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Abstract
In normal image coding the image quality is the same in all parts of the image. When it is known
where in the image a single viewer is focusing it is possible to lower the image quality in other parts
of the image without lowering the perceived image quality. This master's thesis introduces a coding
scheme based on depth perception where the quality of the parts of the image that correspond to out-
of-focus scene objects is lowered to obtain data reduction. To obtain further data reduction the
method is combined with angular perception coding where the quality is lowered in parts of the
image corresponding to the peripheral visual field. It is concluded that depth perception coding can
be done without lowering the perceived image quality and that the coding gain increases as the two
methods are combined.



Table of contents
1   Introduction                                                                                                                                       3  

1.1   Focus controlled image coding................................................................................................3
1.2   Possible applications................................................................................................................3
1.3   Outline of the report.................................................................................................................3
1.4   Acknowledgements..................................................................................................................4

2   Background                                                                                                                                        5  
2.1   The system model....................................................................................................................5
2.2   The Camera model...................................................................................................................5

2.2.1   Depth of field for a camera..............................................................................................5
2.3   Human visual system...............................................................................................................7

2.3.1   A simplified model of the human eye..............................................................................7
2.3.2   Depth of field model for the human eye..........................................................................8
2.3.3   Depth perception..............................................................................................................8
2.3.4   Human eye resolution.......................................................................................................8

2.4   Stereo vision............................................................................................................................8
2.4.1   Camera model and stereo geometry.................................................................................9
2.4.2   Disparity estimation.......................................................................................................11

2.5   Eye-movement control...........................................................................................................12
2.6   Introduction to the jpeg algorithm.........................................................................................12

2.6.1   Discrete cosine transform...............................................................................................12
2.6.2   Quantization...................................................................................................................12
2.6.3   Performance...................................................................................................................12

3   Perception based image coding                                                                                                      14  
3.1   Depth information in perception based coding......................................................................14
3.2   Perception based transform coding........................................................................................14
3.3   Eye-movement controlled transform coder model.................................................................15
3.4   Angular perception based transform coder............................................................................16

3.4.1   Visual frequency constraint for eccentricity...................................................................16
3.4.2   Normalized MSR...........................................................................................................18
3.4.3   Generating VC mask......................................................................................................18

3.5   Depth perception based transform coder...............................................................................18
3.5.1   Visual frequency constraints for depth...........................................................................19
3.5.2   Avoiding edge effects.....................................................................................................21
3.5.3   Generating VC mask......................................................................................................21

3.6   Combining angular and depth perception into one coder......................................................21
3.6.1   Generating combined VC mask.....................................................................................22

4   Perception based image filtering                                                                                                    24  
4.1   Blur effects with filters..........................................................................................................24

4.1.1   Filtering based on depth perception...............................................................................24
4.1.2   Filtering based on angular perception............................................................................25
4.1.3   Combining angular and depth perception filtering........................................................25

4.2   Image coding gain of blurred images.....................................................................................26
5   Results                                                                                                                                               27  

5.1   Error measurement.................................................................................................................27
5.1.1   Subjective image quality................................................................................................27

5.2   Compression gain..................................................................................................................27
6   Discussion                                                                                                                                         31  

6.1   Conclusion.............................................................................................................................31
6.2   Ideas for further improvements..............................................................................................31



6.2.1   Use of other transforms..................................................................................................31
6.2.2   Improved depth estimation.............................................................................................31
6.2.3   System testing................................................................................................................31
6.2.4   Improving perception models.........................................................................................32
6.2.5   Predictive coding............................................................................................................32

7   References                                                                                                                                         33  
8   Appendix                                                                                                                                          34  

8.1   The test images......................................................................................................................34
8.2   Images coded with perception based image coders...............................................................34

8.2.1   Angular perception coding, the AP-coder......................................................................35
8.2.2   Depth perception coding, the DP-coder.........................................................................36
8.2.3   Combined perception coding, the ADP-coder...............................................................37

8.3   Perception based filtering of images......................................................................................38
8.3.1   Angular perception filtering, the AF-coder....................................................................38
8.3.2   Depth perception filtering, the DF-coder.......................................................................39
8.3.3   Combined perception filtering, the ADF-coder.............................................................40



Chapter   1   Introduction                                                                                                                        3  

1   Introduction

1.1   Focus controlled image coding
The goal of image coding is to represent image information in an efficient way for storage and
transmission. For lossy image coding we can accept that the image quality is degraded as long as it
is not noticeable to the human eye. The sensitivity decreases outside the focus plane and is also
much lower in the peripheral visual field.
If we have a system with one single observer whose point of gaze is measured it is possible to use
this information to code the image more efficiently. I.e. we can lower the image quality, and thereby
use less bits per pixel, for those parts that lie out of focus or in the peripheral visual field without
the observer noticing. Alternatively it is possible to increase the perceived image quality while
maintaining the same bit rate for the image.

This thesis will present a coding scheme based on depth perception, it will also describe a
perceptual coder that exploits the benefits from both the angular and depth perception coders.
Only the coding of still images will be considered in this thesis, a video sequence is considered to
be a sequence of independent images unless otherwise explicitly stated.

1.2   Possible applications
Focus controlled image coding can come to use in applications where interactive systems exists.
Interactive systems usually have only one observer of the transmitted image. By adding an eye
tracker, that can determine the point of gaze of the observer, focus controlled image coding is made
possible in such a system.
One example of such a system is tele-robotics, where an operator controls a robot at a distance.
Tele-robotics can be used in hazardous environments where the operator can not be present on the
spot, e.g. repairs in nuclear power plants, deep water construction work etc. Another application
could be remote control of unmanned vehicles.
In many of these situations the bandwidth of the video transmission is limited, especially if the
transmission is wireless over large distances. Therefore it is motivated to use perception based
image coding to minimize the bandwidth needed.

1.3   Outline of the report
In the next chapter some background information needed is presented. The camera model is
explained. Some properties of the human visual system are discussed. Stereo vision and the jpeg
image coding algorithm are briefly covered.
Chapter 3 is where the depth perception model for transform coding is introduced. The angular
perception model for transform coding is also explained. The chapter ends with a description of how
these two models can be combined. Chapter 4 deals with pre-filtering of images. In chapter 5 the
results of the coding algorithm are presented. Chapter 6 concludes the thesis with a discussion about
possible improvements of the algorithm. Finally in the appendix (chapter 8) some images coded
with the different variants of the algorithm are shown.
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2   Background
In this chapter the background information needed for the perception based image coding described
in the thesis is introduced. The camera model will be explained and the human visual system is
discussed. A short introduction of the jpeg algorithm and stereo vision are given and the concept of
eye-movement control is also explained.

