of the per-view confidences for all of the views of the light field L.
To make differences between the confidences coming from other views they are
weighted by their respective reprojection errors. To compute the reprojection
error, there is a need to move forth and back to/from other views and check
if the distance between corresponding pixels is not too big. More specifically,
the error is computed by comparing the distance between starting position
of the pixel x from the view i at level j and the position defined by taking this
(j)
pixel and moving it to other view by the disparity D̄i (x) along the direction
(j)
vector ri,i2 and then using the disparity D̄i2 (x0 ) to get back to the position
x in view i. This can be seen on the equation 5.7. Such operation is done
only if the disparity in point x0 is reliable.
(j)

(j)

(j)

reprojection_error = x − (x + D̄i (x) − D̄i2 (x + D̄i (x)))

(5.7)

As it has been mentioned before, there is a need for new measure of the confidence. In the consolidation step per-view confidences are propagating
(j)
to other views. This way, the consolidated confidence Ci (x) will be reduced,
when the corresponding disparity values are different, even if they have been
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found per-view confident. The whole operation can be described by the equa(j)
tions 5.8 and 5.8. The value of x0 is defined as x0 = x + ri,i2 · D̄i (x). This is
the position of the pixel x in view i in view i2 . The influence of the reprojection
error is controlled by the weight σr , which value is typically 10. The larger
the value of the σr will be, the more influence reprojection will have.
(j)

Ci (x) =

X

(j)

Ĉi,i2 (x, x0 )

(5.8)

i2 ∈L
(j)

(j)

(j)

(j)

Ĉi,i2 (x, x0 ) = C̄i2 (x0 )/(1 + σr D̄i (x) − D̄i2 (x0 ) )
|
{z
}

(5.9)
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Reprojection

Similarly to confidence, the value of disparity also can be consolidated.
The operation is defined using the equation 5.10. In the equation there is
a need to consider also the confidence of the disparity values from other views
(j)
D̄i2 (x0 ). This will help to not introduce wrong values to the final solution,
(j)
which is known thanks to the confidence C̄i2 (x0 ). The value of the confidence
and disparity will be conveyed in the next step of the algorithm - upsampling.
(j)

Di (x) =

i
X h (j)
(j)
(j)
D̄i2 (x0 )Ĉi,i2 (x, x0 )/Ci (x)

(5.10)

i2 ∈L

The confidence calculations in the multi-view matching has been tried
before for example by Riechert in [73]. They used recursive matching, but such
approach does not allow to parallelize the whole process. Thanks to the used
structures and the way the disparity is calculated (independently for each pixel
x for each view i) it is possible to take advantage of the GPU, where for good
parallelization of the algorithm, none of the threads should wait for others
during producing new output.
5.3.5. Up-sampling
The last step in the algorithm is the up-sampling, which is used to produce
the initial value of disparity for the level j + 1. This is done as the convex
combination of spatially close pixels using 3 factors as guides:
1. consolidated confidence
2. spatial proximity
3. color of the higher level
The first one - consolidated confidence - ensures, that the disparity values, that were unreliable will have less weight and will not be propagated
to the next levels. As it should be noticed, the influence of the unreliable
disparities from neighbouring views was supressed 5.10. In the up-sampling
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step, the spatial neighbourhood of a pixel is considered 5.11. The second factor, so the spatial proximity is responsible to make sure that distant pixels will
not have a big impact for the result on a given level. Otherwise, it can happen
that a distant pixel with big confidence will dominate the closer ones, which
should have bigger influence, because of the spatiality. The last factor is used
to ensure that the edges will be preserved. This is inspired by the bilateral
upsampling [48]. Using the appearance guides ensures, that there will be
no bluring at the edges on the next level. As other researchers report [48, 63],
preserving the luminance edges in case of depth estimation is a very important
factor. Lack of edges can result in bad perception of depth.
(j)
The initial disparity ↑ Di (x) for the next level j + 1 is calculated as the sum
of weighted average of spatially neightbouring disparities 5.11.
(j)

