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1. Introduction - objectives of the thesis 

The topic of advanced methods for 3D image and video capturing and evaluation 
in this work is dealt with in a rather wide scope, ranging from the description of 
contemporary 3D display technologies, discussion and innovation of methods of 
capturing 3D scenes, through their testing and evaluation, up to special practical 
applications. Issues connected with both capturing and displaying of 3D images and 
videos are taken into account. The objectives of the work are set also with respect to the 
available laboratory equipment.   

1.1 Various 3D displays technologies for subjective quality tests  

As a necessary background for designing new methods of 3D image and video 
capturing, various 3D displays technologies are characterized, emphasizing the 
differences between them and especially their influence on Quality of Experience 
subjective testing 

1.2 Smart application of profilometry scanning for physiotherapy 

To demonstrate a wide application field of the discussed methods of 3D image 
capturing, the topographic scanning method has been modified for a special medical 
purpose. In cooperation with the Faculty of Sports Studies, Masaryk University in Brno, 
human foot medial arch profiles have been scanned using this method, which makes the 
diagnosis of arch deformations more precise.  

1.3 Innovative ways how to capture 3D scene, overcoming the 
limits of current systems   

The core of the work lies in innovation of methods of capturing 3D content and 
their testing. Technical limitations of contemporary capturing systems are analyzed and 
compared. Parameters of a new hybrid capturing system are searched for to match 
technical and physiological points of view. The design and implementation of the new 
capturing system that combines advantages of classical passive system of depth map 
estimation from a stereo pair and of active systems (profilometry scanning) is the main 
aim of the work. 

1.4 Quality of experience in 3D video - evaluation, assessment and 
prediction 

Up-to-date methods of subjective and objective evaluation of quality of experience are 
discussed and compared. A strong novel quality metric is sought to be applied in the 
designed system. Subjective tests are performed to prove advantages of the designed 
model of 3D perception. 
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2. State of the art 

2.1 Physiology of spatial perception - monocular cues 

Monocular cues provide depth information when viewing a scene with one eye. 
There are two types of monocular cues: A priori cues providing a direct physiological 
response, and cues, where information is evaluated by experience. Motion parallax and 
accommodation belong to the first group, while relative size, interposition, perspective, 
shadowing, texture gradient and aerial perspective to the latter. 

Motion parallax derives information on an image depth from the relative 
movement in viewing field. Angular movements of the image of objects with lower 
distance on the retina are faster than shifts of high-distance objects.  

In case of accommodation, eye lens optical power is reflexively changed by ciliary 
muscles. Sensation of their contracting and relaxing is sent to the visual cortex, where it 
is used for interpreting the image depth. 

An a posteriori information on absolute sizes must be known for extracting depth 
information from relative sizes. Then distance can be obtained from the image size on 
the retina. 

Interposition and perspective are geometrical cues with are related with 
transformation of three dimensional light field to the flat image.   

 

a)         

 

 

 
 

 

 

b) 

 

 

 

 

c) 
Fig. 2.1. Binocular cues a) convergence, b) binocular disparity, c) empirical horopter 
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Light scattering by the atmosphere provides aerial perspective. Color fullness and 
contrast decrease with increasing distance. Photographers calls the phenomenon blue 
strain distances, because the color is shifted to the shorter wavelengths [1]÷[6]. 

2.2 Physiology of spatial perception - binocular cues 

Among binocular cues, convergence and binocular disparity belong. Binocular 
disparity is defined as the angular difference of viewing point projection to the retina of 
the left and right eye. Figure 2.1.b shows three points with the same projection to the 
right eye, but with different binocular disparity. It could be calculated as difference 
between parallaxes for the left and right eye.  

Similarly as in accommodation, extraocular muscles provide information on their 
contracting. Convergence is most effective for distances less than 10 meters [1]÷[6].  

2.3 Physiological limits of contemporary displays 

Accommodation and vergence responses are normally coupled. Specifically, 
accommodative changes evoke vergence changes and vergence changes evoke 
accommodative changes. In the real world, accommodation–vergence coupling is 
helpful because focal and vergence distances are almost always the same no matter 
where the viewer looks (Fig.2.2. a - left). The benefit of the coupling is increased speed 
of accommodation and vergence. [7] 

In 3D displays, the normal correlation between focal and vergence distance is 
disrupted (Fig.2.2. - right): Focal distance is now fixed at the display while vergence 
distance varies depending on the part of the simulated scene the viewer fixates. [7] 

This problem is generally neglected by contemporary displays. It has been 
showed, that there exist three intervals of disproportion between the mentioned cues. 
The first interval is so-called pleasant zone, or Percival’s zone of comfort, which ranges 
from minus to plus ten centimeters for 20 inch display.  
 

   
Fig. 2.2. Physiological problems related to different convergence and accommodation distance: 
Stereoscopic perception in case of direct view and given by typical stereoscopic/ autostereoscopic 

display [8]  
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Out of this zone, there is Panum’s fusion area, where it is possible to perceive 
depth. Out of this area, the accommodation and vergence distances are so different that 
it is not possible for brain to fuse images from the left and right eye [7].  

2.4 Adaptive parallax 

Problem of adaptive parallax is shown in Fig. 2.3. It demonstrates following 
relation (2.1) between perceived depth dP and disparity (shift) d of observed images for 
left and right eye on the screen, we assume parameters viewing distance dV and natural 
stereobase (common viewer eyes distance) IOD. [8]   

 

 

 
Fig. 2.3  Demonstration of problem with adaptive parallax  
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The equation implies that the perceived depth increases linearly with the viewing 
distance dV, but nonlinearly with the disparity (shift) d of observed images. The problem 
of relative parallax occurs by change of observed area. If we consider displays with the 
same resolution which differ just in diagonal dimensions and an observer sitting in the 
distance that provides him the same viewing angle 2γ, a nonlinear increase of the 
perceived depth with the horizontal image dimension can be stated. In case of 
transmission of 3D content by the television chain in formats based on stereo pair 
(spatially or temporally compressed stereo pair, 2D+delta), the exact requirement to the 
display diagonal dimension would be taken to user. On a smaller display the same 
image would be flatly served, conversely it leaves comfortable zone and viewing would 
become discomfort in case of large format projection.  

The mentioned problem can be solved by coding format 2D+depth, which has 
been implemented as WOWvx. Ordinarily 8-bits depth information is transmitted about 
each pixel or spatially compressed (so-called depth map).  
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This approach has also disadvantages. The first disadvantage is higher 
computational complexity in coding and decoding side than in mentioned alternatives. 
Also, a problem with holes in cover parts arises.   

2.5 Classical depth map estimation 

Most of today’s systems use a stereoscopic pair of figures for depth map 
estimation. Depth map generation from stereoscopy images is not straightforward. First, 
it is necessary to find a fundamental matrix, which describes the epipolar geometry of 
stereo vision system. [9] In case of well–matched cameras with parallel optical axis and 
known stereo base, fundamental matrix definition should not be a problem. There are 
few different sophisticated algorithms to estimate it. Most of them find some 
corresponding points of both images of stereo pair first. For example, SIFT algorithm 
(Scale-Invariant Feature Transform) [10] can be used for this. 

Then the disparity map is computed from pairs of segmented areas of the same 
distance searched along epipolar lines. Searching is done with subpixel accuracy.    

Problems occur when objects of scene have large monochromatic surface, because 
characteristic points cannot be identified to find the correspondences. Similar situation 
can happen when the surface of shot object has a fine periodical structure in horizontal 
direction. Although the algorithms for depth estimation are “best effort” meaning, the 
most probably variant of the depth map is chosen, eventual inaccuracy or error can not 
be detected or reduced. 