2.1   The system model
A possible configuration of a system where focus controlled image coding is used is described by
figure 2.1. The figure shows a situation where an operator is controlling a robot at a distance. This is
the system configuration that the algorithms in this report are designed for.
The eye-tracker measures where on the screen the operator is focusing (1). The focus information is
sent to the image coder in the robot via a radio link (2). One of the two images from the parallel
cameras on the robot is coded by the image coder with respect to the focus information (3). The aim
of the perception based image coder is to code the image in a way so that the image shown to the
operator on screen is perceived to be as similar as possible to what the operator would have seen if
he had been positioned where the robot is. The reason for that two cameras are used to code and
send only one image back to the operator is that two images are needed by the stereo algorithm to
estimate the depth in the scene. The depth information is used by the image coder as explained in
chapter 3.5. The coded image is sent via radio link and shown on the display (4). The operator sees
the image that has been coded with respect to where he is focusing (5).

For the system to work in a satisfactory way it is of great importance to make the delay between the
time for measurement of the focus point and the time when the coded image is shown on screen as
short as possible, ideally some fractions of a second.
Since the coded image is sent via radio link the bandwidth is limited and therefore it is desired that
the image is coded in such a way that no unnecessary information is sent back to the operator. To
determine what information is considered to be unnecessary the angular and depth perception
models described in chapter 3 are used.

2.2   The Camera model
To simplify matters the camera model explained in this section is a one lens system where the lens
is assumed to be a thin lens. This will make the calculations easier.

2.2.1   Depth of field for a camera

Depth of field (DOF) is defined as the part of the scene in front of and behind the actual focus plane
that appears to be in focus. DOF is affected by focal length, diameter of lens and distance to focus

Figure 2.1System model

operator

display

eye-tracker

radio link

robot with 
2 cameras 
and image 
coder11

44
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point.
Light rays from a point O that enters the camera are refracted by the lens through the image point I.
The relation between the distances of the object point and the image point relative to the lens and
the power of the lens, P, is given by equation 2.1, called the thin lens equation (see figure 2.2 for
definitions).

1
P
�

1
d o

�
1
d i

(2.1)

Figure 2.2 Thin lens system

If the distance between the camera lens and the image plane is equal to di  the light from the point O
will be projected as a sharp point on the image plane. Object points located closer or further away
than the focus point will be out of focus and create a circle of confusion (CoC). The diameter of the
CoC on the image plane, Ci, can be calculated with equation 2.2 (see figure 2.3 for definitions)
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Figure 2.3 Calculation of the CoC

Strictly speaking the only objects that are in focus are those located at the same depth as the focus
point, all other points image as circles on the image plane in the camera. But the CoC created by
points within the DOF limits are smaller than the resolution limit of the camera sensor or film, or at
least so small that the human eye cannot detect them when the image is displayed. Therefore the
DOF is dependent of the resolution of the camera and the human eye and not only the optical
parameters of the camera,[Potmesil].

2.3   Human visual system
In this section a brief overview of the human visual system (HVS) is given, both in terms of
anatomical structure of the human eye and some perceptual properties of the HVS.
Since the perceptual properties of the HVS is a broad research area only the aspects relevant to the
coding methods that will be described in chapter 3 are discussed.

2.3.1   A simplified model of the human eye

To understand the principles of the human eye we can think of it as a camera with only one lens.
This model is not completely realistic, but it serves our purposes and is accurate enough. Where the
camera adjusts the distance between the lens and the image plane to change focus the eye changes
the focal length of the lens to achieve the same effect.
The iris and pupil control the amount of light penetrating the eye lens (compare with the diaphragm
of the camera), normal pupil diameter is between 2 and 8mm, [Forsyth]. The light is then refracted
by the cornea and the crystalline lens to form the retinal image. Even though the retina is a curved
surface the functionality is similar to a camera with a field of view (FOV) covering a 160°
horizontally and 135° vertically wide area, [Forsyth].
The retina is a thin membrane covered with two kinds of photo receptors, rods and cones. The
concentration of cones are high in the centre of the retina and decreases rapidly towards the
periphery of the visual field. The concentration of rods decreases more slowly towards the periphery
of the visual field, in the fovea the concentration of rods is much lower than the concentration of

retina eye lens
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cones.
The rods are extremely sensitive photoreceptors and will respond to a single photon, but have low
spatial resolution since many rods connect to the same neuron within the retina. Cones on the other
hand requires higher light levels to become active but give a higher resolution since fewer cones are
connected to each neuron, in the fovea only one cone is connected to each neuron. The uneven
distribution of rods and cones on the retina is the reason for that we only get a sharp image in the
centre of the FOV and that the image is blurred towards the edges of the FOV.

2.3.2   Depth of field model for the human eye

Since the human eye can be modelled as a one lens camera it is possible to use the same equations
to calculate the CoC for the eye as for the camera. The only difference is that the the distance
between lens and retina is fixed and the lens power is variable for the eye as opposite to the camera.
Due to the proportions of the human eye the DOF is smaller than the DOF for most normal cameras.

2.3.3   Depth perception

The ability to distinguish between objects that are located at different depths is important for us
humans to be able to understand the three dimensional world that we are living in. Since our eyes in
fact map the 3D world onto 2D images in our eyes the depth information must somehow be
estimated. The HVS uses several different methods to do this. One is the stereo vision where the
disparity between the images seen by the right and the left eye is used to extract depth information
in a way similar to the stereo algorithm described in chapter 2.4. Similar to stereo vision is motion
parallax, objects at different distances will move relative to each other when the head is moved
laterally. Other information used is depth estimation by using the relative angle between the eyes to
estimate the distance to the focus point. Another important source of information for estimating
depth is the contextual knowledge, i.e. we can segment the image into consistent objects. If we
recognize the object and know its size it is possible to estimate the distance to the object, we also
know that an occluded object must be behind the occluding object in the scene.
Most likely the HVS system combine all these methods for depth estimation.

2.3.4   Human eye resolution

As mentioned in chapter 2.2.1 the DOF is dependent of the resolution of the human eye. In good
conditions the human eye has an angular resolution of about 2 arcmin [Forsyth]. This means that the
human eye can discriminate between finely drawn lines separated by 0.23mm at 400mm viewing
distance. With this in mind any point with a CoC-diameter less than the resolution limit will appear
to be sharp and thus be within the DOF.

