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ABSTRACT 

 

Each point in the space is defined by its three dimensions position (x,y,z). However, 

capturing this point with a camera only translates it to a two dimensional point (x,y). 

The reconstruction of the missing dimension z is needed to locate the point in the space. 

The skewed parallel cameras provide the mechanism for obtaining 3D information in a 

wide field of view. Due to discretization in the image planes, the 3D space is quantized 

by iso-disparity surfaces. In this thesis, a mathematical model relating the stereo setup 

parameters with the iso-disparities is developed and used for depth estimation. To 

reduce the uncertainty (quantization error) in the depth reconstruction, the dithering 

approach is proposed; therefore a dithering signal is estimated and generated to change 

the setup parameters. The simulation results show how the uncertainty of the depth 

reconstruction can be improved by this model.  
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Chapter One 

1. Introduction 

In the modern life, a high demand for autonomous sensors’ system with high 

performance is required. The concern of this thesis is on the stereo camera and its use to 

monitor a human field activity. This issue is discussed in [1]: ―The Intelligent Vision 

Agent System, IVAS, is a system for automatic target detection, identification and 

information processing for use in human activities surveillance‖. 

The human activity field is a real 3D world, where the location of each point is 

represented by (x,y,z). However, a single camera can only map these points into two 

dimensional parameters (x,y). The missing dimension z in each single image 

corresponds to the depth of the points; therefore, a reconstruction process is needed 

which is called the 3D depth reconstruction. This process is achieved by using the 

information obtained by stereo cameras. 

If the same point of the same scene captured by different cameras with a difference in 

their positions (stereo camera), then the 3rd dimension z can be found using the two 

dimensional information encoded in each image. 

 

 

Figure 1-1: Translation of a point in 3D space into the stereo image planes where P is a point in the space, Pr 
and Pl are the translation of P in two different image planes 
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One of the main concerns of the 3D depth reconstruction is its accuracy; this depth 

information is not explicitly encoded in images but implicitly encoded in a range of 

images.  Using at least two images, a depth z of a point in the space can be found. 

Figure 1.1 shows how the point in the space is reflected in two stereo pair cameras. This 

point P in 3D space has a position as P(x,y,z), however the same point is represented as 

two dimensional point in the left image plane as Pl(xl,yl) and in the right image plane as 

Pr(xr,yr).  

The 3D information can be extracted from the 2D images using different methods, some 

of these methods are: 

i. Disparities in stereo. 

ii. Shading change due to orientation. 

iii. Texture gradient due to view point change. 

Generally, when dealing with images; there are some concerns to in stereo vision; these 

concerns can be seen as different stages which are: 

i. Matching 

This process is to find the corresponding points in more than one image, in other 

words, which point on one image corresponds to which point on the other 

image. 

ii. Depth Estimation/Reconstruction 

This process is to establish the 3D coordinates from the 2D image 

correspondences found during matching process. 

1.1 DEFINITIONS 

In this section some definitions which are necessary for the understanding of this thesis 

are introduced. 

1.1.1 Stereo Configuration 

This refers to a setup of two cameras with specific parameters such as baseline, B, focal 

lengths, f, and convergence angle, α. Figure 1.2 (a) shows the stereo setup in 3D space. 
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Since the Y dimension is not usually changed; this setup is translated in two dimensions 

X and Z as in Figure 1.2 (b) 

Z
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Figure 1-2: Stereo configuration, (a) 3D view where fr and fl are the right and left focal length 
respectively (b) 2D view where αr and αl are the convergence angles for the right and left cameras 

respectively and Pr and Pl are the projection of point P into the right and left image planes 
respectively 

In stereo, this pair of cameras provides left and right images of a scene. The depth of 

each 3D point can be estimated based on the position of its projections in the two 

images, [2]. 

1.1.2 Primary axis and optical axis 

The primary axis is the line going through the center of the lens and the centre of the 

sensor, where the optical axis is the line going through the center of the lens and is 

perpendicular to the sensor. Figure 1.3 shows this concept. 
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Figure 1-3: The concept of optical axis (dashed blue line) and primary axis (dotted red line) in 
cameras 

For the stereo setup defined in 1.2.1, if the optical axes and the primary axes for each of 

the cameras are identical, there exists two setups; first setup is the parallel stereo 

configuration where the convergence angles for both cameras are equal to zero, and the 

second setup is the general stereo configuration where these axes converge to a specific 

point i.e. convergence angles does not equal to zero. 

1.1.3 Skewed Parallel Camera 

This is the special type of stereo configuration in which the optical axes of the two 

cameras are parallel to each other and the primary axes converge to a point which is be 

called the fixation point. Figure 1.4 shows this concept  

Fixation 
Point (PF)

Left sensor Right sensor

Right lens Left lens

 

Figure 1-4: Skewed parallel camera setup, dashed blue lines are the optical axes and the dotted red 
lines are the primary axes 
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1.1.4 Disparity  

The separation on sensors’ matrices between two matching objects is called the stereo 

disparity. Due to discretization in the sensors, the disparity is usually measured in pixels 

and can be positive or negative. It varies across the image [3]. Figure 1.5 shows the 

disparity concept for two images taken for the same scene after the matching process [3].  

 

Figure 1-5: The arrows shows the disparities for two different matched points for the same scene 

1.1.5 Iso-disparity 

Iso-disparity refers to the points at the space which have the same disparities. Due to 

discretization of the disparities which is caused by the discrete pixels, the iso-disparity 

surfaces have got quantized. Points at the same iso-disparity surface have the same 

depth [1]. 

1.1.6 Camera Model – Pinhole Camera 

Pinhole camera model is considered to be one of the simplest camera models. Figure 1.6 

shows the model of the pinhole camera and how it maps the real world scene into the 

sensor (image) plane. The principles and matrix model are discussed in [4] and [5]. 

In this simple type, the distance between the image plane and the pinhole is equal to the 

focal length of a lens. 
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Figure 1-6: Pinhole camera model. v is the distance between the lens and image plane, and u is the object 
distance from the lens. 
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Chapter Two 

2. The State Of Art 

Estimation of the 3D information for a scene with high accuracy has been the focus of 

many researches in these years. The problem introduced by the pixel size of a digital 

camera is one of the major issues in the study. Antonio Francisco proposed a method of 

continuous vergence angle control where micro movements in the angle are applied in a 

synchronized way for both stereo cameras. These micro movements lead to changes in 

fixation point and also to change in the point position in the image plane. The sequence 

of changes corresponds to each movement is used to estimate the depth more accurately 

[6]. 

H. Kim, M. Yoo and S. Lee proposed a method of disparity estimation (disparity flux) to 

control a micro movement vergence in robot stereo eyes to enhance the depth 

reconstruction [7]. In this method, they follow a way in which different pairs of images 

are captured with different vergence angles. The different angles are controlled through 

a mechanism called disparity flux.   