2.6 Active methods of 3D scene capturing 

Passive methods of depth map estimation are based on finding correspondences 
between both images of stereo pair or multi-view set, or in case of 2D to 3D conversion 
on finding monocular cues parameters as depth from focus or motion parallax. 
However, sometimes it could be convenient to use active methods, where signals 
(usually visible or near infrared light or ultrasound) are transmitted to the surface of 
scanned objects to measure distance. 

Profilometry scanning 

Profilometry is a very common method for accurate surface topography 
measurement. Coherent light can be used, but incoherent methods as Fourier’s 
profilometry, phase-shifting profilometry or moiré topography are usually used in 
macroscopic scanning systems. Incoherent methods are based on triangulation of 
a measured system. Reflection of a certain ray from the measured surface on its way 
from the source to the detector takes single valued information about depth. 
Profilometry algorithms described further use sinusoidal optical intensity pattern 
projection (2.2).  

 intensity( ) 1 cos= + Φx  (2.2) 

T phase of a projected pattern then changes along the abscissa as follows: 
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where ppix is spatial frequency in the surface. This projection is deformed by 
reflection from the measured surface. Depth information is extracted by comparison of 
the reference pattern with the projected one. 

 1∆Φ = −Φ Φ ref
 (2.4) 
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p is the calibration constant, which could be easily calculated. 

 
Fig. 2.4. Principal scheme of profilometry scanning  

Fourier’s profilometry 

This method is based on the fact that we can obtain the phase value of a pixel in 
a surface of an object or a reference plane by determination of its vales and neighboring 
values. Discrete Fourier’s transform of rows produces a complex spectrum, so 
information about phase could be easily separated. The advantage of this method is that 
it can be applied to moving targets capturing. 
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Phase-shifting profilometry 

Another way of getting information about phase values is a projection of more 
mutually shifted sinusoidal patterns in time multiplex. Benefit of this strategy is 
accuracy, which even grows by increasing the numbers of “iterations“, but it brings a 
huge problem. This method is not applicable for moving targets. 

3. Various 3D displays technologies for subjective 

quality tests.  

The experience in viewing of 3D content is highly depending on the used display 
technology, enable to watching stereoscopic video. Of course, different technologies 
have different features. Moreover, both most used active and passive technologies have 
common weaknesses. For example, the exact separation of the images for left and right 
eye is not perfect. More precisely, part of information, designated for left eye is seen by 
the right eye and vice versa. This leakage of information in the literature is marked as 
crosstalk [1]. Therefore, technical quality of concrete 3D display can be rate on the basis 
that how can reduces the amount of crosstalk. It should be found the golden middle way, 
because even the small amount of crosstalk can have a negative effect on picture quality 
[2]. Besides of crosstalk, the different processing steps for the broadcasting (delivery) of 
TV content in 3D format may create problems in terms of Human Visual Perception 
(HVS) [3]. 

3.1 3D-TV display technology for home conditions 

The category of displays that generate two separate viewing zones (one for each 
eye) is large. As it was mentioned in the previous section, at this moment on the market 
there are used three dominant 3D display technologies for PDP, DLP and LCD displays. 
In this section there are briefly described the main features of 3D displays (needed 
special glasses for the watching of stereoscopic content), which we will use in our 
experiment. The basic requirement (special glasses) for the vision of the stereoscopic 
images is common to these stereoscopic displays. The description is focuses on the main 
features of these technologies that should be have impact on the stereo 3D presentation. 

3D-TV Displays with Active Shutter Glasses (ASG) 

There are two basic stereoscopic display presentation techniques: stereoscopic and 
autostereoscopic. For the first one the eyewear is needed, for the second not. Glasses 
types, used for the watching of 3D video in case of stereoscopic displays, is depending 
on the type of technology that used for the creation of 3D sensation.  

Nowadays, the Time-Multiplexed Approach (TMA) is the most extended 
technique for stereo pair discrimination. The 3D displays with this technique displayed 
the left and right images on the screen of alternating fashion at higher frame rates 
(generally 120 Hz). Thank to this, so called alternate frame sequencing, viewer must use 
Active Shutter Glasses (ASG), which are battery powered and synchronized to the 
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content being displayed. More precisely, the light is switched in time multiplex to both 
eyes. This done e.g. by using an infrared emitter controlled liquid-crystal-based glasses. 
More details can be found in [4]. This technique has 2 general disadvantages. First one 
is the cost of the needed ASG glasses. The general principle of TMA technique is 
illustrated in Fig. 3.1. 

 

Fig. 3.1. Principle of the time multiplexing discrimination display demonstrated on cross section. 

3D-TV Displays with Passive Glasses (PG) 

As it was briefly outlined above, 3D displays, uses TMA technology, require ASG 
glasses. The popularity of other technologies has been increasing. Besides the TMA 
technology, the Polarization-Multiplex Approach (PMA) is also widely used. 

In this method, the State of Polarization (SOP) of light corresponding to each 
image in the stereo pair is made mutually orthogonal. For that, linear or circular 
polarization can be used. Therefore, the observers must use special glasses, appropriate 
for the block of the image that is not intended for the right or left eye. More precisely, 
the images are produced by a two-projector setup in which one projector produces either 
the left or right eye images with a polarization state orthogonal to that of the other 
projector. This method requires the use of a special screen that preserves the SOP [4]. 

  

 

Fig. 3.2. Principle of the polarized discrimination display demonstrated on cross section. [5] 
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In general, the advantage of polarization technology is the simplicity, weight and 
no power consumption of glasses. On the other hand, this technique also has several 
disadvantages. The used of the polarizing filter can cause chromatic aberration and  
ghost images could occur in case, when the choice parameters of projection are 
improper [4]. The general principle of PMA technique is illustrated in Fig. 3.2. 

3.2 Angle-related imperfections of present display systems 

Typical, and often the only display angular parameter, which is specified by the 
manufacturer, is viewing angle and its limits [6]. These are defined as a border angle 
where the image contrast falls below defined level. The PDP (Plasma Displays) have 
larger viewing angles than LCD (Liquid Crystal Display) generally. The situation gets 
even worse, when FPR (Film-type Patterned Retarder) is used. It has been done 
measurements of mentioned parameters include brightness and chrominance parameters, 
which could also affect subjective video image quality and QoE (Quality of 
Experience).  

 

 
Fig. 3.3. Dependence of the a) Horizontal (HXT) and b) vertical (VXT) crosstalk coefficients from right 
to left eye depends on viewing angle a for three basic saturated colors R, G, B. [5]

a) 

b) 
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I have applied method for crosstalk measurement, described in [7]. Principle is to 
measure unwanted (crosstalk) image brightness, which penetrates from right eye 
channel to the left eye channel. The crosstalk coefficient has been calculated as the ratio 
between brightness of crosstalk and desired image. The chroma meter Konica-Minolta 
CS-100A has been used for measurement of crosstalk, which has been done in a dark 
chamber (illumination below 10 Lx).  

I have supposed that due to the narrow bandwidth of FPR technology crosstalk 
coefficients could differ for basic saturated colors R (Red), G (Green) and B (Blue) in 
case of the polarization technology. As it is shown in the Fig. 3.3., this assumption has 
been correct. While charts illustrate crosstalk dependency on viewing angle of 
polarization technology, no similar relation has been found in case of time multiplex 
technology. The values of HTX (Horizontal) and VTX (Vertical) coefficients are stable 
about 0.04 from 30° up to 150°. Beyond that sometimes problems with glasses 
synchronization occur, due to radiation characteristic of IR diode used for 
synchronization of control signal transmission to glasses [5]. 
 

4. Smart application of profilometry scanning 

for physiotherapy 

For further research of depth map estimation, the phase-shifting profilometry 
method has been used. In this section, its special application in medicine is introduced 
not only to demonstrate its wide applicability but also to gain real practical experience 
with its utilization in special conditions.  