2.4   Stereo vision
The goal with stereo vision is to estimate depth in a scene by measuring the differences between
images of the scene taken by two parallel cameras. A lot of research has been done to solve the
stereo problem, as it is called, and many algorithms have been developed. To give a detailed
description on any of the more advanced stereo algorithms, for example [Birchfield] is out of the
scope of this thesis. Instead the basic principles involved in the stereo problem will be described.
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2.4.1   Camera model and stereo geometry

By using a pinhole camera with a thin lens as camera model the calculations are simplified and quite
straight forward. The camera coordinate system (x,y,z) are chosen so that the image plane coincides
with the (x,y) plane and the centre of the image plane are located at the origin. This means that the
z-axis coincides with the optical axis and the optical centre is located at (0,0,f) where f is the focal
length of the camera. A point at world coordinate (X,Y,Z) is projected onto the camera coordinate
(x,y,0). The projection is shown in figure 2.4.The relations between the two coordinate systems are
described by the following equations.

x

f
��

X

Z� f
(2.6)

y

f
��

Y

Z� f
(2.7)

Figure 2.4 Pinhole camera geometry

The two cameras are placed so that their x axes are aligned with the baseline connecting the two
optical centres and so that their optical axes are parallel, see figure 2.5.

(X,Y,Z)

z,Z

x,X

(x,y)

(0,0,f)
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Figure 2.5 Stereo camera geometry

As seen in figure 2.5 the image planes are placed in front of the optical centres, this way it is not
necessary to rotate the image 180 degrees and the minus signs in equations 2.6 and 2.7 are avoided.
The optical centres of the left and right cameras are located at (-h, 0, f) and (h, 0, f) respectively and
the distance between the two of them is hence 2h. Similar triangles are used to obtain the two
relations below.
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Summing these relations gives the following equation

2h

Z
�

x l �x r

f
(2.10)

The disparity is defined as
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The relation between depth and disparity can then be expressed as
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Z�
2hf

d
(2.12)

Interesting to note is that an x wise displacement of the camera does not affect the y coordinates of
the images.

2.4.2   Disparity estimation

Disparity estimation can be described as finding corresponding points in the stereo image pair and
thereby determine the translation along the x axis. To solve this problem a stereo algorithm is used.
Most of the algorithms that have been published over the years are either correlation based or
feature based, see [Szeliski] for an evaluation of some different algorithms.
Correlation based algorithms try to find corresponding pixels in the images by comparing intensity
values. This is done for a group of pixels at a time. A block from one image is compared with
several blocks in the other image that have been translated different number of pixels. The similarity
can for example be measured by the least mean square method. The translation giving the best block
matching determines the disparity of the point. Correlation based algorithms are usually less
complex to implement than feature based algorithms.
Feature based algorithms partitions the image into sets of pixels with characteristic features such as
edges, lines and corners. Then the correspondences between these feature points can be calculated in
a fashion similar to the technique used for the correlation based methods. The advantage compared
to the correlation based method is that there are much fewer correspondences to find and that more
additional information is available, e.g. the length and orientation of lines. Algorithms of this type
can be complex but usually more robust than correlation based algorithms.
The algorithm used to calculate disparity for the test images in this thesis is a correlation based
algorithm with some additional features apart from those described above. The algorithm matches
individual pixels in corresponding horizontal scanline pairs while allowing occluded pixels to
remain unmatched, then propagates the information between scanlines by means of a post processor
to fill in the disparity values for the occluded pixels. For more information about this stereo
algorithm see [Birchfield]. Figure 2.6 shows one image of the Tsukuba stereo image pair and its
corresponding disparity image.

Figure 2.6 (a) One image of a stereo image pair Figure 2.6 (b) The corresponding disparity image
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2.5   Eye-movement control
To determine where in the image the observer is focusing a so called eye-tracker can be used. The
simplest type of eye-tracker assumes that the observers head is kept still and that focusing in
different parts of the image is achieved by eye-movement. The observer's eye is filmed with a
camera and information about the orientation of the pupil is used to decide the viewing angle. When
the viewing angle and the distance to the display are known elementary geometry gives us the focus
point of the observer. A new focus point is calculated as soon as the observer changes focus.
In more advanced systems both head and eye movements can be taken into account when
calculating the focus points. The focus point is used in perceptual image coding, both the angular
and depth distance models, to define the image quality needed in different regions of the image.

2.6   Introduction to the jpeg algorithm
A typical natural image consists of a number of highly correlated pixels. The goal with image
coding is to find a way to uncorrelate these pixel values and thereby reduce the statistical
redundancy in the image. The jpeg algorithm accomplishes this task by dividing the image into
square blocks, 8 by 8 pixels, and transforms each of these blocks with the two dimensional discrete
cosine transform (DCT). The transform coded blocks are then quantized and the quantized
components are zig-zag scanned and run-length coded. Finally the run-length coded sequence is
Huffman coded.
The DCT and quantization steps are briefly described below, for a more detailed description of the
jpeg algorithm see [Sayood].

2.6.1   Discrete cosine transform

The jpeg algorithm uses the 2 dimensional DCT to transform an image block into 64 different
frequency components. Since a typical natural image mostly consists of low frequency components
the components of the transformed block that corresponds to high frequencies will be close or equal
to zero. The DCT does not perform any compression in itself, but the distribution of the transform
components makes an efficient quantization possible.

2.6.2   Quantization

The quantization is the only step where lossy compression is used in jpeg. All transform
components in each transform block are divided by a quantization value that corresponds to the
frequency of the transform component. The quantization values are stored in a predefined
quantization matrix known to both the encoder and the decoder. The quantization step reduces the
number of non-zero components and the set of possible values for the components.
Few non-zero components makes the run-length coding efficient and a smaller set of values for the
components improves the performance of the Huffman coding.

2.6.3   Performance

With the jpeg-algorithm it is possible to code a raw 8 bits per pixel grey-scale image with
reasonable quality using 0.5 to 1 bits per pixel, where reasonable quality means that it is hard to tell
the difference between the original and the coded image at a first glance. The amount of distortion
introduced by the jpeg coder is controlled by a quality parameter ranging from 0 to 100 where 100
gives the best image quality and largest file size.
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The weakness of the jpeg algorithm lies in the fact that it does not handle blocks that contain sharp
edges very well, e.g. blocks that lies on the border between two differently coloured objects in the
image. This causes a higher bit rate or lower image quality near object boundaries. 
Another typical artefact in jpeg coding is block distortion caused by big changes in the DC-
components between adjacent transform blocks. Block distortion appears as abrupt transitions on
the borders between the image blocks
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3   Perception based image coding
In this chapter the algorithms used for perception based coding will be described. Essentially the
perception based coding is based on the use of visual frequency constraints, VFC. VFC describes
what frequencies will be perceivable to the observer in diferent parts of the image under the current
viewing conditions. The angular perception based coding method that is described in chapters 3.3
and 3.4 is based on the concept of visual frequency constraints, the same method that is found in
[Bergström]. In 3.5 the concept of visual frequency constraint is adopted into a model for perception
coding based on depth information. In 3.6 the two models are combined into one coder that takes
advantage of both the limited resolution in the peripheral visual field and the limited depth of field
of the human eye. To avoid misunderstandings the coder based on angular perception will be
referred to as the angular perception coder (AP-coder), the coder based on depth perception will be
referred to as the depth perception coder (DP-coder) and finally the combined coder based on both
angular and depth perception will be referred to as the angular depth perception coder (ADP-coder)