↑ Di (x) =

1 X
(j)
w(x, y)Di (y),
Z

(5.11)

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-08

y∈Ni (x)

In the equation 5.11, the Ni (x) is the neighbourhood of a pixel x in view i.
Typically for the algorithm this is the window 5x5. The normalization factor Z
is the sum of all the weighting kernels w(x, y) over all neighbourhood of x.
The pixel value should mix with the others, only if the value of w(x, y) is high,
so the value in pixel y is high, it is close to the x and has similar appearance.
This resolves to the product of 3 different weights like in the equation 5.12.
(j)

(5.12)

w(x, y) = Ci (y) ws (x, y) wa (x, y)
| {z } | {z } | {z }

Confidence Proximity Appearance

The ws (x, y) value is the spatial weight defined in the equation 5.13. The σs
is the spatial weight used to define how much influence has the spatiality
for the final kernel value. In most of the experiments, the value had the value
of 0.1.
ws (x, y) =

1
0.1 + (σs ||x − y||22 )

(5.13)

Appearance weight wa (x, y) is responsible for influence of the color difference between the pixel x and it’s neighbourhood for the final result. Typically
it has the value of 10. The color differences were mearsured in the CIELAB
space.
wa (x, y) =

1
2

1 + (σa ||L(j+1) (x) − L(j) (y)||2 )

(5.14)

The upsampled value is correct for the resolution of the level j, but to use it
in the next level j+, the disparity needs to be scaled. In practice, the disparity
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magnitude is doubled just like the resolution while going down to the next
level of the pyramid.

5.4. Results
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This section is divided into several parts consisting of different results
achieved during developing the article. First, for the work there was created
a special camera array setup 5.4.1. Thanks to this, there was a possibility
to create a first light field video dataset 5.4.2. Such amount of data should be
used, so light field data and estimated depth allowed to create new effects that
are not achiveable by normal photography 5.4.3. Light fields create have lots
of redundant data, this allows to think about new type of rendering, which
abuses this fact. The result of this was the new point cloud rendering, which
is described in 5.4.4. To validate the whole work, the comparison to other
depth estimation methods was done 5.4.5.
5.4.1. Capture
Capturing the light field video is much more complicated then most common video capture. First of all, more cameras are needed, because there is
a need to capture as much as of the scene as possible. What is more, all
of them need to be calibrated and synchronized. Otherwise, the view i can not
be matched to the view i2 , and the whole video will not be usable. System also
needs to be ready to huge amount of data, because every camera will produce
the same amount of data as it will be produced during capturing the normal
video. For this work, two systems of cameras were available.
The first one is presented as the capture setup in fig. 5.1. It consist
of 9 industrial Basler cameras (Basler acA2000-50gc, 2046 × 1086 px) arranged
in the 3x3 grid equipped with 12 mm lenses and connected to a PC via Ethernet. The PC controls the cameras and stores the captures data. This system
allows to generate 1080 p video at 25 Hz.
The second system consist of up to 16 cameras with their own storage
(GoPro Hero3+ Black Edition), which can capture the video at 30 Hz. They
can be arranged in the grid 4 × 4 or 3 × 3. The basic lenses were replaced
to reduce the distortion and increase the angular resolution. Thanks to this,
the opening angle of 70◦ was achieved.
In both cases, the cameras have the same focal length and run on the same
settings. The baseline for the setup varies from 6 to 10 cm, depending
on the scene. Cameras, as it was noted before, are able to capture the scene
with FullHD resolution (1920×1080) and all of them are hardware synchronized.
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The images produced by the cameras need to be de-bayeraized and the cameras need to be calibrated to work correctly. In this work, this is considered
as the part of the setup [97].
The capture setup was created by FhG researchers mentioned as authors
in the paper [26].
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5.4.2. Dataset
There are not many existing light field datasets. Currently there are ones
that were captured using the Gantry [82] or Lytro’s product [93]. The algorithm was tested on the first one and the second one was omitted. To have
more data available, the new dataset was created with the setups described
in the 5.4.1. In comparison to the existing ones, this contains animation
of the scene, so this is truly light field video. Moreover, the whole dataset was
captured at video frame rates.
Captured scenes have pleasant and rich visual appearance. There are
lots of static objects and human motions at different depths. In scenes exist lots of objects with properties that complicate calculations: detailed objects (like plants), that cause lots of occlusions, some objects with specularities and even a transparency. The camera positions were chosen to acquire from 3 to 4 percent of the parallax. This allows the huge baseline setups to have larger changes in perspective. Such setup is common
in stereo productions. The whole dataset is available online on the website
resources.mpi-inf.mpg.de/LightFieldVideo/.
Currently it consist of 5 different scenes:
1. Bar - it presents a man behind the bar. The scene consist of many transparent objects - bottles and glasses, and also huge plants introducing occlusions
2. Beer garden - two women sitting opposite of each other. There are many
repetetive patterns, which can cause many algorithms to fail. The amount
of specular and transparent objects is low.
3. Chess players - two persons playing chess. This scene is quite normal, it
consist of slow movement of the players.
4. Tabletop soccer - people are playing tabletop soccer. The scene has lots
of highly specular objects. Movement of the players cause high motion blur
because of the fast movements.
5. CGI-Studio - a human presenting news in front of the green screen. This
scene is typical for current television setups, for example for weather forecasts.
The samples from the dataset can be seen on fig. 5.3.
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Figure 5.3: Samples from the light field video dataset.