The phase-shifting profilometry method has been modified for foot arch 3D 
scanning. The aim of this scanning is mainly arch deformity detection and treatment 
efficiency evaluation in comparison among alternative therapeutic methods. Common 
arch deformities, which should be scaled and measured by the proposed method, are 
well known pes planus and pes cavus. Contemporary methods of their detection and 
description are based on plantogram analysis.  

The proposed method is based on 3D phase shift profilometry method utilization, 
which has been described in part 2. Sets of periodical patterns are projected to the foot 
and captured by camera. Images are then segmented and continuous surface of the skin 
is mapped in space. On the basis of this depth map and color image, a 3D model of the 
scanned arch could be created.  

The other challenges are defining the foot arch volume and matching volumes 
before and after treatment. The increase of foot arch volume should prove the efficiency 
of tested physiotherapy method. [1, 2] 

4.1 Implementation of Scanning Method 

First it is necessary to admit, that we chose well-known phase-shifting 
profilometry. The novelty of this realization is just a field of application.  
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Fig.4.1. Reference plane reconstruction: a) Original captured referecne plane, b) Error depth areas in 
case of  original referrence utilization, c) Improved referrence; Foot segmentation: d) Input color 

image, e) Edge obtained by detector with  Laplacian of Gaussian filter, f) Segments image [3] 

During the realization of the proposed method occur some problems may occur 
which have to be solved before implementation. The first one is the lack of a usable 
reference pattern. For setting the reference, the projecting corner is illuminated by a 
measurement pattern modulated by the light. 

However, the base of this corner has no useable pattern projection. The position of 
the projector could not be changed to scan the sagittal surface precisely. The problem is 
clearly demonstrated in Fig. 4.1. a) to c), where the end of the reference pattern can be 
seen. The foot is situated in front of the reference array in the corner, which causes that 
we have no reference for the brown part of the image. Because of the robust unwrapping 
algorithm application, unexpected phase steps can cross also to the green colored area. 
The most relevant part for arch shape description is situated in colored parts, so 
degradation is unacceptable [3]. 

There are at least three possibilities how to solve this problem. The simplest one is 
to use no base or just partial removable underlay only for foot scanning, which would be 
removed in the case of calibration. It could also be done using sagittal shift of reference 
plane about ∆l  which theoretically doesn’t change the depth value.  

 

 
a) 

 
d) 

 
b) 

 
e) 

 
c) 

 
f) 
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a) 

 
b) 

 

 

c) 

Fig.4.2. Foot medial arch 3D scanning: a) Scaned foot illuminated by measure pattern.  b) Depth map 
with wrapped phase c) Final unwrapped depth map [3] 

However, this approach requires a mechanism for a precise and repeatable shift, 
otherwise uncertainty can devaluate results.¨ 

Therefore, the software approach has been chosen. The algorithm is 
semiautomatic, where parameters can be modified to improve the results. After the first 
adjustment it can work automatically in a particular projector - reference plane - camera 
setup. The first step is the last entire row of the reference recognition and bottom image 
part cut off. Then the shaded part has to be defined. Firstly, the procedure was tested 
based on the ideal sinusoidal light intensity waveform. Because of the gamma correction 
of the projector and unknown nonlinear transfer functions of the system projector-
reflection-camera, it was decided to use the extrapolation from correct lines instead of 
this [3].  

If we assume the ideal flatness of the reference plane and homogenous light 
reflectivity, it can be expected that the line patterns differ only in scale. The scale 
increases linearly with the line order. So, the program finds the slope of this 
dependency. It is found from two manually entered rows which are a thousand times 
oversampled and correlated. From the peak of the function, which gives dependence of 
the crosscorrelation on the scale extension, the slope is evaluated. At the base of this, 
the waveform of chosen row is then extrapolated to the shaded part of the reference 
image [3].  

After gaining applicable references and scanned data, the depth map could be 
computed. However, the problem with phase unwrapping still occurs. To solve it, we 
use a previously developed algorithm utilizing graph cuts [4]. This implementation is 
characterized by high sensitivity to unwanted phase steps which occurs in the edges of 
objects and in undefined (poorly illuminated) parts and can disturb the function of the 
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algorithm. Therefore, it has been decided to limit the area affected by unwrapping just to 
the foot [3].  

The foot has to be selected from the background. This is achieved by a 
semiautomatic algorithm based on edge detection. First the filtering of the luminance 
part of the original image (see Fig. 4.1. d) by Laplacian of Gaussian filter is provided to 
acquire raw edge representation (see Fig. 4.1. e). This one is then filtered by a mask 
operator to filter continual edges with defined length. These long fragments are then 
manually selected and the morphological transformation closing is applied. The mask 
defines the morphological structure element, and is line-type, constructed at the base of 
the dilated line direction vector. This way the image is divided to object and background 
(Fig. 4.1. f).   

Having the mask to separate our object, we can proceed to depth map calculation. 
This is done at the base of the reference and measure pattern sequences, as it was 
described in the previous chapter. This computation gives us the preliminary depth map 
with wrapped phase. For phase unwrapping, the mentioned graph-based algorithm [4] 
was utilized. To avoid unwanted noise on phase steps, this depth image was smoothed, 
which causes, on the other hand, a visible unwanted stripe pattern [3].  

5. Innovative ways how to capture 3D scene 

Depth map generation is today mostly processed from stereo pair of figures. In 
minority cases it can be used more cameras or some active scanning method, which 
usually requires special hardware. Active capturing systems utilize the projection of the 
measurement pattern on a scanned scene which could be in visible light spectrum [1], 
[2], near infrared field [3] or projected by a focused laser spot [4]. 

5.1. Depth map estimation from stereo pair 

Most of today 3D capture systems use for depth map estimation one of passive 
methods based on stereo pair analysis.  

There are mainly two types of this method. Firstly, classic and older approaches 
are referred to as area-based methods [4]. In most cases, well-matched camera 
parameters are assumed, namely focal length, depth of field and resolution. The 
description of epipolar geometrical parameters is epitomized in a fundamental matrix to 
be found. Then rectification [3] is performed, meaning transformation of input stereo 
pair images is carried out so that epipolar lines of output images correspond with the 
same image rows. After that the corresponding points are sought for just along these 
lines. The basic algorithms for Disparity Space Imaging (DSI) are Sum of Squared 
Differences (SSD), Sum of Absolute Differences (SAD) and Normalized Cross 
Correlation (NCC) [4].  

The second category consists of feature-based methods. They can find 
corresponding points within the whole images of the stereo pair. The Scale-Invariant 
Feature Transform (SIFT) or Speeded Up Robust Feature (SURF) are algorithms which 
assign a descriptor of each characteristic pixel. Correspondent points are then found at 
the base of this description [4]. 
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Problems occur when objects of the scene have a large monochromatic surface, 
and thus characteristic points cannot be identified in order to find the correspondences. 
A similar situation can happen when the surface of the photographed object has a fine 
periodical structure in the horizontal direction. Although the algorithms for depth 
estimation are “best effort”, meaning they choose the most probable variant of the depth 
map, an inaccuracy or error cannot be detected or reduced.[5] 

5.2. Professional active scanning system 

To show practical usability of our system design, which will be described later, we 
put it’s parameters into context with commercial solution. This part means possible 
principles, which are used by PrimeSense sensors applied in Kinect device. 
Unfortunately, producers have not published details, but experimentally obtained 
parameters can be found in the report [6].  

The sensor combines two methods of active scanning: a structural light analysis 
and a depth from focus. The first one is a triangulation method as well as profilometry 
is. Nevertheless, the classical profilometry approach codes information by a specific 
pattern to identify the position of each projected scanning point. Kinect structures 
infrared light to speckles of points which are randomly spread. The information about 
correspondence between projected and observed light spots has to be added another 
way. 