3.1   Depth information in perception based coding
The fact that the DOF is greater for a camera with appropriate focal length and lens diameter than
for the human eye gives rise to the idea that depth information can be used for perception based
image coding. By coding the parts of the image that corresponds to objects in the scene that lies
outside the eye's DOF with lower quality than the rest of the image we can use less bits to code the
image without the user noticing the degradation of the image quality. In other words the perceived
quality of the image coded with this method should not be less than the perceived quality of an
image coded without the use of depth information. These ideas require that the users eye-
movements can be measured and that the focus point in the image can be determined.
An alternative to code the image based on depth information is to use a camera with smaller DOF
and thereby reduce the image quality outside the observers DOF. The problem with this approach is
that it is not possible to change the cameras focus settings as fast as the observer changes focus
point and that would introduce a delay to the system. Therefore coding based on depth perception is
preferred.
When the depth distance between different objects in the image is discussed it refers to the depth
distance between the objects in the scene that the image depicts. Hence the distance between the
observer and an object in the image is the distance between the camera that has taken the image and
the object if not explicitly stated that it is the distance between the observer and the screen where
the image is shown that is meant.

3.2   Perception based transform coding
The encoders described in this thesis are modified versions of the jpeg coder. The only difference
actually, is that transform components that does not fulfil the visual frequency constraint are set to
zero before the quantization, equation 3.1. The result is fewer non-zero transform components and a
smaller set of transform component values. In this way we have a variable resolution DCT coder
where the resolution can be controlled on block level.
An advantage with the approach used in this thesis is that the coded image can be decoded with a
standard jpeg decoder.
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3.3   Eye-movement controlled transform coder model
The strategy to set transform components that does not fulfil the visual frequency constraints to zero
can be expressed as

VFC�c � y , x � �
 f T �c � y , x � ��c � y , x ��0 (3.1)

where the meaning of the variables are as follows:

c(y,x) transform component with index (y,x)
VFC(c(y,x)) visual frequency constraint for c(y,x)
fT(c(y,x)) lower frequency range for c(y,x)

The VFC is calculated according to equation 3.5 or 3.7 for the AP-coder and according to equation
3.13 for the DP-coder.
The fT(c(y,x)) is calculated according to equation 3.2.

f
T
� f

x

2� f
y

2 (3.2)

fx and fy are the lower borders of the one dimensional horizontal and vertical sub-bands. The one
dimensional lower frequency range of sub-band number i is

f
x
� i �� f

y
� i ��

� i �1 ��0.5

8
(3.3)

where i ranges from one to eight and equals 1 for the the lowpass band.

Interesting to note is that fT for the baseband is zero. Thus the baseband will be kept for each
transform block and every pixel in the image will be represented by at least one transform
component. Figure 3.1 shows a block scheme of the first part of the encoder that sets transform
components to zero. First of all an fT value is calculated for each subband using equation 3.2 and
3.3. These fT values are constant and are only needed to be calculated once. Then, whenever the
focus is moved a position map is calculated. The position map defines the distance relative to the
focus point for all points in the image, angular distance for the angular model and depth distance in
the scene for the depth model. This position map is used to calculate the VFC for all the blocks in
the image. The VFC is dependent on what perception model is used. In the following chapters the
VFC for angular distance and depth distance will be described. Those components whose fT value is
larger than the VFC are marked with a zero in the VC mask and the rest are marked with a one.
Transform components in the image corresponding to a zero in the VC mask are set to zero before
the quantization.
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Figure 3.1 Encoder scheme for perception based DCT coder

3.4   Angular perception based transform coder
As described in chapter 2.3.1 the resolution of the human eye decreases with increasing angular
distance from the focus point. If the focus point is known it is possible to code the parts of the
image far from the focus point with lower resolution than the parts close to the focus point without
degrading the perceived image quality.

3.4.1   Visual frequency constraint for eccentricity

The ability to distinguish details is related to the ability to resolve two stimuli separated in space.
This is measured by the minimum angle of resolution (MAR), which is the smallest angle an object
must occupy in order to be visible. The MAR varies with the angular distance between the object
and the focus point, this angular distance will be referred to as the eccentricity. In this thesis the
MAR measured by [Thibos] will be used. The MAR values are shown in figure 3.2. The related size
on the display to a MAR value is called the minimum size of resolution (MSR). MSR is the smallest
size of a visible object on the screen. Figure 3.3 introduces the necessary variables for the MSR
calculations. To simplify the calculations the monitor is considered to be flat. The distance between
the observer and the display is measured perpendicular to the display surface.
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Figure 3.2 MAR values as a function of the eccentricity

Figure 3.3 Viewing conditions
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where the variables have the following meanings:

p the current point on the screen
e eccentricity,
dscreen distance between the observer and the display screen,
rp distance between the origin and the current point,
MAR(e) minimum angle of resolution for eccentricity e.

Since the coding is based on removing frequency components that do not fulfil the visual frequency
constraint, the MSR has to to be expressed as a visual frequency constraint. The VFC for the
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transform coding model based on angular distance can be expressed as

VFC
angular '

�
1

2�MSR
(3.5)

Thus an image frequency must be less than VFCangular' to be perceivable to the observer. To reduce
the visual artefacts introduced by applying equation 3.1 the maximum VFCangular' within the
transform block will be used. The maximum VFCangular' corresponds to the pixel within the image
block that is located closest to the focus point.

3.4.2   Normalized MSR

The MSR model above is a just noticeable distortion (JND) bound. If this model is applied to a
system with a computer display with normal pixel-resolution the MSR-values will be smaller than
the width of a pixel in large parts of the image. These parts of the image will be unaffected by the
model and thus be coded with higher quality than needed.
To fully take advantage of the MSR model and increase the compression it is possible to normalize
the MSR and go from a JND-bound to a minimum noticeable distortion (MND) bound. In the MND
-bound a certain amount of distortion is allowed. The normalization of MSR will be done so that the
relative difficulty of observing details at different eccentricities is kept. In other words, the
perceived distortion will be the same in all parts of the image. The scaling factor is defined in
equation 3.6. Thus the normalized MSR will be equal to the width of a pixel at eccentricity ef, the
fovea angle, and for the region with eccentricity less than ef the image quality will be unaffected.
The fovea angle is set to 2° throughout this thesis.