H. Sahabi and A. Basu discussed the effect of resolution and also the nature of the 

sensor, the sensor’s pixels are uniform along the sensor or the pixels are not uniformly 

distributed, on the accuracy of the depth reconstruction [2], they geometrically modeled 

different setups and study its effect on the iso-disparity levels. Through their study, they 

discussed the direct affect of the stereo setup on the uncertainty of the depth 

reconstruction. They extended their work further and study the depth reconstruction 

accuracy using cylindrical stereo images [8]. 

M. Pollefeys and S. Sinha discussed the issue of the iso-disparity surfaces and its relation 

to the discretization problem and to the 3D depth reconstruction. They concentrated on 

the general stereo setup for which there is a convergence angle. They studied the shape 

of the iso-disparities and its relation to the human vision [9]. In their paper, they 

concluded that the iso-disparity surfaces for the general stereo setup are parallel. 
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The efficient use of the iso-disparity profile for the 3D estimation to detect obstacles is 

discussed in [10], they estimated the terrain depending on stereo camera for 

autonomous vehicle using the iso-disparity profile. Also, B. Volpel and W. M. Theimer 

discussed the localization uncertainty for the general stereo configuration using the 

area-based algorithm [11].  

The skewed parallel camera setup is introduced in [12]. They discussed the benefits of 

using this sensor-shifted camera instead of the vergence movement in general stereo 

setup.  

The dither technique is commonly known in the digital environment where the 

quantization problem is introduced. It is commonly used to overcome the true color 

issue with colored image printing [13], [14]. It is also used in Digital to Analogue 

converters [15], also in sound processing as in [16]. 

The depth spatial quantization uncertainty is one of the factors which influence the 

depth reconstruction accuracy caused by a discrete sensor. The dithering approach for 

the parallel stereo pair has been discussed in [17]. 
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Chapter Three 

3. Problem Statement, Research Question and Hypothesis, Main 

Contributions 

The modern digital cameras suffer from the discretization problem caused by the pixel 

size. This pixel size has some limitation in its size such as the signal-to-noise ratio as 

discussed in [18]. And also as pixel size becomes smaller, more data are needed to 

represent the same information. The constraints, mentioned above, on the pixel size 

makes it difficult to use very small pixel size and this cause a problem in the 3D depth 

reconstruction uncertainty where larger pixel size means larger quantization error. Also, 

the stereo configuration affects the iso-disparity surfaces. These surfaces are determined 

by the pixel size and depend on the parameters used in the stereo pair setup. 

A method is needed to overcome the disadvantages of applying the convergence camera 

pair setup which on the other hand gives a wider common field of view (FoV) than the 

parallel stereo pair setup, and also more natural setup than the parallel setup as it is like 

the human eyes. 

Thus, the research question can be formulated as: 

What are the advantages of the chip-shift camera over the convergence pair along with 

the dithering signal when used for 3D reconstruction? 

 

The hypothesis then can be set as: 

The used chip-shift (skewed parallel) camera leads to a wider common FoV then the 

general stereo configuration, and simplifies the uncertainty analysis and 3D depth 

reconstruction. 

The dithering signal by shifting the sensor plane can reduce the uncertainty of depth 

reconstruction for skewed parallel camera. This shift of the sensor plane can be 

controlled by the primary measured depth and camera setup parameters. 
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The main contributions of this thesis are: 

i. Modeling the iso-disparities for the skewed parallel camera 

ii. Developing a mathematical model for reconstructing the depth for the skewed 

parallel stereo pair based on disparities. 

iii. Estimation and generation of the dither signal which moves the iso-disparity 

surfaces to reduce the depth reconstruction uncertainty. 

iv. Implementation of the model on Matlab and validation of the mathematical 

models using simulation. 

v. Implementation algorithm for the dithering approach. 
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Chapter Four 

4. Iso-Disparity Surfaces for Skewed-Parallel Camera 

The first step done in this thesis is to model the shape of the iso-disparity surfaces for the 

skewed parallel stereo pair. Before continuing in that, this kind of camera is explained 

and its advantages are described. 

The idea behind the skewed parallel cameras is to get the effect of rotation without 

really rotating the camera. Figure 4.1 shows how this can be done as described in [19]. 

This method is used by professional photographers for a single image capturing. 

 

Figure 4-1: The use of the lens rotation or sensor shift. (a) the original scene (the building) to be captured (b) 
the scene captured by the sensor’s shift (c) the scene captured by rotating the camera 

Figure 4.1 shows a building to be captured from low angle, in (a) the shape of the 

building is maintained, however only part of the building is captured. In (b) and (c), the 

building is captured by two methods, sensor shift and rotating of the camera 

respectively. While the sensor shit captures the same scene as rotating camera does, 

Figure 4.1 (b), it preserves the original shape of the scene. 
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The stereo camera is a combination of two cameras with a specific setup as described in 

section 1.2.1. Since the rotation affects the shape of the scene as shown in Figure 4.1 (c), 

then it will affect the epipolar lines as well, unlike the shifted sensors’ camera which will 

keep the epipolar lines to be parallel, this will reduce the complexity usually found in 

the matching process. 

There are some advantages which can be recognized with the use of the sensor shift 

cameras for the stereo pair, these advantages can be listed as: 

i. Its epipolar lines are horizontal and parallel then a simple matching is achieved. 

ii. With the skewed cameras, the common FoV for the stereo configuration can have 

the advantage of the general stereo configuration, where the convergence angle 

is translated as a sensor shift leading to wider common FoV than the parallel 

stereo configuration covering the near objects. Figure 4.2 shows the common FoV 

for left and right cameras as the gray shaded area and as the pink shaded area for 

the parallel stereo pair and skewed parallel stereo pair respectively. It approves 

the skewed parallel setup to have a wider common FoV than the parallel stereo 

setup. It can also be noticed how the shift of sensors affects the convergence 

angle which in turn, affect the common FoV.  

Common FoV

Sensor shiftSensor shift

Left lens Right lens

 

Figure 4-2: Common FoV, the blue lines represents the parallel stereo setup; the red lines represent the 
parallel skewed setup, shaded area is the common FoV 
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4.1 ISO-DISPARITY MAP 

The iso-disparity map can be extracted by using the geometrical method. Figure 4.3 

shows the rays objected in the cameras’ sensor planes, the red lines represent the iso-

disparity plans in 2D; it is clearly shown that these are parallel lines. The quantization 

error of the depth reconstruction is equal to zero when the object falls exactly in one of 

these lines. These lines represent a horizontal cut of parallel surfaces in 3D. 

The shift of sensor planes affects the position of these iso-disparities; they either move 

them forward or backward depend on the direction of sensor plane shift. Figure 4.3 (b) 

shows the shift which is done relatively to the initial position illustrated in Figure 4.3 (a). 

Iso-disparity 
movement

Sensor shift

The move of the 
iso=disparities

 

Figure 4-3: Iso-Disparities for skewed parallel setup (a) the primary setup (b) movement of iso-disparities 
with the sensors’ shift 

4.2 MATHEMATICAL MODEL 

As discussed in section 1.2.1; the Y axis has no effect on the calculations (always fixed); 

therefore the setup of the skewed parallel stereo pair cameras is shown in Figure 4.4 in 

two dimensions X and Z. The image planes are parallel, and the center of coordinates is 

in the middle of the distance between the two cameras’ centers’. 