Depth from focus is one of classical monocular cues of depth which rates blurring 
of an image, projected beside the focus plane [7]. The producer PrimeSense uses 
astigmatic lenses for structure light projection. This solution is based on the changing of 
geometrical parameters of projected spots along the depth dimension. The combination 
of mentioned methods joins high accuracy of structural light scanning in a continuous 
surface of scanned objects with a robust approach to the detection of their mutual 
position.  

5.3. Improved 3D content capturing method: Combination of two 
methods 

This section describes the implementation of the proposed combined system. The 
basic idea is based on combination of the two above mentioned methods. The static 
scene is captured by using of each of them and the information is combined to improve 
the relevance of the final depth map. All the objects are assumed to be illuminated both 
by the ambient light and the measurement pattern.  

A flowchart of the proposed procedure is given in Fig. 5.1. Phase unwrapping is 
the most difficult step in active scanning method. The output from the block 
“Calculation of wrapped phase“ is the phase structure within the range –π to π, in which 
wraps (rapid phase shifting by π) occur. We adopt the method Unwrapping via Graph 
[8] for unwrapping. However, the algorithm failed because a rapid change of phase 
occurs in the shadow region too often. Therefore, first, shadows must be detected and 
their influence eliminated. 
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Fig. 5.1. The flowchart of the proposed procedure: Active scanning profilometry with depth from stereo 

pair [5] 

5.4. Combination of Depth Maps 

The main part of the proposed procedure consists in the combining of the two 
obtained depth maps. Inputs to this algorithm are the depth map achieved by the stereo 
method, the depth map obtained by the phase shifting profilometry, the shadow map and 
the original image of the scene.  

The process of the combination is based on the properties of each depth map. The 
stereo depth map provides good information about mutual positions of objects, but the 
profile of each object is inaccurate. On the contrary, the profilometrical depth map has a 
precise profile of each object but does not provide the relationship among the positions 
of the objects. Therefore, it is needed to obtain the profile of each object from the 
profilometrical depth map and to transform it to the range given by the stereo map. 

Firstly, individual objects in the image must be found. For this purpose, the 
shadow map and the profilometrical depth map will be used. This step is based on the 
assumption that an object belongs to the foreground, hence its values of the depth map 
will be high. Concurrently, objects are assumed not stay in the shadow. In consequence, 
we use the following condition:  

 ( ) ( ).  0  &  . .Shadow map stereo depth map threshold== > .  

The pixel which satisfies this condition belongs to the object and its value in the new 
matrix Object is logic 1. 

In the following step, objects are classified. The registration of an image means 
that for each object, linking pixels are defined. As a result, the matrix 
Class_objects (1920 × 1080) is obtained whose elements are integers i = 1,2,…, n 
defining the assignment of each pixel to one of n registered objects. In the next step, the 
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range of the depth of each object is found. All the pixels belonging to the object are 
sorted according to their depth. Subsequently, the upper and lower threshold (thlow, thup) 
are determined as values corresponding to 95 and 5 percent of the depth of the object. 
This way, the range of depth of each object in the stereo depth map is obtained. This 
range is used as the range of object’s depth in the final depth map DM. The minimum 
and maximum depths of each object in the profilometrical depth map are also found 
(min, max). Thus, each of n different objects is characterized by parameters (thlow, thup, 

max, min). Then, the profilometrical depth map DMprof is transformed separately for 
each object as follows: 

 ( ) prof
up low

i

i i i

i

DM min
DM th th ,i , ,...,n.

max min

−
= − ⋅ =

−
1 2

i

i
 (5.1) 

5.5. Implementations and verification of the idea 

To verify the depth map accuracy improvement, a laboratory setup was prepared. 
Positions of three simple geometrical objects (two cylinders made of paper, one sphere 
made of white glass), of the cameras, and of the projector in the static scene are obvious 
from Fig. 5.2.  

To actively scan and to record a stereo pair simultaneously, which is convenient 
for 3D video capturing, it is necessary to split the light that carry measurement pattern 
from ambient light. The author tried to use polarization discrimination. The system of 
measurement pattern separation has been tested and works fairly for metal objects, but 
dielectric surfaces do not retain polarization of the reflected light.  

A wider practical application of such a system could be expected with near-
infrared light (NIR) projection. The NIR projector, nowadays quite available, produces 
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Fig. 5.2. The ground plan of the experimental scene [5] 
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a) b) 

c) d) 

Fig. 5.3. The image of the scene: a) captured by the left half of the stereo camera, b) captured from the 
model in MATLAB, c) after removal of the shadow, d) with highlighted corresponding points 

in the stereo pair [5] 

the measurement pattern. Its reflection from scanned objects with added ambient visible 
light is captured by the right camera. The left camera has an IR filter installed to be 
insensitive to the measurement pattern. The main motivation for the described methods 
of measurement pattern separation is movement in the scene. For static scenes, time 
multiplex can be sufficient for separation of the measurement pattern and the image 
itself. In such a way, the results presented below have been collected. [5] 

5.6. The true depth map 

Comparison of the results of the proposed combined method and the results of 
individual sub-methods is described in the following. For rating the efficiency of the 
new method, the true (exact) depth map is needed.  

For this purpose, an experimental scene has been designed and its accurate 3D 
model (with potential deviation less than 0.05%) has been prepared in MATLAB. Based 
on known intrinsic and extrinsic parameters of the real camera, perspective projection 
on Camera 1 sensor plane has been computed (Fig. 5.3. b). The true depth map 
(Fig. 5.4. a) has been also calculated from the precise 3D model, as the distance of the 
modeled object surface to the virtual camera's focal plane. The achievable accuracy of 
the 3D model and the true depth map derived from it is the main reason why quite a 
simple scene has been chosen for this experiment. 
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5.7. Metrics for depth map error estimation 

In general, the depth map is a function which maps the pixels of the image into a 
3D surface (generally discontinuous):  

 ( ) ( )A f f, x , x RDM x y= = ∈ , (5.2) 

where R is the space in the coordinate system of the original image, where the 
original image and also the depth map are placed. Output values of the function are 
depth values for a particular camera setup. These values should be in units of length, 
expressing the distance from the camera focus plane orthogonally to the mapped point 
on the object surface. This particular depth map is referred to as absolute values (DMA). 
For later processing (e.g. compression, etc.) and TV broadcasting, it is not important to 
preserve the information about absolute depth and scale. All of the following 
realizations with arbitrary real coefficients a, b can be considered as true depth maps: 

 ( )A R + f Rx , x , ,DM a DM b a b a b= ⋅ = ⋅ + ∈ ∈R , (5.3) 

where DMR is depth map in relative scale.   

 The proposed method has inbuilt segmentation to n blocks with continuous 
surface (objects, see Sec. 4.2) and background RR.  
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Profilometry scanning provides a set of depth maps of each object surface DMi 
while coefficients ai, bi are obtained from information provided by the conventional 
depth map estimator (from stereo pairs) 
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The resulting map combines information from two methods and their inaccuracies 
influence the final values. The described combination of the methods assumes the 
condition f1 = f2 = … = fn = ftrue, where functions f1 … fn are just windowed parts (for 
sets R1,…,Rn) of the true depth map mapping function ftrue. The error of this assumption 
is caused by the error from profilometry scanning. The second source of the error is a 
premise that the stereo pair matching provides true information about minimum and 
maximum depth value for each object even if it does not have enough information about 
the surface. As shown further, this claim is not true, because both sets of coefficients 
(ai, bi, i = 1,2,…,n) are set at the base of inexact prerequisite. Both errors are multiplied, 
which is one of the disadvantages of the proposed combination of methods, (Section 
6.5.).  