MSR
norm

�e ��
MSR�e �

MSR�e
f
�
�P

sw
(3.6)

where Psw is the width of a pixel, in mm, as displayed on screen.

3.4.3   Generating VC mask

To generate the VC mask based on angular distance the algorithm described in chapter 3.3 will be
used. The normalized MSR will be used for the computation of the VFCangular and hence equation 3.5
is rewritten as equation3.7.

VFCangular �
1

2�MSRnorm
(3.7)

3.5   Depth perception based transform coder
As described in earlier sections the human eye has a limited depth of field (DOF). If the focus point
is known a stereo algorithm can be used to calculate the depth distances between the focus point and
different objects in the image. This information can be used to reduce the image quality of the parts
of the image that lies outside the depth of field without degrading the perceived image quality.
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3.5.1   Visual frequency constraints for depth

In coding based on angular distance the fact that the ability to distinguishing details is related to the
ability to resolve two stimuli separated in space were used to define the frequency constraints. In a
similar fashion this fact can be used to define the frequency constraints for coding based on depth
distances. Objects that are smaller than the circle of confusion (CoC) will not be distinguishable to
the observer. Since the focal depth of the camera is considered to be big the whole scene will be in
focus and no CoCs will be created on the screen. On the other hand if the observer would have been
positioned where the camera is large parts of the scene would have been out of focus. In the top
figure of figure 3.4 this is illustrated by showing how a point in the scene creates a CoC on the
retina when the observer views the scene directly. When the observer view the screen all parts of the
image will be in focus since the screen is flat and the depth distance is the same to all points on the
screen, hence some objects that is out of focus in the scene appear to be sharp on the screen. By
calculating Cs according to equation 3.8 we make the image shown on the screen to the observer
look as similar as possible to what the observer would have seen if he had viewed the scene from
the camera position. The situation where Cs is used on screen to simulate an object in the scene that
image with the size Ci on the retina of the observer is shown in the lower figure of figure 3.4. The
use of Cs allows a reduction of the image quality that is not perceivable to the observer.

Figure 3.4Relation between CoC on the retina and screen

To calculate the CoC, denoted Cs, for all the pixels in the image the following equations are used:
By rewriting equation 2.2 from chapter 2.2 we get

Cs�
d screen

d eye

�� P�d

�d �P �
�

P�d f

�d f �P ����E –
P�d

�d �P �� (3.8)

dscreen/deye is a scaling factor to adjust the CoC depending on the distance between the screen and the
observer and the rest of equation 3.8 follows from equations 2.2-2.4. From equation 2.5 we get
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P�
1

1 	d f �1 	d eye

(3.9)

By rewriting equation 2.12 from chapter 2.4 we get:

d f �
offset cam� flength cam

disparity � fpoint ��P
sw cam

(3.10)

d �
offset cam� flength cam

disparity �P
sw cam

(3.11)

The diameter of the CoC in pixels

C
spix

�Cs�Psw
(3.12)

The meanings of the variables are as follows:

d distance from the camera to the current point (in mm)
df distance from the camera to the focus point (in mm)
offsetcam distance between the two cameras used
flengthcam focal length of the cameras
disparity(fpoint) disparity for the focus point (in pixels)
Pswcam width of a pixel as shown on the camera sensor/film (in mm)
P lens power for the eye
deye distance between lens and retina,
disparity disparity map for the image (in pixels)
Cs diameter of CoC on screen (in mm)
Cspix diameter of CoC on screen (in pixels)
dscreen distance between the observer and the display screen
Psw width of a pixel as shown on the display screen (in mm)
E lens (pupil) diameter

Cspix is as stated above the diameter of the CoC and gives a measure of the size of the blur that will
occur for pixels out of focus. Another way of seeing it is that Cspix is the minimum size an object has
to have to be visible to the observer, in this way Cspix can be used in the same way as MSR is used
for the angular distance coding. Thus the VFC for the transform coding model based on depth
distance can be expressed as

VFCdepth �
1

2�C
s pix

(3.13)

All image frequencies greater than VFCdepth will be removed in accordance with equation 3.14:

VFCdepth �c � y , x � �
 f T �c � y , x � ��c � y , x ��0 (3.14)
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3.5.2   Avoiding edge effects

An 8 by 8 image block can contain pixels from different depth regions. This is typically the case
when half the image block depicts a foreground object and the rest of the block depicts a
background object. Different depth regions means that we want to use different quality in the coding
of the block. The quality parameters are defined in Cspix, one for each pixel. But since the modified
JPEG-algorithm that we are using can only handle one quality parameter per image block we have
to decide upon which one to use.
To maximize the coding gain the preferred choice would be to use the Cspix parameter associated
with the part of the image block furthest away from the focus plane. The drawback with this choice
is that the image quality of the other part of the image block will be worse than we have specified it
to be in the calculation of Cspix. It will be most visible when we have a diagonal border between two
regions, the border then will show as a jagged edge due to block distortion.
Instead we choose the Cspix parameter associated with the part of the image block closest to the focus
plane, the price we have to pay is a lower coding gain but experiments have shown that this loss is
small compared to the gain in image quality that we get compared to the first approach.
In figures 3.5 (a) and (b) a part of the Tsukuba image is shown without and with edge effect
correction. The edge effects are most visible around thin foreground objects located in front of the
background, in this particular case the arm and the joint of the lamp are more accurately coded when
edge effect correction is used. The crossbar marks the focus point.

Figure 3.5 (a) Without edge effect correction Figure 3.5 (b)With edge effect correction

3.5.3   Generating VC mask

To generate the VC mask based on depth distance the algorithm described in chapter 3.3 will be
used. VFCdepth will be calculated according to equations 3.13-3.14 in chapter 3.5.1. The method to
avoid edge effects described in chapter 3.5.2 will be used for selection of the most appropriate Cspix

value for each image block.

3.6   Combining angular and depth perception into one coder
From the two previous sections we know that an image can be coded with fewer bits by using
information about visual frequency constraints for depth and angular eccentricity. Since these are
two different approaches that strives for the same goal it is likely that a combination of the two
would achieve an even better result.
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3.6.1   Generating combined VC mask

As described in earlier sections the visual frequency constraint tells us what frequencies will be able
to perceive. All non perceivable frequency components will be set to zero by the VC mask. A
straight forward way to combine angular and depth perception is to set a frequency component to
zero if so is specified in any of the two VC masks. In other words, if we can not see the frequency
component in one of the models we can not see it in the combined model either, and therefore it can
be set to zero in the combined VC mask.
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Figures 3.6 (a) and (b) show the VC masks for depth perception and angular perception
respectively, in figure 3.6 (c) the combined VC mask is shown. As can be seen in the figures the
result of combining the VC masks is that fewer frequency components are kept.