The focal lengths of the cameras denoted as fr and fl for the right and left cameras 

respectively, the separation between the lens’ centers (baseline) denoted as B, the shift of 

the sensor planes is the denoted as Sr and Sl for right and left cameras respectively. 
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Z
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f l

Z

f r
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xr
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P

X

Z

xl

m m  

Figure 4-4: The skewed parallel setup. Po is the fixation point, P is a point in the space, m is the image plane 
width, fr and fl are the focal lengths for right and left cameras respectively, Sr and Sl are the shifts in the right 

and left image planes respectively, xr and xl are the projection positions in the right and left image planes 
respectively 

From the setup shown in Figure 4.4, it can be proved that the relation between the 

sensor shift and the convergence angle is: 

 𝛼 = arctan 
𝑆

𝑓
      for       −𝑚

2  ≤ 𝑆 ≤  𝑚 2  (4.1)  

where α is the convergence angle which is defined as the angle between the vertical line 

on the sensor plane and the line passes from the center of the sensor through the center 

of the lens. S is the shift for any image plane which is defined as the horizontal 

difference between the optical center and sensor center. And m is the width of the sensor 

plan. 
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Unlike the parallel stereo setup, this skewed parallel setup has the properties of general 

stereo setup where there exists a zero disparity plane due to the existence of the fixation 

point (Po). The depth of this point (Z0) is found to be: 

 𝑍0 =  
𝑓𝑙𝑓𝑟

𝑓𝑙𝑆𝑟 + 𝑓𝑟𝑆𝑙
𝐵 (4.2)  

If Sl = Sr = S then equation (4.2) is rewritten as: 

 𝑍0 =  
𝑓𝑙𝑓𝑟

𝑓𝑙 + 𝑓𝑟
  

𝐵

𝑆
  (4.3)  

If fl = fr = f then this formula is reduced to: 

 𝑍0 =   
𝐵

2𝑆
 . 𝑓 (4.4)  

For this skewed camera stereo setup with Baseline B, sensors shift Sl and Sr for the left 

and right cameras respectively, disparity D, and different focal lengths for the left and 

right cameras, fl and fr respectively, the depth Z(x) of any point fallen in the common 

FoV can be found as: 

 𝑍(𝑥) =  
 𝑓𝑙 − 𝑓𝑟 

𝐷 + 𝑆𝑙 + 𝑆𝑟
𝑥 +  

𝐵

2 𝐷 + 𝑆𝑙 + 𝑆𝑟 
 𝑓𝑙 + 𝑓𝑟  (4.5)  

Equation (4.5) is reduced to (4.4) when the disparity equal to zero and the focal lengths 

are equal. 

When the quantization effect is taken into consideration, equation 4.5 can be re-written 

as: 

 𝑍𝑞(𝑥, 𝑛) =  
 𝑓𝑙 − 𝑓𝑟 

𝑛Δ𝐷 + 𝑆𝑙 + 𝑆𝑟
𝑥 +  

𝐵

2 𝑛Δ𝐷 + 𝑆𝑙 + 𝑆𝑟 
 𝑓𝑙 + 𝑓𝑟  (4.6)  

where Zq is the quantized depth, n is an integer number representing the disparity, and 

ΔD is the pixel size in horizontal direction. 
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4.3 VALIDATION OF THE ISO-DISPARITY MATHEMATICAL MODEL 

The validation of the mathematical model obtained for the depth calculation (4.6) is 

done using simulation for the skewed parallel setup using MATLAB 7.4 and the 

Epipolar Geometry Toolbox [20]. The simulation is based on modeling the cameras and 

calculating the depth based on the two cameras models. The calculations are done using 

methods introduced in [4] compared to the mathematical model obtained by (4.6). For 

the simulation purposes, the camera models are taken to be pinhole cameras.  

Figure 4.5 shows the iso-disparity lines for skewed parallel cameras as a result of the 

model implementation in MATLAB, the red lines represents the results obtained by the 

geometry tool box, and the green lines are the iso-disparities obtained by (4.6). 

 

 

For the same focal length, the iso-disparity lines are parallel to each other and to axis X 

this is shown as in Figure 4.5 (a), while for Figure 4.5 (b) and Figure 4.5 (c) the lines are 

Figure 4-5: The iso-disparity surfaces for skewed parallel setup (a) the same focal length 
(b)  fr > fl (c) fr < fl  
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not parallel due to mismatch of the focal length of the cameras. It can be noticed that the 

red lines match the green ones which validate the obtained mathematical model. 

The parameters used for the simulation of Figure 4.5 (a) are: baseline B= 20 mm, focal 

lengths fl and fr are 15 mm each, pixel size ΔD is 4 µm, and the shift S is set to be 5 pixels 

i.e. 20 µm. and for 4.5 (b) the right camera focal length fr is changed to be 20 mm while 

the left camera focal length fl is 15 mm, and for 4.5 (c) the left camera focal length fl is 

changed to be 20 mm while the right camera focal length fr is 15 mm. 

The effect of the sensors shift is studied more. Figure 4.6 reflects the effect of the 

different shifts in the sensors for right and left cameras. For Figure 4.6 (a) the sensor 

shifts are Sl = 0.16 mm for the left camera and Sr = 0.02 mm for the right camera. For 

Figure 4.6 (b) the sensor shifts are Sl = 0.02 mm for the left camera and Sr = 0.16 mm for 

the right camera. It can be noticed that the iso-disparity lines are in the same depth but 

the common FoV is affected. 

The effect of the amount of the same shift of both cameras is illustrated in Figure 4.7. For 

Figure 4.7 (a) both sensors are shifted by 0.02 mm and for Figure 4.7 (b) they are shifted 

by 0.16 mm. from Figure 4.7 (a) and Figure 4.7 (b), we can notice that for the same 

number of iso-disparity lines n, the depth which can be measured in Figure 4.7 (b) is 

smaller than the one which can be measured using the setup in Figure 4.7 (b) which 

implies that the distance between iso-disparities (the uncertainty) is less. This shows that 

the greater the shift, the more accurate the depth estimation for near objects. It can also 

be noticed that the range of the iso-disparities for the setup with the greater shift 

becomes less compared to the one with less shift. 
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Figure 4-6: Iso disparity lines for the common FoV for different sensors shifts (a) Sl > Sr, (b) Sl < Sr 

 

Figure 4-7: Iso-disparity lines for two different shifts where Sl = Sr = S for both left and right image planes. 
(a) iso-disparity lines for S = 0.02 mm (b) iso-disparity lines for S = 0.16 mm 
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Chapter Five 

5. Enhanced depth calculation using dithering approach 

This chapter discusses how the depth estimation in 3D can be enhanced and the 

uncertainty in depth reconstruction to be reduced using the dithering signal approach. 

Here, a brief discussion about the dither approach and dither signal is introduced first, 

and how this method can be used in this application is then discussed.  