5.4.3. Light field enabled effects
Disparity maps generated by the algorithm allow to create such effects
like virtual camera movements or synthetic aperture [106]. There are also
several more depth enabled effects like depth-based color correction, relighting
or depth keying, which require dense depth maps for at least one input
view. Such depth information can also be obtained using stereo systems
or additional time-of-flight (ToF) cameras. Depending on the capture setup,
occlusions may remain.
Thanks to the proposed method of depth estimation, the novel views can
be created without drawbacks. The mising information, because of the occlusions, comes from the other views. In the fig. 5.4, there is an example
of the novel views created from the Bar scene. Synthetic aperture can be used
to control the depth-of-field effect. Typical example is shown in fig. 5.5. More
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of the view-dependent effects also can be supported. But for simplicity they
were not tested. The example of such effect is view-dependent shading, where
thanks to the possibility of storing multiple colors per position. This is caused
by the fact, that every view can store the independent different information,
which later can be mixed into the novel view.
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Figure 5.4: Rendered novel views for the Bar scene.

Figure 5.5: Synthetic aperture for the bracelet scene from [82]
If it comes to the synthetic aperture, there are other possibilities to create
this effect. For the small baseline light fields, the synthetic aperture effect can
be created without the depth maps by shearing operation. fig. 5.6 presents
what shearing does with the light field. There are two epipolar lines. The first
one (the one on the left side) presents the stack of the light field images before
the operation. As it can be noticed none of the images are aligned. The shearing causes such movements of the images from the light field, that they are
aligned at some point (at some disparity), which can be seen on the right
on the image fig. 5.6. This creates simple depth-of-field effect.
This effect cannot be achieved with large baseline light fields. The views are
too different to make the light field aligned in a good way. The whole operation
will cause too much artifacts, what can be seen on fig. 5.7. This justifies
that the depth information is needed to create visually pleasant and correct
content.
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Figure 5.6: 2D epipolar lines for the bracelet scene from [82]. The left one
shows the epi before the shearing operation, the right one after the operation.