We have used two objective methods for depth map evaluation. An objective 
method means that the influence of incorrectness in the depth map on the stereo/multi-
view Quality of Experience (QoE) was not determined. In the first method, the mean 
values of depth for each segment Ri in the evaluated depth map are compared with the 
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true depth map. In the second method, the minimum mean square error (MMSE) 
between the evaluated depth map (DME) and the true one (DMT) is found as follows:  
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 (5.6) 

The differences (MSE) between DME and DMT on sets of object surface points 
(excluding background) are calculated. Symbol |.| means cardinality of a (countable) set. 
Coefficients a, b represent multiplicative, respectively additive parameters from both 
depth maps. The MMSE is then the global minimum of the function MSE(a, b).  

5.8. Alternative finding of mean depth value 

The proposed system for depth map generation, as described above, is very 
sensitive to the accuracy of each object’s extreme depth map values.  

The first improvement which can suppress this drawback is the usage of 5% and 
95% quantiles of depth values distribution for (ai, bi, i = 1,2,…,n) calculation (5.1), 
instead of negative, respectively positive peak value. This approach filters extreme 
values which can occur due to noise on edges or by inaccurate object segmentation. 

If the camera and the projector are focused to infinity, the multiplicative factors of 
the depth map’s segments can be assumed to be the same for all sets Ri in profilometry 
scanning, i.e. a1 = a2 =… = an. Then there is no need to search for multiplicative factors 
and only additive factors bi need to be found from mean depth values. In this case, errors 
surely increase with decreasing focal lengths and also with differences in bi.  

The experiments have shown that better data on mean depth are needed than those 
provided by the conventional implementation of depth from stereo pair matching (by 
SW Triaxes Stereo Tracker, [9, 10], Fig. 5.4. c). That’s why horizontal parallax of 
corresponding points has been used to estimate mean values of depths. Scale-Invariant 
Feature Transform (SIFT) is the known method which provides 128-dimension features 
for specific image points. These features are invariant or “almost” invariant to many 
image geometrical transformations and they are also useable for finding corresponding 
points in a stereo pair. [5] 

In this work, the implementation from the free MATLAB toolbox, described in [9] 
was used. The corresponding points of both halves of the stereo pair, laying on the 
object's surface and simultaneously having high probability of correspondence, are 
shown in Fig. 5.3. d).  
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a) b) 

c) 
 

d) 

e) f) 

Fig. 5.4. The depth map of the scene: a) the true depth map computed from MATLAB model,  
b) captured by Kinect, c) computed from a stereo pair matching only, d) obtained by combining 

stereo pair matching with profilometry scanning, e) obtained by combining SIFT with profilometry 
scanning,  f) obtained from ideal mean depth and profilometry.  

Comparison of various methods for depth map generation 

Examples of the resulting depth maps can be seen in Fig. 5.4. As mentioned 
above, the first map (Fig. 5.4. a) is the true depth map which has been computed as the 
perspective projection of a 3D model (Fig. 5.3. b).  

Figure 5.4. b) presents the depth map provided by the professional device Kinect. 
This depth sensor maps a 16-bit dynamical range of depth to three 8-bit color 
components. For further processing, only 3 parts of a dynamic range are used wherein 
surfaces of objects lay. The depth map from the stereo pair matching (provided by SW 
Triaxes Stereo Tracker [9, 10]) is shown in Fig. 5.4. c). The figure illustrates 
shortcomings of this sub-method with estimating depth caused by problems with finding 
correspondences. The obtained values are acceptable around edges, but the algorithm 
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obviously fails in almost all monochromatic areas. Unfortunately, this failure is not 
cured by the combination with profilometry scanning and the error of the passive 
method manifests also in the final depth map. The result affected by these dynamic 
range errors can be observed in Fig. 5.4. d). [5] 

As depicted in Fig. 5.4. e), much better depth map is obtained if profilometry 
scanning is combined with parallaxes from SIFT. The corresponding points have been 
chosen from SIFT significant points at the base of three parameters. Firstly, the pairs 
with minimal Euclidean distance of their SIFT feature values have been chosen as corre-
sponding points. Secondly, the corresponding points have been chosen according to the 
fact that they have to belong to the same set Ri, and thirdly, according to the fact that 
straight lines for all corresponding points’ pairs should be parallel (in the case of 
rectified images they are parallel and exactly horizontal).[5]  

Figure 5.4. f) is presented just for comparison. The depth map of the scene is 
obtained from the profilometry scanning combined with accurate information about the 
objects' mean depths (ideal coefficients bi applied). 

5.9. Final score 

In this subsection, the benefits of the proposed system are demonstrated by 
comparing its results with those of individual methods. Furthermore, we also show 
competitiveness with the commercial depth sensor Kinect.  

 
Tab. 5.1. The relative mean values of depth for 3 scanned objects (red cylinder R1, green cylinder R2, 
cyan sphere R3) [5] 
 

Relative mean values of depth for 3 objects in the depth map  

True depth map 1.0000  :  1.5388  :  5.0874 

Kinect 1.0852  :  1.0000  :  1.2329 

From stereo pair matching 1.0000  :  1.1188  :  1.0201 

SIFT algorithm 1.0000  :  1.9836  :  5.7730 

 

Tab. 5.2. Minimum mean square error (MMSE) of the estimated maps relative to the true depth map. The 
last two rows demonstrate the influence of two different implementations of the passive method giving the 
mean depth [5] 
 

MMSE 

Stereo pair matching only 0.1554  Fig. 12 c) 

Kinect 0.1430 Fig. 12 b) 

Ideal mean depth +profilometry 0.0032 Fig. 12 f) 

Stereo pair matching (Triaxes) 
+profilometry 

0.1740 Fig. 12 d) 

SIFT+profilometry 0.0294 Fig. 12 e) 

Table 5.1. compares the ratio among mean depths of three scanned objects R1÷3 

(colored by red, green and cyan in the 3D model image, shown in Fig. 6.11. a,b). 
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The biggest deviation from the true depth map can be observed if the commercial 
implementation of stereo pair matching provided by SW Triaxes Stereo Tracker [9, 10] 
is applied. The algorithm is not suitable even to order objects correctly. The Kinect 
device also has a problem with this basic task. This is due to the intentional setting for 
scanning within a very small part of its dynamic range. However, it has to be mentioned 
that there is less error compared to the map from a stereo pair. It is predictable that the 
proposed combination of depth from stereo pairs with profilometry suffers from the 
same problem. The results from the parallax of corresponding points provided by SIFT 
with subpixel accuracy are presented in the last row of Tab. 5.1. These results are the 
best estimation of mean depth of objects from the tested primary methods. [5] 

Table 5.2. sums up the MMSE values of the particular depth maps relative to the 
true one. The first and second rows are calculated from the maps resulting from the 
stereo pair matching and Kinect. The last three rows represent errors in the case of depth 
map combinations. Ideal mapping of the depth maps of segments obtained from 
profilometry scanning to the true depth dynamical range is performed and described by 
the error value in the third row. This value also determines the minimum achievable 
error of our setting of the profilometry scanning system. The fourth line of Tab. 5.2. 
gives the results obtained from the original version of the proposed method combining 
the commercial implementation of stereo pair matching provided by SW Triaxes Stereo 
Tracker [9, 10] with profilomery scanning. As explained above, this combination suffers 
from vague inputs resulting from stereo pair matching. The last value in the fifth row of 
Tab. 5.2. refers to an alternative source of mean depth value obtained by SIFT (see 
section finding of mean depth value). This result is obviously the best and demonstrates 
the contribution of the proposed combination of individual sub-methods, introduced in 
this part. [5]

6. Quality of experience in 3D video - evaluation, 

assessment and prediction  

This part describes subjective tests performed in our laboratory. We have done a 
few test campaigns to study various phenomena. The influences on QoE (quality of 
experience) in case of stereoscopic video content consumption have been found and 
investigated. There were among others the influence caused by  different display 
technology, laboratory environment, ambient light conditions, viewing angle, testing 
method, scale, HRC and SRC. 