5.1 BACKGROUND 

Different techniques can be found under the general term dithering, but the idea of 

dithering can be simply explained as adding a known noise i.e. special signal to the 

original signal on purpose. The output of the system after applying of the dithering 

signal is expected to be enhanced depending on the applied dithering signal. Thus, a 

proper choosing of this signal is highly needed. 

For the purpose of this thesis, the dithering signal should change the properties of the 

iso-disparity lines as to enhance the depth estimation and to reduce the uncertainty in 

the depth calculation. The details of this are discussed in section 5.2. 

5.2 GENERATION OF DITHER SIGNAL 

So far, the idea of dithering has been introduced. Here, a special implementation is 

discussed to find out the best dithering signal that leads to reduction in the 3D depth 

uncertainty. 

Calling (4.6) which shows the relation between the depth and the cameras’ and setup 

parameters, the difference between two consecutive iso-disparity lines, ΔZ, which 

represents the uncertainty in depth reconstruction can be found to be: 

 Δ𝑍𝑡 =  
𝐵

 𝑛𝑡Δ𝐷 + (𝑆𝑙 + 𝑆𝑟)   𝑛𝑡 + 1 Δ𝐷 + (𝑆𝑙 + 𝑆𝑟) 
𝑓Δ𝐷 (5.1)  

Where t refers to a specific iso-disparity line nt, Sl and Sr refers to shift in the left and 

right sensors respectively, and B, f, n and ΔD are as previously defined in (4.6). 
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The aim of the dither signal is to shift the iso-disparity line to be in the middle of the 

middle of previous two consecutive iso-disparity lines nt and nt+1 in which the target is 

present. In the proposed method, the cameras’ sensor plane can be shifted; therefore 

generate dithering signal that affects the iso-disparity surfaces to move them exactly to 

the middle between the iso-disparity surfaces of the target’s depth. Calling (4.6), this can 

be modeled as: 

 𝑍𝑡 +
∆𝑍𝑡

2
=  

𝐵

𝑛𝑡𝛥𝐷 + 𝑆𝑙 + 𝑆𝑟 + ∆𝑆𝑡
𝑓 (5.2)  

where ΔSt is the shift introduced to one sensor that moves the iso-disparity surfaces to 

the middle of the two consecutive iso-disparity lines nt and nt+1. 

Calling (4.6) and (5.1), the dither signal, ΔSt, can be mathematically proven to be: 

 Δ𝑆𝑡 =  −
𝛾𝑡𝛥𝐷

2𝛾𝑡+1 + 𝛥𝐷
 (5.3)  

where, 

γt =  𝑛𝑡Δ𝐷 + 𝑆𝑙 + 𝑆𝑟  

γt+1 =   𝑛𝑡 + 1 Δ𝐷 + 𝑆𝑙 + 𝑆𝑟  

This dither signal is applied to one camera of the stereo pair setup and leads to a 

movement in the iso-disparity surfaces by half the distance between the two consecutive 

iso-disparities. 

5.3 VALIDATION OF DITHER SIGNAL METHOD 

The dither signal defined in section 5.2 is applied to the simulator to be checked and 

verified. The followed method is to assume a target in the common FoV with known iso-

disparity line nt, then apply the dither signal and check the movement of the iso-

disparity lines. 

Figure 5.1 (a) shows the iso-disparity lines in 2D. The beseline B is 20 mm, the focal 

lengths f are 15 mm each, and the primary shifts, Sl=Sr= 20 µm for both left and right 

cameras respectively. The target is assumed to be in disparity line nt = 50. Red solid lines 

show the simulation results for the original setup while the green dashed lines show the 

simulation results after introducing the dither signal, ΔStr, to the right camera. 
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Figure 5-1: Iso-disparities obtained by simulation. Red lines are for the primary setup, green lines obtained 
after the dithering signal (a) Iso-disparities for part of the common FoV (b) Zoomed area (inside the box) of 

(a) 

In this case ΔStr is found to be -0.002 mm approximately which equals to 0.5 pixels. 

Therefore, changing the primary shift of the right camera to be Sr=0.018 mm and 

keeping the shift of the left camera Sl=0.02 mm leads to a shift in the iso-disparity lines 

to fall in the middle of the previous ones. Figure 5.1 (b) shows a zoomed area around 

nt=50. From calculation, the depth for the specified disparity is 1250 mm and for the next 

disparity level is 1271.2 mm. After applying the dither signal, the depth for the same 

disparity nt=50 is found to be 1260.4 mm which falls in the middle between the above 

mentioned ranges. 

5.4 IMPLEMENTATION 

This thesis deals with a method to enhance the depth reconstruction uncertainty. The 

method of implementation is a concern as well. The dither signal changes the stereo pair 

setup, therefore different images are taken. This can be illustrated in by the flow chart 

introduced in Figure 5.2. 

The target is assumed to be a still object or an object moving slower than the dither 

signal; this is needed because the dither signal consumes time to be generated and to be 

applied to the camera setup to recapture the images. This will also limit the number of 

dither signals that can be applied, more than one dither signal requires the object is 

totally still and a very high accuracy for depth measurement is needed. However, in the 
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case of this research the dither signal can be seen as one signal, so only two pairs of 

images are taken for a specific object. 

Disparity 
calculation for the 

specific target

Dither Signal 
Generation

Direct depth 
estimation

Initial parameters 
for the stereo pair

Change the shift according to 
the dither signal

New depth 
calculation for the 

specific target

Averaging the two 
depths

Final Depth Estimation

Take the first pair 
of images

Retake the images

 

Figure 5-2: Flowchart illustrates the dithering technique used to enhance the depth reconstruction 
uncertainty 

The implementation for the described scenario can be seen as six stages scenario: 

i. Take the first pair of images. 

ii.  Calculate the disparity for the specific object (target) based on the center point of 

the object, and then estimate the quantized depth of that point using (4.6). 
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iii. Estimate the shift of the sensor plane of the camera based on the calculated 

disparity using equation (5.3), and then to generate the dither signal which is 

translated in shift of camera sensor. 

iv. Apply the dither signal to one camera and retake another pair of images. 

v. Estimate the new depth of the object. 

vi. Average these two estimated depth calculated in (ii) and (v) above, and return 

the final estimated depth.  
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Chapter Six 

6. Validation of the dithering approach model 

MATLAB 7.4.0 simulation environment and toolboxes were the basis for the validation 

of the proposed dithering signal approach to minimize the depth uncertainty problem 

using chip shift cameras.. 

The simulation environment is a 3D space, with two pinhole skewed parallel stereo pair 

cameras. The target is assumed to be 1500 random points in the space. These points are 

distributed in a cubic area with dimension of (300x300x300) mm, the cubic center is set 

to be (0,0,1950) in X,Y,Z coordinates respectively, this center value is taken as it falls in 

the common FoV for the stereo setup, Figure 4.1 shows this setup in 3D space. 