Figure 5.7: Shearing operation for large baseline light field

5.4.4. Point cloud rendering
One way of getting a novel view is the point cloud rendering. In this case
also the GPU can be used. In two passes, a single point is drawn for every pixel
in all views. This works by projecting reconstructed 3D world points to a new
virtual camera Cv as in the equation 5.15.
mv,j = Kv · Rv · [I| − Xv ] · Mi,j

(5.15)

In the formula 5.15, Kv and Rv denote the intrinsic matrix and rotation
matrix for virtual camera v, respectively. Xv denotes the position of Cv and Mi,j
denotes the 3D coordinate of a point j in an input. The result is the position
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mv,j of a pixel in the new camera Cv . In both cases, the size of the point drawn
depends on the distance to the camera, effectively closing holes.
To produce point cloud geometry shader is used, which takes points
and produces points.
In the first pass, points are drawn to the z-buffer only to find the distance
to the closest visible surface. In a second pass, points are drawn with additive blending, weighted depending on the distance between the splat center,
and the value found in the frame buffer from the first pass. This allows to combine averaging multiple splats from multiple views with multiple appearances,
in one pixel and having correct occlusion. Typically, generating one novel view
requires around 30 ms. Some results of this type of rendering can be seen
on fig. 5.8.

Figure 5.8: Results of point cloud rendering for the beer garden scene.

5.4.5. Comparison to other methods
In the following chapter, there is description of the proposed method results
in comparison with other methods that can estimate disparity. The main
difference between the rest of the approaches is that all of them are computing
a single disparity map, while the proposed method is computing multiple
disparity maps at once. Currently, no such dataset is available that matches
the constraints of multi-camera systems like the ones used in this work.
In the resulting dataset, there are not ground truth depth maps, but it is really
hard to aquire reliable depth maps for multi-camera systems [93]. But it was
observed in [61], that quantitative evaluation of the depth map quality might
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be a poor predictor of a quality of images derived from using these depth maps.
Because of these reasons, the whole evaluation was done as the comparison
of the reconstruted views to ground truth reference images.
The first used set was the Stanford light field archive [82]. It provides
several dense, small baseline light fields, that were captured with Gantry.
Most of the light fields in the repository have the size of 17 × 17 views. To use
it with the proposed quality evaluation, the whole light field needs to be
subsampled. That allows to create variety setups of cameras, by simply
skipping rows and columns. The resulting light field has larger baseline.
During testing one can take advantage of known but unused views positions
and reconstruct them with the subsampled data. That will allow to compare
the newly created view to the ground truth.
For the tests of the algorithm, the Stanford’s light fields were subsampled
to 5×5 setup by choosing every fourth image in row and column. With the view
synthesis algorithm, a novel view in 7th row and column of the original dense
light field was computed. Used algorithm is similar to the one used by Zilly
[108] with the difference that it was extended to allow rendering also in a vertical direction.
Proposed method was compared to very recent method for dense light fields
reported by Wang [91] as well as two known as highly efficient stereo matching methods: Semi-global matching (SGM) [39] and Cost Volume Filtering
(CVF) [72]. In order to get depth maps from the stereo algorithms, they were
run on horizontal stereo pairs. In case of the 3 × 3 light field, there were 6
independent stereo pairs. Matching of the vertical pairs was omitted to not
decrease the efficiency of the algorithm. If the matching in vertical is done,
an additional procedure for merging the depth will be needed. To not complicate the whole testing procedure, these pairs were not taken into consideration.
In the table 5.1 are the SSIM scores between ground truth view
and re-synthesized one using the depth maps created by different algorithms.
To account for the fact that the method described in this chapter estimates
more than one disparity map, the comparison was done using single disparity
map and five of them. Usage of SSIM is justified, because it better accounts
for image contrast and structure distortions, than a normal numerical evaluation would do. It also gives more reliable judgement about the perceived
distortions by the human user [92]. The SSIM increases with the number of the used views for the reconstruction. It saturates with the five
views. As it can be noticed in the table 5.1, proposed algorithm performs
best for the bracelet light field, while for the rest (Truck and Chest) it has
only slightly worse quality.
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Table 5.1: Computed SSIM image similarity (higher is better) for different
scenes and different approaches. The achieved quality is similar to other
approaches at a fraction of the computational time as seen in table 5.2.