First we started with overall QoE tests [1]. The aim of these tests has been 
comparison among QoE of three display technologies and three types of content 
sources. All participants watch a test sequences on a plasma digital panel (PDP) with 
active shutter glasses, on a liquid crystal display (LCD) and projected with a digital light 
processing (DLP) projector. Three sources of 3D content have been compared: a Blue-
ray distribution of films (3D BD), a stereoscopic satellite broadcasting and a consumer-
level stereoscopic camcorder. Authors also tried to analyze the components of QoE 
score as intensity of 3D effect, naturalness of the depth of the scene, 
impairments/artifacts, sharpness, uncomfortable feelings and disturbance by ambient 
light. [1] 
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6.1 Performance of multiview compression algorithms 

During the time, the development of 3D technology from stereoscopy over 
multiview to the plenoptic (light field) brings the need of appropriate compression 
techniques. This part aims to explore the performance of recent and upcoming 
compression tools for 3D stereoscopic video, namely H.264 Advanced Video Coding 
(AVC) [11], H.264 Annex H - Multiview Video Coding (MVC), H.265 High Efficiency 
Video Coding (HEVC) [5] and H.265 Annex G – Multiview High Efficiency Video 
Coding (MV-HEVC) [6]. For this purpose, appropriate subjective test sessions are 
realized. Well established 2D objective video quality metrics are then compared with 
scores from subjective test. Moreover, gathered results are statistically analyzed. Based 
on subjective test results and commonly used 2D metrics, we focus on custom 3D video 
quality metric development. These models of subjective video quality perception are 
described in last subpart. The results presented here are a continuation and different 
viewpoint of our earlier work published in [7, 8]. 

As it has been mentioned, two compression standards (H.264 and H.265) are compared. 
For both of them it is considered their standard and multiview version. The data rate of 
resulted stream is calculated as sum of two video flows in case of base compression 
standard or as one flow in case of multiview one. In encoders were defined only bitrates 
and searching range without any other system parameter modification and without any 
tune of the encoders. Other parameters of encoders select encoders automatically by its 
self. A summary of video encoders settings used in encoding is provided in Tab. 6.1. 
The searching range for HEVC - based encoders was set to 64 to take full advantage of 
these modern encoders. The preset quality profile was set to the highest quality because 
we focus only on to the quality of encoding, not for speed of encoding. Bitrates were set 
to 0.5, 1, 2 and 4 Mb/s. [2] 

Tab. 6.1. Parameters of used encoders [2] 

Codec   AVC  MVC  HEVC  MV-HEVC 

Encoder  x264 r2597  FRIM x64 1.25  HM 15  HTM 15.1 
Profile   High  High  Main  Main 
Level   5.1 4.0 5.1  - 
Preset   Very Slow  1 (quality)   -  - 
Search Range   32 32 64 64 
GOP Size  8 25 8 8 
Deblocking 

filter/SAO   
Yes No Yes Yes 

Entropy coding   CABAC CABAC CABAC CABAC 

 
 

6.2 Test material 

As the source of 3D sequences, we have used four samples which are available in 
databases [9] and [10]. More video databases have been used to make our research have 
a wider range of uses. In 3D sequences, the source is a much more important than in 2D. 
In case of 2D SRCs with same resolution, bit depth, similar SI, TI and other  
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Tab. 6.2. Parameters of used SRCs 

SRC  Basketball Poznan Hall Train Wishing Well 
          

SI  35.4 14.8 61.6 41.7 
TI  18.0 9.4 4.4 26.9 

Disparity [%]       
Q05  -0.551 -2.133 0.426 -1.253 
Q50  -0.206 -1.263 0.646 -0.606 
Q95  0.191 -0.653 0.795 0.967 

technical parameters, it is no reason why they should get different QoE rating, even so 
they get. Stereoscopic SRCs adds the differences in (usually badly defined) camera 
setup and in composing a shot in term of physiological rules. We presumed problems 
caused by different assessment of SRCs from different source databases, but we tried 
not lost this difference like many studies does. 

 All these sequences were in Full HD resolution (1080p) for each view and had the 
frame rate of 25 frames per second. The length of each video sequence was adjusted to 
10 seconds, which is a typical length used in subjective video quality studies. Selected 
video sequences cover wide variety of situation corresponding sequence. Parameters 
Spatial Information (SI) and Temporal Information (TI) (contained in Tab. 6.2.) were 
calculated according to ITU-T P.910 [3]. For all the sequences we calculate also 
quantiles (Q05, Q50, Q95) of disparity distribution. 

6.3 Subjective tests conclusions 

The subjective test results are presented in publication [2]. It is not necessary to 
repeat them here. This part contains the results of statistical tests about coding efficiency 
of used codecs to our SRCs. Although the number of respondents is not low (37), the 
evaluation score samples are not normally distributed. This is caused among other by 
the finite evaluation scale. It tends us to use nonparametric statistical methods. MOS is 
calculated as median (Q50) of voted scores and also the hypothesis about it is tested by 
Wilcoxon Rank-Sum test. This test did not reject the hypothesis that codec AVC and 
MVC have same coding efficiency (Tab. 6.3.). It also confirmed, that the same result 
was in case of HEVC and MV-HEVC. From these tests, we can infer, the coding 
efficiency of standard codec (with two separate dataflows for each view) is comparable 
with its multiview version. Than we set two hypothesis about coding efficiency between 
codecs.  

 Tab. 6.3.  Wilcoxon rank sum test: p-value, null hypothesis rejection indicator 

Hypothesis  Rejection  p 

about MOS  of the hypothesis [-] 
       

AVC ≈ MVC  0 0.6483 
HEVC ≈ MV-HEVC  0 0.4616 

codecs H.264 vs. H.265 compress efficiency 
 same compress efficiency 
 

1 0.0024 

H.265 has double efficiency 
CR (x.264 : x.265) = 2:1 

 0 0.3128 
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First one: There is no difference between coding efficiency of H.264 and H.265 
standards (both single and multi view).  

Second one: The compression standard H.265 efficiency is twice than for H.264.  
The second hypothesis has not been rejected at the significance level 0.05. 

6.4 Predictive performance of current objective metrics for 3D video 

In this part, we want to evaluate the ability of common metrics to predict the MOS 
values of particular PVS. It was decided to determine which 2D metric had the greatest 
correlation with the subjective 3D test results. For these purposes Spearman’s rank order 
correlation coefficient (SROCC) and Pearson correlation coefficient (PCC) were applied 
to the results. This analysis is used to determine the correlation between objective and 
subjective metrics. The type of correlation coefficient, we prefer, depends on whether 
we considered the MOS data as cardinal or ordinal. In the VQM metrics there are a 
negative values, because in this metric the lower number means higher quality. The 
correlation analysis was applied to each sequence separately, to all SRC (signed ∑) and 
to subset that comes from RMIT database (Tab. 6.4.). The results show that the 
correlation depends on SRC. Video Poznan Hall which comes from another video 
database, has a different rating that others videos. It may also be due to the fact, that the 
video has a large stereoscopic parallax (Tab. 7.7.). For some viewers, it could be 
distracting and therefore the video has a diverse rating.  

Tab. 6.4. Correlations between MOS values and predictions of objective metrics 

Correlation  PSNR SSIM VQM 

[-]  Pearson Spearman Pearson Spearman Pearson Spearman 
          

Basket  0.980 0.919 0.965 0.899 -0.974 -0.892 
Poznan  0.261 0.442 0.293 0.472 -0.502 -0.484 
Train  0.606 0.648 0.848 0.696 -0.802 -0.648 
Well  0.872 0.939 0.888 0.965 -0.877 -0.905 
Σ  0.261 0.226 0.462 0.415 -0.511 -0.407 
1.,3.,4.  0.608 0.625 0.672 0.702 -0.815 -0.792 

 

Although the VQM metric has the highest correlation, it is still not ideal for evaluating 
of 3D videos. That is why we tried to optimize it and find the custom metric for 3D 
video. 