It is assumed that each point in the target space can be represented in the sensor plane 

using the pinhole camera model. A first pair of images is simulated to be captured 

(calculate the projection) as described in [4]. The disparity is calculated and the depth is 

extracted. The disparity line which represents the middle of the target space is then 

calculated. By using (5.2), the dither signal is generated and applied to the camera. 

Another pair of images is then captured, and the depth is calculated. Lastly an average 

of the two depth calculations is taken which represents the final estimated depth with 

Figure 6-1: The simulation setup, two pinhole cameras are in blue. 
The target is points in cubic area (red dots) 
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reduced depth uncertainty. 

The primary setup is: baseline B is 30 mm, the focal lengths f are 25 mm each, the 

primary sensors shifts, Sl=Sr= 32 µm for both left and right cameras respectively, pixel 

size ΔD is 0.004 mm. 

The first calculation shows the center of the target is in the iso-disparity line nt = 86, and 

by applying (5.1), the dither signal is found to be -0.002 mm, therefore a shift in the 

sensor which is translated as shift in the principal point is introduced. Figure 6.2 shows 

the result for the depth calculation based on direct method and after using the dither 

method. In Figure 6.2 (a) the red dots are the original random points while the green 

dots are the dots after depth calculation directly from the first pair of images. In Figure 

6.2 (b) the red dots are the original random points while the black dots are the dots after 

depth calculation averaging using the dithering approach. 

 

 

 

 

 

Figure 6-2 The top view of depth reconstruction of points, red points are original random points (a) 
reconstructed points without dithering – green (b) reconstructed points with dithering approach - black 
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The quantized depth calculated as in Figure 6.2 (a) and Figure 6.2 (b) can be combined in 

one figure as shown in Figure 6.3. It can be noticed that the green and black dots forms 

the iso-disparity lines, also the black lines are almost in the middle between every two 

green lines as well as they are matched with the green lines. 

In order to measure the performance of the proposed dithering approach, some statistics 

techniques are used such as histograms and standard deviation [21]. The error is 

normalized using the difference between the reconstructed values of the depth to the 

known values of the depth. The result of this normalization is an error value falls 

between 0 and 1 which indicates no error and highest error respectively. 

Figure 6.4 shows the normalized error distribution histogram for the primary depth 

calculation while Figure 6.5 shows the normalized error distribution histogram after 

applying the dithering approach. It is clearly reflected that the dithering approach 

reduced the span of error distribution to approximately half. 

Also the standard deviation is calculated for the direct calculation and after the dithering 

approach. Since the points are random, the statistics are not fixed, however, the statistics 

related to Figures 6.2 and 6.3 are found to be: standard deviation is 8.1215 mm and 

4.175 mm for direct calculation and after using the dithering approach respectively, and 

the percentage of the change in error of the dither approach to the direct calculations for 

Figure 6-3: Reconstruction of the random points, green points is direct 
reconstruction points, black points are by using the dithering approach 
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this simulation is 48.58% which goes in line with the hypothesis and mathematical 

calculation. 

 

Figure 6-4: Normalized error histogram for direct depth calculation 

 
Figure 6-5: Normalized error histogram for the depth reconstruction 

after applying the dithering approach  
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Chapter Seven 

7. Conclusion 

This research addresses the uncertainty issue in the depth reconstruction due to the 

quantization in the image planes. The skewed parallel camera pair stereo setup is used 

in this research. 

This setup is found to have a wider common FoV than the parallel stereo setup, 

therefore; it can preferably be used instead of the general stereo configuration, and it 

leads to some advantages over the general setup such as the horizontal epipolar lines. 

The analysis of the depth reconstruction uncertainty in this thesis is based on disparities 

and iso-disparity surfaces. The interval between one iso-disparity level and the next one 

represents the uncertainty of the depth reconstruction.  

A mathematical model relating the different parameters of the skewed parallel stereo 

setup with the depth and the iso-disparities was developed. For this setup, the iso-

disparities are found to be lines. 

A dither signal that changes the setup parameters and leads to a movement in the iso-

disparities is estimated and generated to be used with the dither approach. The dither 

approach can be seen as six steps method. Firstly, to take the first pair of images and 

then to estimate the depth of the object and its disparity, after which the dither signal is 

estimated and generated. This signal is then applied to the cameras and new images are 

retaken from which the new depth of the object is estimated. Lastly, estimate the final 

depth of the object by averaging the two previously estimated depths.   

This approach was verified using simulation. The results of using this method are 

compared to the direct calculations without the dithering signal. The normalized error 

histograms show the advantage of using the dithering approach for the skewed parallel 

setup where a reduction by half in the depth reconstruction uncertainty is almost 

achieved. 

Further research in this field can be extended to include physical measurements and lab 

experiment using chip shift camera to validate the proposed approach.  
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Also, this research applied one level of dithering signal, therefore the effect of applying 

multi dithering signals can be studied further to evaluate its affect on the uncertainty 

level of the depth reconstruction. 

This research dealt with static objects that remain on its same position during the whole 

process of depth reconstruction. Since this is not the natural case, moving objects and 

video can be considered for further researches. 
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Appendices 

APPENDIX A – MATLAB CODE FOR ISO-DISPARITY 

% plot Iso-disparity Lines for Skewed Parallel Stereo Camera 
% plot Iso-disparity by the points simulation 
% AbuBakr H. B. Siddig 
% Final Thesis for MSc in Signal Processing, BTH - Sweden 
% 29, Sept, 2009 
clc 
clear all 
close all 
position1=1;     % how many states want to show       
   pxarray=[1000 500 500]; 
   pyarray=[1000 300 600]; 
   positionx= pxarray(position1); 
   positiony= pyarray(position1); 
hold on; 
kk=1; 
%% Definition of the cameras 

  
Baseline=20;                % Baseline in mm 
pixsize = 0.004;            % Pixel size in mm (4 micrometers) 
% focal lengths in mm 
focall =15;                 % Left camera focal length 
focalr =15;                 % Right camera focal length 
% focal length in pixels (Left camera) 
aul = focall*(1/pixsize); 
avl = focall*(1/pixsize); 
% focal length in pixels (Right camera) 
aur =focalr*(1/pixsize); 
avr = focalr*(1/pixsize); 
% Define the rotation angle 
ratation=0;                 % No rotation is introduced 
alfa=0;                     % No convergance is needed 
alfaleft=-alfa; 
alfaright=-alfa; 
% Sensor size 
width=20; 
height=21.12; 
% Sensor size in pixel size 
widthpixel=(width/pixsize); 
heightpixel=(height/pixsize); 
% principal point (Sensor Shift) 
D = pixsize*5;          %Sensor Shift in mm 
u0r = 250-D/pixsize;    % Principle point x coordinate for right camera 
u0l = 250+D/pixsize;    % Principle point x coordinate for left camera 
v0 = 264;               % Principal point y coordinate 
% left camera position and pose 
% rotation angles (roll,pitch,yawl) 
phi1   = 0*pi/180;                   % along Z axis 
theta1 = alfaleft+ratation*pi/180;   % along y axis 
psi1   = 0*pi/180;                   % along x axis 
% translation position of camera 
tra1 = [0+Baseline/2 0 0]'; 
%right camera position and pose 
% rotation angles (roll,pitch,yawl) 
phi2   = 0*pi/180;                   % along Z axis rotate 
theta2 = -alfaright+ratation*pi/180; % along y axis 
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psi2   = 0*pi/180;                   % along x axis 
% translation position of camera 
tra2 = [0-Baseline/2 0 0]'; 