Views

Truck
1
5

Bracelet
1
5
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SGM
[39] 0.91 0.95 0.93
CVF
[72] 0.94 0.96 0.88
Wang
[91] 0.93 0.95 0.93
Proposed method
0.94 0.95 0.94

0.95
0.96
0.98
0.98

Chest
1
5
0.94
0.93
0.94
0.94

0.96
0.96
0.96
0.95

In the fig. 5.9, there are renderings of the synthesized views for Stanford’s
light fields: Truck, Bracelet and Treasure chest. To show the differences
between the methods and the ground truth, the small details were chosen
and magnified. Some differences are visible, but the only reconstruction,
where the differences are visible at first glance, is the Truck. None of the methods under- or over-performs the others, what is in coherency with the numerical results of the SSIM.
Fig. 5.10 shows the disparity maps estimated by different algorithms. They
are presented in false colors, so the blue color denotes for the far distance,
green for medium and red denotes for areas that are close to the camera.
In the fig. 5.11 are presented disparities calculated for two lightfields (Bar
and Beer garden) from the newly created dataset. Because it was not possible
to get acceptable results from the Wang’s method (it rather cannot be used
with the high baseline, not symetric light fields), disparity maps were calculated only using the SGM and CVF. In contrast to the previous dataset, this
one has much higher baseline.
Performance of the method is presented in the table 5.2. The whole calculations were done on the NVidia GTX 670 graphics card. As it can be noticed,
the matching for the small light fields is the most expensive part. But when
the size of the light field is getting larger and larger, the consolidation part is
consuming more and more time. This is due to the need to create the agreement between all of the views, so the more the views, the more complicated this
part will be. In comparison to the other methods, the proposed one produces
a disparity map for each view.
The performance of the tested methods is as authors report in their respective articles [39, 72, 91]. To create a single disparity map, the SGM needs
119 ms for the image size of 640 × 480 or around 447 ms for the resolution
of 1282 × 1110. The method was run on the comparable graphics card: NVidia
GTX 580. The CVF algorithm that was tested on a little worse graphics card:
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Figure 5.9: Evaluation of quality. To measure quality of the proposed
method, the comparison was done with 3 other approaches: SGM, CVF,
Wang. The first column shows the source image. The second one is
maginification of a source image fragment. The next columns are presenting
the reconstruction of the view with depth maps coming from all used
methods so in order: SGM, CVF, Wang and the proposed one. The complexity
of constructed algorithm is much lower and the results are comparable
with other more computationally complicated methods.

NVidia GTX 480, was able to achieve times ranging from 19 to 98 ms for the image resolution from 384 × 288 to 450 × 375 pixels, and the range of disparities
from 16 to 60 pixels. As it can be noticed, it is far from the resolution, that
was used during testing and the method as well as the SGM produces only one
depth map at once. The Wang’s algorithm was not implemented on the GPU,
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Figure 5.10: The resulting disparity maps created by the algorithms: SGM,
CVF, Wang and the proposed one. They are false-coloured.

but the authors report that it takes around 3 minutes to compute a single
depth map for Lytro Illum Image on an Intel i7 machine with 8 GB of RAM.
The question is, where can this algorithm be used? First of all, one
of the possibilities is to create a similar application as it is done for the normal
camera capture - view finder. The tool will allow to manipulate the content
of the light field while it is capturing using the camera rig. The base is shown
in the fig. 5.12, but the whole system for content inspection and manipulation
was not connected with the disparity estimation algorithm.
Potentially, the algorithm allows also to create applications like the light
field tele-presence system. Such system will be able to transmit more immersive visual information to the final user. Possibly it can be even done
nowadays, thanks to the VR equipment - head mounted displays, which can
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Figure 5.11: False color disparity maps created for the Bar and Beer garden
scene, in order: SGM, CVF and proposed method.

interpret rich visual information and enable user to move their head freely.
Instead of watching the content with the special equipment, algorithm can
help to enable the eye contact during tele-conferences.