6.5 New model for 3D video MOS prediction 

We want propose the own metric, which better models to our subjective tests 
results. On the other hand proposed model should provide sufficient general predictions 
at least for content with similar parameters as used one.  

At the first place we should mention our dataset is narrow for complex model. We 
have just four contents from two source databases. It seams to be reasonable to avoid 
nonlinear model. The distribution of the residua confirms this conviction. 
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We have several objective parameters specifying SRCs (sequences itselves) as SI, 
TI, disparity and others, describing our interventions - HRCs as PSNR, SSIM or VQM 
coefficients. All the available sequences parameters (potential regressors) are summed 
up in Tab. 6.5. The column headed as "Depth description" contains four parameters 
related to content depth. First three are the quantiles (Q05, Q50, Q95) of disparity 
distribution. Fourth parameter is disparity dynamic range, defined as Q95-Q05. Disparity 
is calculated for sufficient amount of significant corresponding pixels by SURF 
algorithm. The last column contains 7 coefficients whose linear combination forms 
VQM value.  

We have only 64 samples of MOS which is response variable. To avoid 
overparameterization it is necessary to reduce the number of regressors. Good model 
needs about hundred observations to one regressor. According to [11], to detect 
reasonable-size effects with reasonable power, you need 10 ÷ 20 samples per parameter. 
The disproportion between the amount of potential model parameters and "training" data 
is also main reason we focus on linear modeling.  

Tab. 6.5.  Available objective parameters of the sequences 

2D  Depth  2D VQM 

parameters description metrics coefficients 
        

SA d05 PSNR si_loss 
TA d50 SSIM hv_loss 
 d95 VQM hv_gain 
  dDR   color1 
      si_gain 
      contati 
      color2 

The simplest and very common model estimation method for general linear model 
(GLM) is ordinary least squares (OLS). The OLS method minimizes the sum of squared 
residuals, which are the differences between the observed values and the estimated 
values of the quantity of interest. In our case are these values the median of subjective 
estimated quality (MOS) and the modeled MOS value. As we can not exclude 
correlation of regressors, generalized least squares (GLS) have been utilized as model 
estimation method. [11, 12] 

There are two criteria, based which the regressors to our models been chosen, 
Akaike information criterion [13] and coefficient of determination. 

The Akaike information criterion (AIC) is a measure of the relative quality 
of statistical models for a given set of data. AIC is based of the minimizing of the 
relative information lost when a given model is used to represent the process that 
generated the data. It sets the proportion between the goodness of fit of the model and 
the complexity of the model. This level of parsimony is a function of input data samples 
relevance in population. The AIC coefficient does not keep any absolute information 
about model quality, but the model with lowest AIC is relatively best from tested set. 

The coefficient of determination R2 is the proportion of variance explained by 
model to variance of explained (modeled) variable. In case of linear regression with 
statistically independent regressors, R2 is the square of the coefficient of multiple 
correlation between model output and independent (explanatory) variables.  
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Fig. 6.1. Model setting / verification and validation process  

The coefficient of determination is increasing with the number of regressors, even if 
they do not bring other new information. To choice the model with optimal number of 
parameters, the adjusted R2 is used. The adjusted R2 ( 2R≈ ) is the best estimate of the 
degree of relationship in the basic population. The coefficient 2R  determinates how our 
linear model would describe the population, if we have ideal data samples. 

The flowchart 6.1. shows the process of models setting (left column), their 
verification (middle one) and validation (right column). First the regressors are chosen 
from the Tab. 6.5. at the base of criteria mentioned in previous items. Secondly, the 
model is set by GLS model estimation method. Then, the standard deviation per sample 
is calculated (sometimes called in literature Root Mean Square Error (RMSE) of the 
model, more accurately, RMSE is the ideal point estimation of σ). In case of model 
verification is the dataset randomly divided to 8 parts (literature recommends 5÷10, it 
was chosen the divisor of 64). The model is set to training data (7/8 subpart of original 
data) and the σ1 is calculated on validation data (1/8 subpart). 

After 8 repetitions the arithmetic mean value of σ1÷8 is calculated, called true error 
estimation E.  

The right column of flowchart (Fig. 6.1.) describes the process of model 
validation. For this purpose have been added validation dataset. We used data from our 
previous subjective tests. SRC comes from RMIT3DV - uncompressed stereoscopic 3D 
HD video library. This database is provided by RMIT University in Melbourne [10]. 
HRC applied on selected sequences was symmetrical HEVC with four levels of 
compression ratio (2x [250, 500, 750, 1000] kBit/s). The validation data are fully 
independent. The subjective tests have been done with another respondents, the SRCs 
are different. The similar with original data set, the tests have been done with ACR, the 
same display technology and test environment have been used, as well the origin of 
sequences is one of databasis from which are original sequences. From the sequences 
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have been chosen those, whose (potentional regressors) parameter values are within the 
range of the original data values. 

The dynamic range adjustment is the second step done with set model. The full-
reference objective video quality metrics as SSIM, VQM, MPQM, NQM, VIFp and 
others tend to be the global QoE models. The generality of the metrics goes against 
accuracy, even in very complex models. Our goal was to make the most accuracy model 
with limiting data amounts. Our previous experiences suggest, even if the ACR is used 
the output data are more ordinal than cardinal. Although the respondents are trained to 
set their quality dynamic range, they tend to utilize the full range of QoE scale. This is 
the reason, why we decided to adjust the dynamic range of our model to validation data 
optimally. 

The validation is done by calculation of standard deviation of model results and 
MOS values. The bar graph (Fig. 6.2.) shows MOS values and box containing 50% of 
voted quality values. Three various point estimations of MOS, as the three  
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Fig. 6.2. Validation chart – The MOS values of validation data and their models predictions 

Tab. 6.6.  Models description, their standard deviation per sample 
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∑ 

              

I. VQM VQM   32.06 15.65 26.59 
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II. VQM optimized 

color1, si_gain, contati, color2 
0.5773 13.80 25.51 17.70 

III. AIC minimized PSNR, SA, TA, color2, d50 0.8425 8.57 26.37 14.50 

IV. aR2 maximized VQM, TA, si_gain, d95 0.8473 8.51 21.00 12.67 
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corresponding linear models results are plotted as color cross marks. The color 
background of the bar quaters refers to SRCs 1÷8. Each color surface contains the MOS 
values of four HRCs applied on one sequence. The reader can evaluate suitability of the 
models in relation with quantile intervals. Table 6.6. sums up the models accuracy and 
verifications. σ denotes the standard deviation per sample. It is calculated for original 
(training) data, verification data and through both datasets (signed ∑).   

Model I. is classical VQM, according to the recommendation. It serves us as the 
reference value for other models. The deviation per sample is more than two times 
higher for our original data than for validation dataset. This indicates our original 
dataset is very heterogeneous, which it really is (original sequences arise out of two 
different databases).  

Model II. is linear combination of VQM coefficients, optimized for original data. 
There are three aspects to demonstrate on this model.  

First, VQM could be improved by training on particular data. Original coefficients 
of VQM metric have been established for general 2D video sequences and their 
analogue/digital distortions caused by transmission/broadcasting. Author considered 
VQM model improvement by training it on specific type of data (3D stereoscopic 
sequences in HD resolution). 

Secondly, we have the lack of data samples to do this VQM optimization properly. 
Model is overparameterized, loose the generality, which is manifested by increase of 
deviation on validation dataset. 

Thirdly, the lowest adjusted coefficient of determination suggests that this model 
can not explain more than 40 % of data variability.    