Figure 3.6 (a) VC mask based on depth perception Figure 3.6 (b) VC mask based on angular perception

Figure 3.6 (c) Combined VC mask
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4   Perception based image filtering
When we are looking on a scene, objects that lie outside the fovea angle or out of focus appears to
be blurred. To mimic this blurring in the image shown on screen to an observer it is possible to use
averaging filters to spread out pixel values over neighbouring pixels. The use of filters will reduce
the number of frequency components in the image and an image with fewer frequency components
are more efficiently coded by the jpeg coder. Perception based image filtering can be used as an
alternative to the perception based coders explained in chapter 3.

4.1   Blur effects with filters
To create blur effects with filters it is suitable to use lowpass filters with an averaging effect. By
varying the cut-off frequency of the filter the amount of blur introduced can be controlled. The idea
is the same here as in chapter 3, we want to keep all frequencies below the visual frequency
constraint and remove all frequency components above the VFC. This is done by filtering the image
with filters that have cut-off frequencies that corresponds to the visual frequency constraints of the
different regions in the image.
In this thesis Gaussian filters are used, the cut-off frequency for a Gaussian filter is described by
equation 4.1 where the standard deviation �  can be calculated by setting fc equal to the VFC.

f c�
ln �2 �

2�
(4.1)

To filter different regions in an image with different filters the image has to be segmented. This
segmentation is done by computing region of interest maps (ROI-maps) where each ROI-map
contains the coordinates of the pixels in the image that should be filtered with a certain filter. This
gives us the same number of ROI-maps as there are distinct filters for the image. For each ROI-map
the pixels included are filtered with the corresponding filter. Since there is only one filter associated
with each pixel the ROI-maps are not overlapping and every pixel is only filtered once. How to set
the cut-off frequency for each filter and how the ROI-maps are calculated is described in the
subsequent sections.

4.1.1   Filtering based on depth perception

When blurring image regions outside the depth of field the circle of confusion concept can be used.
As described earlier the CoC defines how much the light rays from a point source are spread out in
the image plane if the point source is out of focus. The diameter of the CoC measured in pixels,
Cspix, defined in chapter 3.5.1 are used to partition the image into different ROIs where each ROI are
made up of all the pixels in the image with the same Cspix-values (after round-off). This means that a
pixel will affect all pixels in its surrounding that are closer than the filter size and are part of the
same ROI-map. The filter size is dependent of Cspix and the radius, rs, of the filter is calculated
according to equation 4.2 where c is a constant controlling the cut-off frequency. The constant c is
set to 1.7 to keep down the amount of calculations needed for the filtering and still get a reasonable
sharp cut-off frequency.

r s�2�c �Cspix
(4.2)
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�
ln�2 �

�
�Cspix

(4.3)

The cut-off frequency for each filter is set to each ROI's corresponding VFCdepth and hence the cut-
off frequency is also determined by the Cspix according to equations 3.13 and 4.3. The regions that
are in focus will not be filtered since the Cspix is zero for this region and hence the cut-off frequency
is infinity which means that all frequency components in this region is kept.
The coder based on depth perception filtering and the jpeg coder will be referred to as the depth
filtering coder (DF-coder)

4.1.2   Filtering based on angular perception

In chapter 3.5.1 the similarities between Cspix and MSR are pointed out. There the similarity is used
to apply the model developed for angular perception coding to perform the depth perception coding.
Here we will do the opposite and treat MSR as an equivalent to Cspix, the diameter of the CoC, and
thereby filter regions in the peripheral visual field based on the MSR values. The cut-off frequency
for each filter is determined by the ROI's corresponding MSR and hence the cut-off frequency is set
to VFCangular as defined in equation 3.7. The filter radii and standard deviations needed for the
filtering are calculated according to equations 4.4 and 4.5. The constant c is set to the same value as
was used for the depth perception filtering.

r s�2�c �MSR (4.4)

�
ln�2 �

�
�MSR (4.5)

The cut-off frequencies will decrease with the angular distance to the focus point and regions in the
peripheral visual field will be more blurred than regions closer to the focus point. The part of the
image that lies within the fovea angle ef will not be filtered.
The coder based on angular perception filtering and the jpeg coder will be referred to as the angular
filtering coder (AF-coder)

4.1.3   Combining angular and depth perception filtering

To fully take advantage of the perception based filtering described in the previous two sections the
two models have to be combined into one. In the same way as was done for the perception based
coders in chapter 3.6.1 the most restrictive of the two frequency constraints is used as the combined
frequency constraint. This is expressed by equation 4.6.

VFCcombined � min �VFCdepth ,VFC angular � (4.6)

The coder based on both angular and depth perception filtering and the jpeg coder will be referred to
as the angular depth filtering coder (ADF-coder)
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4.2   Image coding gain of blurred images
By filtering the image with lowpass filters the amount of high frequency components is reduced.
This is an advantage if the image is to be coded with a standard transform coder, e.g. the jpeg-coder
as is the case with the AF, DF and ADF-coders described in this chapter.
To combine filtering with removal of frequency components in the frequency domain into the same
coder will only give a modest increase of the coding gain. This is due to the fact that we use the
same models to decide what regions should be blurred and in what regions we should set frequency
components to zero and essentially we are removing the same frequency components in both
models. Therefore filtering should be seen as a complement to setting frequency components to zero
and can not be used as an extension to the coders described in chapter 3.
A comparison of the performance of the two different methods can be found in chapter 5.
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5   Results
In this chapter the results of the perceptual coders described in chapter 3 and 4 will be presented. A
comparison between the rates of the perceptual coders and the rate of the standard jpeg coder will be
made. It will also be shown how the gain depends on the location of the focus point.

5.1   Error measurement
A common way to measure image quality in coded images is to use the Signal-to-Noise-Ratio
(SNR) that gives a measure of the error introduced by the coding of the image, see equation 5.1. In
perception based image coding we are not interested in the absolute error introduced by the coding
of the image but the error perceived by the observer. Therefore SNR does not work very well as a
measurement of the image quality in perception based image coding.

SNR�
10log 10�� � f 2 �

� � f � f rec �
(5.1)

f is the pixel value and frec is the reconstructed pixel value.

5.1.1   Subjective image quality

The best way of evaluating the perception based coders would be to set up a system with an eye
tracking device, code the images in real time and let real users asses the image quality of the coded
images to get a measure of the subjective image quality. When the subjective image quality is the
same as the image quality for the jpeg coded image the bit rate could be measured to get a good
measure of the compression gain achieved. Since the set up of such a system has not been possible
within this thesis the subjective image quality is assumed to be the same for the coding with visual
frequency constraints as coding without. Assessment of pre computed image sequences coded with
frequency constraints and a moving focus point indicates that this is a good approximation.