  
%% BUILD CAMERA MATRICES and MODELS 
% Left camera intrinsic matrix 
intrinsicleft = [  
  aul 0 u0l 
  0 avl v0 
  0  0  1 ]; 
% Right camera intrinsic matrix 
intrinsicright = [  
  aur 0 u0r 
  0 avr v0 
  0  0  1 ]; 

  
% left camera  
Rd1 = rotoz(phi1)*rotoy(theta1)*rotox(psi1);        % Rotation matrix 
Hd1=f_Rt2H(Rd1,tra1);                   % Compute the homogeneous matrix  
% Zc1: camera optical axis 
% Xc1: Camera image plane 
% camerap*: camera position 
[Zc1 Xc1 camerap1]=f_3Dframe1(Hd1,'g:',60,'_{c}');  % Draw Camera frame 
f_3Dcamera(Hd1,'b',6);   

  
%right camera  
Rd2= rotoz(phi2)*rotoy(theta2)*rotox(psi2);         % Rotation matrix 
Hd2=f_Rt2H(Rd2,tra2);                   % Compute the homogeneous matrix    
[Zc2 Xc2 camerap2]=f_3Dframe1(Hd2,'g:',60,'_{c}');  % Draw Camera frame 
f_3Dcamera(Hd2,'b',6);  

  
point1 = hcross(Zc1,Zc2);            % Find the fixation point in 3D space 
fixationpoint=point1; 
% The fixation point projected to image plane 
[fixzationx1,fixzationy1,proj1]=f_perspproj(point1,Hd1,intrinsicleft,0);   
[fixzationx2,fixzationy2,proj2]=f_perspproj(point1,Hd2,intrinsicright,0); 
k=1; 
widthpixel=350; 

  
%% Iso-Disparity Lines 
for disparity =-300:10:-50; 
    pointnumber=20; 
    % creat 20 points along the horizatal direction 
    newpoints=linspace(150,widthpixel,pointnumber);  
    % left image 
    newpointsxl1=newpoints+disparity/2;     % add disparity inforatmion 
    newpointsyl1=264*ones(1,pointnumber); 
    % right image 
    newpointsxr1=newpoints-disparity/2;     % add disparity inforatmion 
    newpointsyr1=264*ones(1,pointnumber); 
    newpointposition=[];            % Calculated based on equ. in [15] 
         for jj=1:pointnumber; 
         newpointposition=[newpointposition; calcdepth(newpointsxl1(jj) ... 
             ,newpointsyl1(jj),newpointsxr1(jj),newpointsyr1(jj),proj1, ... 
             proj2)']; 
         end 

  
    % Plot iso-disparity 
    h=line(newpointposition(:,1),newpointposition(:,2),... 
        newpointposition(:,3)); 
    C='rgb'; 
       if isstr(C),C=C(:);end; 
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    set(h,'color',C(rem(k-1,size(C,1))+1,:),'linewidth',2); 
 %% Equation     
    % plot line by equ. [] 
    disparity2=-disparity*pixsize; 
    X=-50:50; 
    parallelline=(focalr-focall)/(2*D+disparity2)*X+(focall+focalr)* ... 
        (Baseline)/(2*(2*D+disparity2)); 
    plot(X,parallelline,'g') 
    xlim([-60 60]) 
    grid on 
    ylabel('Depth [mm]') 
end 

  
Z0=Baseline*focall/(2*D);     % Calculate the fixation point depth 
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APPENDIX B – MATLAB CODE FOR DITHERING SIGNAL  

% plot Iso-disparity Lines for Skrewed Parrallel stereo camera 
% befor and after the use of dither signal 
% AbuBakr H. B. Siddig 
% Final Thesis for MSc in Signal Processing, BTH - Sweden 
% 29, Sept, 2009 
clc 
clear all 
close all 
hold on; 

  
position1=1;     % how many states want to show       
pxarray=[1000 500 500]; 
pyarray=[1000 300 600]; 
positionx= pxarray(position1); 
positiony= pyarray(position1); 
%% Definition of the cameras 
Baseline=20;                % Baseline in mm 
pixsize = 0.004;            % Pixel size in mm (4 micrometers) 
% focal lengths in mm 
focall =15;                 % Left camera focal length 
focalr =15;                 % Right camera focal length 
% focal length in pixels (Left camera) 
aul = focall*(1/pixsize); 
avl = focall*(1/pixsize); 
% focal length in pixels (Right camera) 
aur =focalr*(1/pixsize); 
avr = focalr*(1/pixsize); 
% Define the rotation angle 
ratation=0;                 % No rotation is introduced 
alfa=0;                     % No convergance is needed 
alfaleft=-alfa; 
alfaright=-alfa; 
% Sensor size 
width=20; 
height=21.12; 
% Sensor size in pixel size 
widthpixel=(width/pixsize); 
heightpixel=(height/pixsize); 
% principal point (Sensor Shift) 
D = pixsize*5;          %Sensor Shift in mm 
u0r = 250-D/pixsize;    % Principle point x coordinate for right camera 
u0l = 250+D/pixsize;    % Principle point x coordinate for left camera 
v0 = 264;               % Principal point y coordinate 

  
% left camera position and pose 
% rotation angles (roll,pitch,yawl) 
phi1   = 0*pi/180;                   % along Z axis 
theta1 = alfaleft+ratation*pi/180;   % along y axis 
psi1   = 0*pi/180;                   % along x axis 
% translation position of camera 
tra1 = [0+Baseline/2 0 0]'; 

  
%right camera position and pose 
% rotation angles (roll,pitch,yawl) 
phi2   = 0*pi/180;                   % along Z axis rotate 
theta2 = -alfaright+ratation*pi/180; % along y axis 
psi2   = 0*pi/180;                   % along x axis 
% translation position of camera 
tra2 = [0-Baseline/2 0 0]'; 
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%% BUILD CAMERA MATRICES and MODELS 
% Left camera intrinsic matrix 
intrinsicleft = [  
  aul 0 u0l 
  0 avl v0 
  0  0  1 ]; 
% Right camera intrinsic matrix 
intrinsicright = [  
  aur 0 u0r 
  0 avr v0 
  0  0  1 ]; 

  
% left camera  
Rd1 = rotoz(phi1)*rotoy(theta1)*rotox(psi1);        % Rotation matrix 
Hd1=f_Rt2H(Rd1,tra1);                % Compute the homogeneous matrix  
% Zc1: camera optical axis 
% Xc1: Camera image plane 
% camerap*: camera position 
[Zc1 Xc1 camerap1]=f_3Dframe1(Hd1,'g:',60,'_{c}');  % Draw Camera frame 
f_3Dcamera(Hd1,'b',6);   