5.5. Conclusion
This chapter presented the novel multi-view depth reconstruction for light
field video. This approach can achieve nearly the same quality but at much
lower computational cost. Even if all of the concepts (multi-resolution, confidence, inter-view constraints) have been already known and already used
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Table 5.2: Timings of proposed algorithm measured on NVidia GTX 670
for input images of resolution 960 × 540.
Camera array size
Matching
Confidence
Consolidation
Upsampling
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Total

3×3

5×3

50 ms
31 ms
32 ms
34 ms

70 ms
60 ms
90 ms
57 ms

147 ms

277 ms

Figure 5.12: Thanks to interactive disparity maps creation in the proposed
method, it is potentially possible to create a tool for image composers that will
serve as a viewfinder, like in normal cameras. This will allow to manipulate
the content in the scene. The depth of the scene elements, viewpoints
or depth of field effect potentially can be inspected and adjusted on the fly.

in other applications, proposed method combines all of them with a GPU implementation and achieves the interactive performance. The whole algorithm
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was tested on the newly created light field dataset, which is now available
online.
Proposed approach is simultaneously derived for all views to ensure
inter-view consistency. Thanks to used filtering, sharp depth discontinuities
are preserved, which enables spatially consistent view rendering. The core
of the algorithm is the matching procedure, which abuses the fact of light field
information redundancy. This allows to filter out unreliable matches in angular and spatial domains. This way, the multi-resolution algorithm is more
reliable - errors in finding correspondences are eliminated and they are not
propagated to the higher resolutions. Usage of the multi-resolution approach
makes the whole matching fast and the extension of the matching makes it
more reliable. The whole algorithm can be well parallelized, which makes it
easy to implement on modern GPU architectures and achieve interactive performance. In comparison to other methods, the proposed one is comparable
to highly efficient stereo disparity estimations, but they produce only single
disparity map, while the described algorithm can produce multiple consistent
disparity maps.
The proposed approach is doing fine as long as there are only opaque surfaces. It can tolerate a moderate number of specular and transparent objects,
but materials with such properties should be specially handled. The properties
of such materials make the light rays bend in the scene, so the information
from view to view can change greatly and the whole matching process can fail.
While this is quite common to have such objects in the scene, one of the works
that can be done with the proposed approach is to extend it to all types of surfaces.
The key for the algorithm is accounting for the uncertainity due to occlusion or difficulties to match at lower resolution at edges. This leads to high
confidence for the pixel at higher resolutions. The view synthesis, which was
used does not account this information and ignores it. Using this information
and utilizing only confident depths is an interesting avenue for the future
research.
Finally, the proposed method uses across views constraints and allows
to process light field video at interactive rates, it does not account for any
temporal information. As the scenes are not limited to rigid camera motions,
imposing temporal coherence can be a challenging avenue of future work
and it is possible to explore thanks to the light field video data set.
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6.1. Summary
This chapter concludes the whole dissertation and summarizes the whole
research that was done on the depth maps estimation and their usage. It
also indicates the possible research directions that will make use of the depth
maps or improve their quality.
As it was presented in the previous chapters, usage of depth can be hard,
because of several problems that one can encounter. Starting from the depth
quality, where introducing noise to the depth maps is easy but removing it
and finishing with the correct depth usage is quite challenging.
The first problem can occur because of the hardware used for capturing
images, from which the estimation will be done or the quality of depth captured by the time-of-flight cameras. Badly calibrated cameras will introduce
the color misinterpretation. Addition of the poor lighting on top of it will cause
the cameras to create noisy images. But all of the normal cameras problem
was handled before and they are commonly used in the industry. The problem
arises, where there is a need to use several cameras at once, as it is needed
for the stereo or light field case. Then the calibration and the synchronization is the key for the whole system to work. Displacement of the cameras
or the faulty synchronization will cause the captured video visually unpleasant and result in poor experience of the final user. Currently, as it was mentioned in the chapter 5, such synchronization can be done correctly. Thanks
to the rectification process, it is possible to remove some of the camera displacement errors.
However, the most interesting part is the usage of the images to estimate
the depth. In the chapter 5, the new algorithm for the depth estimation was
introduced. It is able to compute the depth maps for each view of the light
field at once at reasonable time. That can further result in introducing light
fields to the film industry. In case of presence of reflective or refractive