5.2   Compression gain
To evaluate the performance of the perceptual coders the compression gain will be used. The
compression gain, G, is defined as:

G�
Rjpeg

Rcoder

(5.2)

where Rjpeg is the bit rate for the jpeg coder and Rcoder is the bit rate for the perceptual coders using
visual frequency constraints. By comparing the bit rate for the perceptual coders when the visual
constraints are applied and when they are not we get a measure of the gain compared to normal jpeg
coding. In both cases the same quantization matrix is used. That way all maintained components
will be quantized in the same way and the quality in the focus region will be the same.
To be able to compare Rcoder and Rjpeg the overall quality parameter must be the same for the two of
them, in all tests in this thesis it will be set to 95 for both the jpeg coder and the perceptual coders.
For the AP, DP and ADP coders this means that after the VC mask has been used the whole image
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is coded with a jpeg coder that has the quality parameter set to 95. For the AF, DF and ADF-coders
the whole image is coded jpeg style with the quality parameter set to 95 after the filtering of the
image has been done. The reason for the jpeg quality parameter to be set so high is that we do not
want any more visible distortion to be introduced by the jpeg quantization step.
Since the bit rate is heavily dependent on the location of the focus point the gain is calculated as an
average gain from a large number of focus points randomly distributed over the image. The test
images used to evaluate the perceptual coders are listed in table 5.1, the images are shown in chapter
8. In table 5.2 the bit rates for the four test images coded with the perceptual coders are shown.
Table 5.3 shows the compression gain for the different perceptual coders. To show how the gain
depends on the different frequency constraints the gain results for the AP-coder and DP-coder are
also presented in tables 5.2 and 5.3 along with the combined ADP-coder. The same goes for the
perception based filtering, bit rates and compression gains are listed for AF-, DF- and ADF coders.
The rates and gains are also shown for coders using both perceptual filtering and perceptual coding
just to show that a combination of the two methods will not increase the gain significantly, the result
is expected due to the reasons mentioned in chapter 4.2.
All images coded in this chapter have been coded under the assumption that the distance between
observer and screen, dscreen is 400mm.
As can be seen from table 5.3 the gain varies with different images, the four test images used for
evaluation of the perceptual coders indicates that the compression gain is higher for images with
high bit rate. This is a consequence of the fact that images with high bit rate have more components
with frequencies that exceed the visual frequency constraints of the perceptual coders and thereby
are discarded.

Table 5.1 Information about test images

Table 5.2 Average bit rate for test images

Image
Cabin 480*488 129*175 27 129
Mountain 424*568 136*175 34 112
Old lab 400*512 172*175 16 45
Tsukuba 544*736 130*175 27 95

Size in pixels 
(y,x)

Size in mm on 
screen (y,x)

Number of 
focus points

Jpeg file size 
(kB)

Image
Cabin depth 0.56 0.35 0.41 0.32
Cabin angular 0.56 0.25 0.35 0.23
Cabin combined 0.56 0.22 0.34 0.20
Mountain depth 0.48 0.30 0.35 0.27
Mountain angular 0.48 0.24 0.31 0.22
Mountain combined 0.48 0.21 0.30 0.19
Old lab depth 0.22 0.14 0.17 0.13
Old lab angular 0.22 0.14 0.17 0.13
Old lab combined 0.22 0.11 0.16 0.11
Tsukuba depth 0.24 0.20 0.23 0.20
Tsukuba angular 0.24 0.13 0.19 0.13
Tsukuba combined 0.24 0.12 0.19 0.12
Average for all images depth 0.38 0.25 0.29 0.23
Average for all images angular 0.38 0.20 0.26 0.18
Average for all images combined 0.38 0.17 0.25 0.16

Perception 
model

JPEG 
bitrate

Bitrate 
coding only

Bitrate 
filtering only

Bitrate filtering 
and coding
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Table 5.3 Average compression gains for test images

There are no simple relations between the gains for the depth, angular and combined perception
models, it all depends on the type of image coded and the location of the focus point. Some general
observations can be pointed out.
Gangular increases when the focus point is moved towards the edges of the image.
Gdepth are high for image and focus point combinations where most of the objects in the image are
located far away from the focus plane.
Gdepth are low for image and focus point combinations where most of the objects in the image are
located in or near the focus plane.
The gain achieved by the depth model is usually smaller than the gain achieved by the angular
model. The combined model is always better than each of the other models on their own since it
combines the two of them as described in chapter 3.6.1 and the relations given in equation 5.3 are
always true.

Gcombined �Gdepth  and Gcombined �Gang (5.3)

In the appendix some images that are coded with the AD, DP and ADP-coders are shown. There are
also images coded with the AF, DF and ADF-coders in the appendix.
In table 5.4 and figure 5.1 it is shown how the compression gain is dependent of the location of the
focus point for the Mountain image when coded with the AD, DP and ADP-coders. As can be seen
in table 5.4 the gain varies a lot with the location of the focus point.

Image
Cabin depth 1.58 1.38 1.76
Cabin angular 2.27 1.61 2.47
Cabin combined 2.54 1.66 2.76
Mountain depth 1.61 1.37 1.76
Mountain angular 2.00 1.53 2.18
Mountain combined 2.29 1.59 2.48
Old lab depth 1.58 1.29 1.67
Old lab angular 1.60 1.29 1.70
Old lab combined 1.99 1.37 2.09
Tsukuba depth 1.20 1.06 1.22
Tsukuba angular 1.78 1.24 1.87
Tsukuba combined 1.93 1.26 2.03
Average for all images depth 1.50 1.27 1.60
Average for all images angular 1.91 1.42 2.06
Average for all images combined 2.19 1.47 2.34

Perception 
model

Gain; 
coding only

Gain; filtering 
only

Gain; filtering 
and coding
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Table 5.4 Coding gain for focus points in figure 5.1. The numbering of the focus
points is done column wise from the top left corner

*Image size is 424*568 pixels

Figure 5.1 Location of focus points, each focus point is marked with a crossbar.

Gain depth Gain angular Gain combined
1 1.98 3.37 3.87 (29,27)
2 1.95 2.39 3.22 (241,36)
3 3.48 3.08 4.39 (392,41)
4 1.98 2.20 2.58 (18,196)
5 1.98 1.54 2.28 (160,210)
6 1.60 1.90 2.25 (375,218)
7 1.57 2.12 2.47 (26,373)
8 1.64 1.54 1.89 (243,371)
9 1.70 2.00 2.38 (387,382)
10 1.52 2.56 2.69 (51,582)
11 1.56 1.92 2.19 (224, 488)
12 1.87 2.51 2.93 (379,503)

Focus point 
number

Coordinates * 
(column,row)
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6   Discussion

6.1   Conclusion
In [Bergström] focus controlled image coding based on angular perception is used to reduce the bit
rate in image coding. In this thesis a method of focus controlled image coding based on depth
perception is proposed. It is shown that the bit rate can be reduced further when utilizing the ADP-
coder that combines the angular and depth perception coding methods into one coder.
Perception based filtering does not give a compression gain as high as perception based coding
does. To combine the two methods does not give any significant increase of the coding gain
compared to perception based coding.