  
%right camera  
Rd2= rotoz(phi2)*rotoy(theta2)*rotox(psi2);         % Rotation matrix 
Hd2=f_Rt2H(Rd2,tra2);  % Compute the homogeneous matrix    
[Zc2 Xc2 camerap2]=f_3Dframe1(Hd2,'g:',60,'_{c}');  % Draw Camera frame 
f_3Dcamera(Hd2,'b',6);  

  
point1 = hcross(Zc1,Zc2);            % Find the fixation point in 3D space 
fixationpoint=point1; 
% The fixation point projected to image plane 
[fixzationx1,fixzationy1,proj1]=f_perspproj(point1,Hd1,intrinsicleft,0);   
[fixzationx2,fixzationy2,proj2]=f_perspproj(point1,Hd2,intrinsicright,0); 
k=1; 
widthpixel=350; 

  
%% Iso-Disparity Lines 
for disparity =-100:1:-30; 
    pointnumber=20; 
    % creat 20 points along the horizatal direction 
    newpoints=linspace(150,widthpixel,pointnumber);  
    % left image 
    newpointsxl1=newpoints+disparity/2;     % add disparity inforatmion 
    newpointsyl1=264*ones(1,pointnumber); 
    % right image 
    newpointsxr1=newpoints-disparity/2;     % add disparity inforatmion 
    newpointsyr1=264*ones(1,pointnumber); 
    newpointposition=[];            % Calculated based on equ. in [15] 
         for jj=1:pointnumber; 
         newpointposition=[newpointposition; calcdepth(newpointsxl1(jj) ... 
             ,newpointsyl1(jj),newpointsxr1(jj),newpointsyr1(jj),proj1, ... 
             proj2)']; 
         end 

  
    %%%%% Plot iso-disparity 

  
    h=line(newpointposition(:,1),newpointposition(:,2),... 
        newpointposition(:,3)); 
    C='rgb'; 
       if isstr(C),C=C(:);end; 
     set(h,'color',C(rem(k-1,size(C,1))+1,:),'linewidth',2); 
end 
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Z1=(focall+focalr)*Baseline/(2*(2*D+50*pixsize)); % Depth at target disparity 

Z11=(focall+focalr)*Baseline/(2*(2*D+49*pixsize)); % Depth at next disparity 

 
%% Dither Signal: equ [3.2] 
nt=50;                      % For which disparity to check the shift 
wt=(nt*pixsize+2*D);        % Part of the formula calculation 
wtt=((nt+1)*pixsize+2*D);   % Part of the formula calculation 
% Calculate the needed shift to place the new line in the middle 
ds=-wt*pixsize/(2*wtt+pixsize); 
D1=D+ds;                    % The new shift 

  
%% Apply of the dither signal 
% principal point (Sensor Shift) 
u0r = 250-D1/pixsize;   % Principle point x coordinate for right camera 
% Right camera intrinsic matrix 
intrinsicright = [  
  aur 0 u0r 
  0 avr v0 
  0  0  1 ]; 
% Right camera translation vector 
tra2 = [0-Baseline/2 0 0]'; 
Hd2=f_Rt2H(Rd2,tra2);  % Compute the homogeneous matrix 
% The fixation point projected to image plane after dithering 
[fixzationx1,fixzationy1,proj1]=f_perspproj(point1,Hd1,intrinsicleft,0);   
[fixzationx2,fixzationy2,proj2]=f_perspproj(point1,Hd2,intrinsicright,0); 
k=2; 
widthpixel=350; 

  
%% Iso-Disparity Lines - after Dithering Signal 
for disparity =-100:1:-30; 
    pointnumber=20; 
    % creat 20 points along the horizatal direction 
    newpoints=linspace(150,widthpixel,pointnumber);  
    % left image 
    newpointsxl1=newpoints+disparity/2;     % add disparity inforatmion 
    newpointsyl1=264*ones(1,pointnumber); 
    % right image 
    newpointsxr1=newpoints-disparity/2;     % add disparity inforatmion 
    newpointsyr1=264*ones(1,pointnumber); 
    newpointposition=[];            % Calculated based on equ. in [15] 
         for jj=1:pointnumber; 
         newpointposition=[newpointposition; calcdepth(newpointsxl1(jj) ... 
             ,newpointsyl1(jj),newpointsxr1(jj),newpointsyr1(jj),proj1, ... 
             proj2)']; 
         end 
    h=line(newpointposition(:,1),newpointposition(:,2),... 
        newpointposition(:,3)); 
    C='rgb'; 
       if isstr(C),C=C(:);end; 
     set(h,'color',C(rem(k-1,size(C,1))+1,:),'linewidth',1);  
end 
ylim([500 2000]) 
 

% Depth after dithering signal for the same disparity  

Z2=(focall+focalr)*Baseline/(2*(D+D1+50*pixsize)); 
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APPENDIX C – MATLAB CODE FOR APPLYING THE DITHERING SIGNAL AND ITS 

STATISTICS 

% Mutilple Sensor Shift Reconstruction Simulation 
% Reconstruction accuracy Testing 
% AbuBakr H. B. Siddig 
% Final Thesis for MSc in Signal Processing, BTH - Sweden 
% 01, November, 2009 
clc 
clear all 
close all 
% pixel size in mm 
pixsize = 0.004;  
% focal length in mm 
focal =  25; 
Baseline = 30; 
% focal length in pixels 
au = focal*(1/pixsize); 
av = focal*(1/pixsize); 
% Sensor Size in mm 
width=20; 
height=21.12; 
% Sensor size in pixel size 
widthpixel=width/pixsize; 
heightpixel=height/pixsize; 
% principal point (Sensor Shift) 
S = pixsize*8;          % Sensor Shift in mm 
u0r = 250-S/pixsize;    % Primary shift for right camera 
u0l = 250+S/pixsize;    % Primary shift for left camera 
v0 = 264; 

  
% left camera position and pose 
% rotation angles (roll,pitch,yawl) 
phi1   = 0*pi/180;      % along Z axis 
theta1 = 0*pi/180;      % along y axis 
psi1   = 0*pi/180;      % along x axis 
% Translation vector 
tra1 = [0+Baseline/2 0 0]'; 

  
%right camera position and pose  
% rotation angles (roll,pitch,yawl) 
phi2   = 0*pi/180;      % along Z axis 
theta2 = -0*pi/180;     % along y axis 
psi2   = 0*pi/180;      % along x axis 
% Translation vector 
tra2 = [0-Baseline/2 0 0]'; 

  
%% BUILD CAMERA MATRICES 
% Left Camera 
intrinsicL = [  
  au 0 u0l 
  0 av v0 
  0  0  1 ]; 
% Right Camera 
intrinsicR = [  
  au 0 u0r 
  0 av v0 
  0  0  1 ]; 

  
Rd1 = rotoz(phi1)*rotoy(theta1)*rotox(psi1);    % Rotation matrix 
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Hd1=f_Rt2H(Rd1,tra1);               % Compute the homogeneous matrix 