materials in the scene, one can modify the algorithm presented in [29], which
was created for the stereo cameras. Potentially using the light fields can
make the whole post production easier, because it will be not necessary
to create the illusion of the object being at given depth, but thanks to the depth
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estimation it will be possible to really put the object at the correct depth.
Thanks to the proposed algorithm and it’s work time, it should be possible
to introduce new applications which have not been available before. As an
example, it is possible to create more immersive content for the user with
the VR system. More information from the depth and light field itself will allow
to present the information in whole new way - the user will be able to watch
the movie and observe the scene from different perspectives.
Certainly, before the VR systems become common and available for everyone at reasonable price, there is a place to introduce the systems that will
try to give the user the impression of watching the scene from different points
of view. In the chapter 3, there was a presentation of the system that will track
users head to present to them some visual information adjusted to the correct
position and depth. The whole system does not use the depth information
by itself, but rather generates the content in stereo. Generating the high quality content on the screen, while tracking user’s position is quite a challenging
task, so there is a need to improve the rendering times.
To be able to reduce the rendering time, there is a need to identify places
where the content is the most important for the user, and will grab user’s
attention. This is possible by using the saliency estimation algorithms. Undoubtedly, using the color information only will not be enough. It may happen, that the closer objects will not be detected, because in terms of color
they can be quite similar to the surrounding. The algorithm presented in 4
handles such fact. It uses depth as an additional information and simplifies
the current approaches. Thanks to the depth information, there is a possibility to detect objects or places in the image, where the user’s eyesight will be
directed, even if in terms of color or position they will not be marked out.
Operations on depth can be tricky, because depth as the source of the information is very dominant. It can easily overwhelm other sources of data,
which one can observe during experimenting with the proposed algorithm
for the saliency. But even if it is hard to work with it correctly, it is totally
worth using it, because as the independent source of information it opens
new branches of development for the science and industry.
The aims of the work were achieved, what was confirmed also in the chapters of the thesis:
1. Usage of the depth information helps to provide new experiences
for the user and can be useful in terms of creation of new applications,
what was confirmed in the chapter 3 and in the works [23, 24].
2. Depth as an independent source of information allows to enhance existing methods of computer vision and improve their performance. The new
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method for saliency estimation was shown in the chapter 4 and in the article [25].
3. Estimation of the disparity can be quick and robust for light field technology with large baselines, what makes possible to ameliorate applications
for the film industry or to create new types of effects in post processing.
The new light field depth estimation method was presented in the chapter
5 and in the article [26].
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The author of the work showed, that it is possible to create systems,
that will make light field depth estimation easy and quick in comparison
to other methods. It was possible to show, that the depth in applications
can create new type of impression for the final user, where they can observe
the scene from different perspectives. Finally, by the depth usage it was
possible to show, that computer vision can develop even further and predict
user’s sight better by using saliency.

6.2. Areas of future research
One can think of improving the works presented in this dissertation. Certainly, there are lots of possible ideas for improvement. One can think of combining all algorithms together. This will create an ultimate system: with light
field capture, depth estimation, user’s view prediction and a final rendering
for the stereo system. Such system will create quite good impression and there
is a chance that as a whole it will be able to work in reasonable time. Definitely
the timings can be improved by assigning the work to different GPU’s or strong
processors, which should reduce the number of optimizations.
Other paths to follow apply to specific algorithms. For example the holography simulation can be improved in terms of rendering systems. Introducing raytracing with reducing artifacts for stereo will improve the impression
of the user. If it comes to the saliency estimation, next level of this will be trying
to use it in real life problems, so compression or rendering. The depth information can further improve algorithms of compression, by marking the areas that
are really important for the user, and these ones should not be compressed,
while the rest can be compressed even more aggresively. Light field depth
estimation can be improved even further, which was marked in the chapter 5.
Consideration of the more complicated materials, so specular and transparent
ones, usage of confidence in rendering systems or introducing the temporal
information to calculations is enough to make it even better than it is now.
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