6.2   Ideas for further improvements

6.2.1   Use of other transforms

In this thesis the DCT coding is the only transform coding technique that has been tested. In
[Bergström] it is shown that the use of Discrete Wavelet Packet Transform (DWPT) will improve
the coding gain for angular perception based coding. It is likely that the use of DWPT would
improve the coding gain for the depth perception coder too, and thereby the coding gain for the
combined perceptual coder would be improved. It would also be an advantage to use a non block
based transform or a transform with overlapping blocks since the human eye is sensitive to the
block distortion that occurs in the boundaries between the transform blocks in block based
transforms.

6.2.2   Improved depth estimation

The performance of the stereo algorithm used for depth estimation is a limiting factor in two
aspects. First of all the real time constraints has to be fulfilled. To be able to code a video stream
with the ADP-coder described in this thesis the stereo algorithm has to be run as many times per
second as there are frames per second, and still leave time for the rest of the algorithm to be run.
Secondly the accuracy of the depth estimation is crucial to be able to set the frequency constraints
for each block of the image correctly, far from all test images that have been evaluated have given
satisfactory results. A more robust stereo algorithm is needed to code arbitrary images with high
perceptive image quality and low bit rate.

6.2.3   System testing

To get a better idea of how well the ADP-coder described in this thesis performs it would be
interesting to set up a complete system with eye-tracker and real-time coding. By letting real users
assess the perceived image quality it would be possible to adopt the model to better fit the human
visual system. To be able to do this the ADP-coder has to be optimized in order to achieve real time
performance, i.e. the ADP-coder has to be able to encode at least somewhere around 20 images per
second.
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6.2.4   Improving perception models

One way to improve the performance of the ADP-coder is to improve the perception models.
Especially it would be interesting to investigate how the angular and depth perception interacts to
find a better way to combine the two. For example, a big depth distance and a small angular
distance between the focus point and another point can in the current combined perceptual model
lead to more visual artefacts than desired.

6.2.5   Predictive coding

Since perceptive coding is only really useful for coding of video sequences it would be good to take
advantage of the high degree of correlation between consecutive frames.
In the video coding standards available today this is done by encoding the difference between the
present and previous frames. The difference between the frames is usually small and thereby it is
possible to significantly reduce the bit rate by coding the difference between frames instead of
coding each frame independently. 
Since the quality demands on each region can change a lot as the observer changes focus the degree
of correlation between consecutive images will probably be lower for perception based coding than
normal video coding. The low frequency components will though stay unaffected by the perceptual
coding and therefore it could be interesting to investigate methods to use predictive coding only on
those frequency components under a certain threshold value.
Alternatively a new intra coded frame that is the starting point for the prediction could be coded
each time the observer changes focus point and not only on a fixed frame interval as is the case for
standard video coding. If the observer does not change focus between the display of some frames
the prediction methods used in standard video coders will work well. This is very likely to be the
case most of the time since a normal frame rate is usually somewhere between 20-50 frames per
second and the observer will not change focus point that often. Therefore it can be good to use the
information of focus point not only to code each frame but also to select which approach should be
used for predictive coding.
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8   Appendix
In the appendix some examples of perception coded images can be found. In 8.1 the four test images
used to evaluate the perceptual coders are shown, their origins are listed among the references. In
8.2 angular, depth and combined perception based coded images are shown and in 8.3 angular,
depth and combined perception based filtered images are shown. Due to limited amount of space
only one image with two different focus points is shown for each coder combination, i.e. the same
image is coded in two different ways for each coder combination. The two focus points are selected
to highlight the properties of the perception based coders.

8.1   The test images

Figure 8.1 Tsukuba Figure 8.2 Old lab

Figure 8.3 Mountain Figure 8.4 Cabin

8.2   Images coded with perception based image coders
The images shown in this section are coded with parameters corresponding to the case where the
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observer is located at 400mm distance from the screen that displays the images and the width of the
images shown on screen is 175mm.

8.2.1   Angular perception coding, the AP-coder

Two coded images are shown. The first with the focus point located in the middle of the image and
the second one with the focus point in the top left corner. Notice that the gain, and distortion gets
higher for big angular distances.

Figure 8.5 Focus point in the middle, Gain = 1.46

Figure 8.6 Focus point in the top left corner, Gain = 3.33
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8.2.2   Depth perception coding, the DP-coder

Two coded images are shown, the first with the focus on the sky in the background and the second
one with focus on the ski boot in the foreground.

Figure 8.7 The background is in focus, Gain = 1.77

Figure 8.8 The foreground is in focus, Gain = 1.70
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8.2.3   Combined perception coding, the ADP-coder

Two coded images are shown, the first with the focus point in the bottom left corner and the second
one with the focus point in the middle. The gain is affected by both the angular and the depth
perception coding methods.

Figure 8.9 Focus point in bottom left corner, Gain = 4.45

Figure 8.10 Focus point in the middle, Gain = 1.67
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8.3   Perception based filtering of images
The images shown in this section are filtered with parameters corresponding to the case where the
observer is located at 400mm distance from the screen that displays the images with a width of
175mm. The focus points and settings are the same as for the coded images in chapter 8.2 the only
difference is that perception based filtering is used instead of perception based coding.

8.3.1   Angular perception filtering, the AF-coder

Two filtered images are shown the first with the focus point located in the middle of the image and
the second one with the focus point in the top left corner. Notice that the gain, and distortion gets
higher for big angular distances.

Figure 8.11 Focus point in the middle, Gain = 1.34

Figure 8.12 Focus point in the top left corner, Gain = 1.90
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8.3.2   Depth perception filtering, the DF-coder

Two filtered images are shown, the first with the focus on the sky in the background and the second
one with focus on the ski boot in the foreground.

Figure 8.13 The background is in focus, Gain = 1.38

Figure 8.14 The foreground is in focus, Gain = 1.43
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8.3.3   Combined perception filtering, the ADF-coder

Two filtered images are shown, the first with the focus point in the bottom left corner and the
second one with the focus point in the middle. The gain is affected by both the angular and the
depth perception coding methods.

Figure 8.15 Focus point in bottom left corner, Gain = 1.96

Figure 8.16 Focus point in the middle, Gain = 1.39
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