Model III. has been estimated for our original data. The regressors have been 
chosen for minimum AIC of the model. More precisely, the AICc (AIC corrected) 
coefficient has been minimized, which is preferable in case of small amount of data 
samples (less than 40 samples per 1 coefficient of the model). The coefficients of linear 
model for original data are [7.72, 3.47, 2.46, 1129, -32.10], they are ranked in same 
order as regressors in table. This model is quite well-fitted to our data that is indicated 
by the adjusted coefficient of determination. However the verification of this model 
shows the estimated error value 16 %, which is more than in case of optimized VQM 
model. The validation with independent data set confirm the concerns, this model is not 
enough general. 

Model IV. includes the regressors, which have been chosen based on criteria of 
maximum adjusted coefficient of determination. The verification of this model brings 
better results than previous one. A scatter plot also indicates the good homoscedasticity, 
even if one of the model coefficients is VQM. The coefficients of regressors for original 
data are [-99.1626, 0.8444, 470.5421, 35.2540]. The result of validation of this model is 
not cogent (the sample standard deviation about 20%). The author express the opinion, 
this could be due to the difference between the datasets. 

Model V. is VQM value, whose dynamic range is adjusted separately to both 
datasets. The same process of dynamic range adjustment is done for validation data of 
the models I.-V. The dynamic range of modeled data (MOS values) is the additive 
information of the model. So the models results should be compared with adjusted MOS 
values to get relevant information about models selective accuracy. 
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Model VI. has been established to improve the validation dataset results. On the 
other hand, author does not want to loose the benefit of two independent datasets, which 
provide information about the generality of the model. The cross-optimization process 
has been done. From all the models (all the regressors combinations) that have been set 
to original data, the algorithm chose that one, which have the lowest sample standard 
deviation for validation data. The algorithm of cross-optimization chose the regressors, 
which have the most similar influence on the modeled MOS value over both datasets. 
The result model is not optimal for any of the datasets, nor for conjugate dataset, but we 
do not loose the validation possibility. 

Model VII. is the optimal model for conjugate dataset (which includes both 
original and validation data). The model has been set to minimum of sample standard 
deviation and 8 regressors. Although 8 regressors is reasonable large value to 96 sample 
of conjugate dataset, we can deduce nothing about generality of this model. 

7. Conclusion 

The topic of advanced methods for 3D image and video capturing in this work is 
dealt with in a rather wide scope, ranging from the description of contemporary 3D 
display technologies, discussion and innovation of methods of capturing 3D scenes, 
through their testing and evaluation, up to special practical applications. Issues 
connected with both capturing and displaying of 3D images and videos are taken into 
account.  

The issue of true perception of the depth in 3D image and videos is connected 
with physiological functions of human eye and brain on one hand, with technical 
parameters of 3D content creation, 3D displays and their technology on the other, and of 
course, it includes the used methods of obtaining and saving information on the depth. 
As a key constituent part of the problem, procedures and metrics for quality of 
experience must be designed and tested. All these questions are dealt with in this work, 
with the main emphasis laid on depth map constructing methods, their innovation and 
testing.  

First, the work gives an overview of theoretical basics of spatial perception 
physiology and of today methods of depth map estimation. The necessity of depth map 
utilization is explained by the problem of adaptive parallax. The stereoscopic displays 
parameters related with quality of experience of 3D content watching are analyzed. The 
influence of non-directional view to the display on depth perception, which is inherent 
for most of stereoscopic displays technologies, is explained using a geometrical model. 
Angular parameters of two most common displays technologies (polarize discriminated 
and time multiplexed) have been measured in the laboratory conditions and are 
discussed. Referenced conference contributions present also the subjective tests results 
investigated the influence of these parameters on QoE. 

As an example of special practical application, where the depth is a very important 
parameter of an image, a medical application of a modified topographic scanning 
method is demonstrated. Automatic precise 3D scanning of human foot medial arch 
profiles enables to create a 3D model of the foot arch which is necessary for detailed 
arch deformity detection and consequently, for evaluation of treatment efficiency. The 
necessary modification of the common topographic scanning method for this purpose 
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altogether with MATLAB semi-automatic script for profilometry scanning and medial 
arch volume computation has been designed in cooperation with the Faculty of Sports 
Studies, Masaryk University, the method is successfully used in practice.  

To be able to propose a suitable innovation of existing methods of depth map 
estimation, first these commonly used methods are analyzed, especially with respect to 
their drawbacks and benefits. The main drawback of the passive stereo pair matching 
method consists in incorrect matching of large surfaces with a lack of identifiable 
points. On the contrary, the incoherent profilometry scanning as an active method often 
fails in surface discontinuities. Thus a combination of these two methods has been 
designed to improve the depth map estimation. Functionality of the proposed system has 
been compared with the results of the commercial depth sensor Kinect. The novel 
method has been tested in a laboratory environment to prove that better results are 
obtained than with individual partial methods. From various scanned scenes, a simple 
one has been chosen to demonstrate the obtained results, to compare them mutually and 
also with exactly defined real data. A significant improvement has been achieved by the 
proposed combination of the profilometry scanning with the stereo pair matching with 
SIFT. 

Because evaluation of quality of experience (QoE) is a substantial task in 3D 
video capturing and displaying, attention has been paid also to objective and subjective 
testing. Objective video quality metrics, which are used to analyze the compression 
efficiency of modern 3D video codecs, have been discussed. Correspondence between 
the objective and subjective scores are statistically analyzed. The most important 
outcome of this part is creation of an objective metric for the best estimation of 
subjective stereoscopic video quality score. In fact, the set of different variants of 
models describing stereoscopic content perception has been designed and the 
verification and validation of them on an independent dataset from previous subjective 
tests have been successfully realized. 

The author believes that the stated objectives of the work have been met. The 
novel combined method of depth map estimation works well and overcomes individual 
partial methods. In order to enable direct comparison of the obtained results with exactly 
defined real data, for the time being, the method has been applied to a relatively simple 
static scene. Further analyses, computations and testing could refine the proposed 
combined method of depth map estimation, adapt it to moving scenes, and judge its 
advantages and drawbacks under various conditions. The designed objective metrics 
gives a sufficiently precise idea on the relation between objective parameters of the 3D 
content, its HRCs and the results of subjective testing. Better understanding of PVS and 
observers’ ability of depth perception could be achieved by realization of the proposed 
subjective testing campaigns. The author hopes the work could serve as a good starting 
point for further interesting and challenging research tasks.  
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Abstract 

 The thesis focuses on advanced methods for 3D image and video capturing and 
evaluation. Based on a brief summary of spatial perception principles and the 
description of the state of the art in the areas of adaptive parallax and cameras 
configuration for traditional stereo pair shooting, especially up-to-date possibilities of 
depth map estimation are analyzed. Both active and passive methods are discussed; 
profilometry scanning is explained in more details. Qualitative parameters of two typical 
present systems of 3D displays are compared. The analysis is made for polarize 
discriminated and time multiplexed 3D displays technologies. Crosstalk between left 
and right images has been also measured. The core of the work consists in the design 
and testing of a new method of more precise estimation of the depth map in 3D videos. 
The novelty of the proposed approach lies in a sophisticated combination of partial 
results obtained by selected existing passive and active 3D scanning methods. The aim 
of the combination is to overcome drawbacks of individual methods and this way, to 
improve the accessible precision of the final depth map. The active method used is 
incoherent profilometry scanning which fails on surface discontinuities. As a passive 
method, a stereo pair matching is used. This method is currently the most widely applied 
method of depth map estimation in the field of 3D capturing and is available in various 
implementations. Finally, subjective tests of 3D video quality of experience (QoE) are 
dealt with. The most important outcome here is creation of the objective metric for the 
best estimation of subjective stereoscopic video quality.  

Keywords 

Depth perception physiology, monocular cues, binocular cues, 3D display, 
binocular disparity, stereo pair, human visual system, depth map estimation, active 
scanning, profilomery, image quality evaluation, quality of experience.  

 

 

 