  
Rd2= rotoz(phi2)*rotoy(theta2)*rotox(psi2);     % Rotation matrix 
Hd2=f_Rt2H(Rd2,tra2);               % Compute the homogeneous matrix    

  
%% Generate 3D POINTS in 3D space 
Cubic=cubic()*300; 
% rotation and translation for the cubic 
CubicRd=rotoz(0)*rotoy(0)*rotox(0); 
Cubictd=[-150,1800,-150]'; % The corner of the cube, center is [0 0 1950] 
% Generate the cube 
for i=1:length(Cubic(1,:)) 
    Cubic(:,i) = CubicRd*Cubic(:,i)+Cubictd; 
end; 
% creat the random points in cubic 
XMinMax=[min(Cubic(1,:)) max(Cubic(1,:))]; 
YMinMax=[min(Cubic(2,:)) max(Cubic(2,:))]; 
ZMinMax=[min(Cubic(3,:)) max(Cubic(3,:))]; 
RandomPoint = rand(3,1500); 
RandomPoint(1,:)=XMinMax(1)+(XMinMax(2)-XMinMax(1))*RandomPoint(1,:); 
RandomPoint(2,:)=YMinMax(1)+(YMinMax(2)-YMinMax(1))*RandomPoint(2,:); 
RandomPoint(3,:)=ZMinMax(1)+(ZMinMax(2)-ZMinMax(1))*RandomPoint(3,:); 
points3D=Cubic'; 
points3D=[points3D; RandomPoint' ]; 

  
%% COMPUTE LEFT  and  Right CAMERA VIEW Images 
% The points in cubic as seen by the cameras 
[ul,vl,projL]=f_perspproj(points3D',Hd1,intrinsicL,1);  
[ur,vr,projR]=f_perspproj(points3D',Hd2,intrinsicR,1); 
% Determine of the reconstructed structure 
for i=1:length(ur) 
u1=ul(i);v1=vl(i);u2=ur(i);v2=vr(i); 
ReconstructCubic(i,:)=calcdepth(u1,v1,u2,v2,projL,projR);  
end 

  
%% Plot the scattered point and the reconstructed points without Dithering 
figure(1); 
hold on; 

  
% Draw the cameras 
f_3Dframe1(Hd1,'g:',40,'_{c}');  
f_3Dcamera(Hd1,'b',6);   
f_3Dframe1(Hd2,'g:',40,'_{c}');  
f_3Dcamera(Hd2,'b',6); 
% Plot the scattered original points 
plot3(points3D(:,1),points3D(:,2),points3D(:,3),'r.'); 
% Plot the reconstructed points 
plot3(ReconstructCubic(:,1),ReconstructCubic(:,2),ReconstructCubic(:,3),'g.'); 
ylabel('Depth [mm]') 
xlabel('x-position [mm]') 
axis([-180 180 1760 2140 -180 180]); 

  
%% Use of Dither Signal 
% Estimation of the dither signal 
YMiddle=YMinMax(1)+(YMinMax(2)-YMinMax(1))/2; % To get the center of object 
% Estimate the disparity level for the center of the object 
nt=round((Baseline*focal/YMiddle-2*S)/pixsize); 
% Calculation of the dither signal based on equ. [] 
wt=(nt*pixsize+2*S); 
wtt=((nt+1)*pixsize+2*S); 
ds=-wt*pixsize/(2*wtt+pixsize); 
St=S+ds;    % The new shift 



 
40 

  
%% Build new camera matrices after the sensor shift 
tran1 = [0+Baseline/2 0 0]'; 
tran2 = [0-Baseline/2 0 0]'; 
Hd11=f_Rt2H(Rd1,tran1); 
Hd22=f_Rt2H(Rd2,tran2); 
u0r1 = 250-St/pixsize; 
u0l1 = 250+St/pixsize; 
intrinsicL1 = [  
  au 0 u0l1 
  0 av v0 
  0  0  1 ]; 
intrinsicR1 = [  
  au 0 u0r1 
  0 av v0 
  0  0  1 ]; 
%% COMPUTE LEFT  and  Right CAMERA VIEW Image 
[ulshift,vlshift,projL1]=f_perspproj(points3D',Hd11,intrinsicL1,0); 
[urshift,vrshift,projR1]=f_perspproj(points3D',Hd22,intrinsicR1,0); 

  
% Determine of the reconstructed structure 
for i=1:length(urshift) 
u1=ulshift(i);v1=vlshift(i);u2=urshift(i);v2=vrshift(i); 
ReconstructCubic1(i,:)=calcdepth(u1,v1,u2,v2,projL1,projR1);  
end 

  
%% Averaging the calculated depth 
Depth = (ReconstructCubic(:,2)+ReconstructCubic1(:,2))/2; 

  
%% Plot the scattered point and the reconstructed points with Dithering 
figure(2); 
hold on; 

  
% Draw the cameras 
f_3Dframe1(Hd1,'g:',40,'_{c}');  
f_3Dcamera(Hd1,'b',6);  % Draw Camera frame 
f_3Dframe1(Hd22,'g:',40,'_{c}');  
f_3Dcamera(Hd22,'b',6); 
% Plot the scattered original points 
plot3(points3D(:,1),points3D(:,2),points3D(:,3),'r.'); 
% Plot the reconstructed points 
plot3(ReconstructCubic(:,1),Depth,ReconstructCubic(:,3),'k.'); 
axis([-180 180 1760 2140 -180 180]); 
ylabel('Depth [mm]') 
xlabel('x-position [mm]') 

  
figure(5); 
hold on 
plot3(ReconstructCubic(:,1),ReconstructCubic(:,2),ReconstructCubic(:,3),'g.'); 
plot3(ReconstructCubic(:,1),Depth,ReconstructCubic(:,3),'k.'); 
ylabel('Depth [mm]') 
xlabel('x-position [mm]') 

  
%% Statistics 
% Error with Dithering 
figure(3); 
hist((Depth-points3D(:,2))./max(ReconstructCubic(:,2)-points3D(:,2)),20); 
axis([-1 1 0 180]) 
h = findobj(gca,'Type','patch'); 
set(h,'FaceColor','k','EdgeColor','w') 
ylabel('Number of Points') 
xlabel('Normalized Error') 
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% Error without dithering  
figure(4); 
hist((ReconstructCubic(:,2)-points3D(:,2))./max(ReconstructCubic(:,2)-

points3D(:,2)),20); 
axis([-1 1 0 180]) 
h = findobj(gca,'Type','patch'); 
set(h,'FaceColor','g','EdgeColor','w') 
ylabel('Number of Points') 
xlabel('Normalized Error') 
 

%% Statistics (Error and Standard Deviation calculations 

MultiError = sqrt(sum((Depth-points3D(:,2)).^2)/length(points3D(:,2))) 
Multistd = std((Depth-points3D(:,2))) 
Error = sqrt(sum((ReconstructCubic(:,2)-points3D(:,2)).^2)/length(points3D(:,2))) 
Onestd = std((ReconstructCubic(:,2)-points3D(:,2))) 
(Error-MultiError)/Error 
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