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ABSTRACT

Three dimensional image and video communication systems offer significant benefits over
conventional two dimensional systems. The presence of natural depth information in the

scene affords the viewer an overall improved sense of reality and naturalness. A variety
of systems attempting to reach this goal have been designed by many independent researc
groups, though the images displayed by these stereoscopic systems lack a sense of solidit
and have been shown to cause viewer fatigue due to a physiological conflict resulting from

supplying a different disparate planar image to each eye.

A system developed at De Montfort University, integral three dimensional imaging, over-
comes these limitations. It encodes a volume spatial model of an object scene on a plane sur
face, and is capable of real-time capture and display. The resolution requirements, however
are significantly greater than those of a conventional two dimensional display of a similar
size. Hence for transmission via existing broadcast methods a reduction of the bandwidth
required is necessary.

The objective of this thesis is the development of compression systems optimised for use
with the intensity distributions recorded by the integral 3D imaging system. Such a com-
pression system must be designed such that the transmission bandwidth consumed by th
data stream resulting from compression of the captured integral 3D image data is no greatet
than that available within a conventional television broadcast channel, while ensuring that the
reconstructed decoded image contains no objectionable distortion noticeable to the viewer.
The thesis also develops procedures for capture, pre-processing, post-processing and disple
for evaluation of the compression schemes.
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1. INTRODUCTION

1.1 Overview

Many potential applications exist for three dimensional (3D) image and video communi-
cation systems. One much discussed application is three dimensional television (3D-TV),
which possesses several advantages over conventional standard and high definition colou
television systems. It has been reported that the greatly improved sensations of depth anc
naturalness provided by a three dimensional display cause viewers to perceive an increase il
overall picture quality, leading them to prefer 3D presentation [3].

A large variety of three dimensional video recording and display systems have been proposec
by a number of independent research groups [3-5]. Much work on the development of

suitable autostereoscopic (free viewing) systems has centred around the use of multi-camer:
capture and multi-view display using lenticular sheets to afford the viewer a certain degree

of look-around capability. Such systems do not produce truly spatial 3D displays since they

lack vertical parallax and rely on the brain’s fusing of two disparate planar images.

An innovative and unique optical system for transferring full parallax three dimensional im-
ages has been developed by the 3D Imaging Group at De Montfort University [6, 7]. The
technique is based around Lippmann’s method of Integral Photography [8], in which three
dimensional volume spatial information from a scene is represented as related series of in-
tensity distributions recorded on a plane surface. The recording and replay processes take
place in constant time, hence with the use of flat panel format electronic image capture and
display devices with adequate spatial and temporal resolution, real time digital 3D video
sequence capture and display systems using this technique are practicable. Past estimat
of the bandwidth required for communication of integral image data have precluded the use
of the technique, however it has been demonstrated by the Group that spatial resolution,
and hence bandwidth required is far lower than previously predicted. Despite this, to en-
able transmission and storage of integral 3D video sequence data in formats compatible with
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conventional digital video studio and broadcast systems and with adequate scene size, infor
mation reduction is necessary. Compression techniques to carry out this function therefore
form an essential component of a three dimensional image communication system using the
integral 3D imaging method.

In order to achieve the data reduction necessary, a lossy compression scheme is requirec
which removes certain components of the source data which are not significant in recon-
structing an image with high perceived fidelity. In design of such a system, there is a fun-
damental compromise between the data reduction possible and the distortion present in the
reconstructed, decoded image. Where integral 3D images are concerned, a suitable codin
system must provide data reduction which is sufficient for transmission via conventional
broadcast methods whilst being capable of high quality reconstruction of the source object
scene such that no objectionable distortions are noticeable to the viewer.

1.2 Scope of the Thesis

Many lossy compression schemes exist, which have been developed for use with conven-
tional two dimensional still images and video data. Since the captured representation of an
integral 3D image is a planar intensity distribution, such data can be stored using conven-
tional image formats. Therefore, the captured integral 3D image would seem to be com-
patible with two dimensional image compression schemes. However, due to the optical
characteristics of the capture system the resulting intensity distribution possesses a structur
with unique statistical characteristics.

In this thesis the development of compression schemes specifically for application to integral
3D image data is presented, which exploit the unique structure of these data. Two schemes
based on hybrid DPCM/DCT and 3D-DCT based encoders are described, and simulation
results are presented which show that greatly improved rate-distortion performance can be
obtained compared with use of conventional two dimensional image compression schemes
when the characteristics of captured integral 3D images are exploited. An optimisation of

the quantisation stage, critical to rate-distortion performance, is also presented, resulting in
further improved reconstructed image quality at a given level of data reduction.

This thesis also describes front-end capture and processing techniques developed to ensul
that the intensity distributions presented to the coding schemes are free of distortion and rep-
resented in a common format, post-processing of decoded intensity distributions for display,
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and the replay of the resulting data as three dimensional images.

1.3 Outline of the Thesis

The thesis is organised into nine chapters. This chapter has introduced the research undel
taken by providing an overview of integral three dimensional imaging, the need for infor-
mation reduction for transmission of integral images and the development of compression
schemes specifically for application to this type of image.

Chapters 2 and 3 summarise the two main concepts brought together by the work: three
dimensional imaging and data compression, providing background for the remainder of the
thesis. Specifically, chapter 2 gives a short treatment of the optical components of the integral
imaging system and introduces the electronic capture and display processes. Brief descrip:
tions of alternative autostereoscopic imaging systems are given and comparisons made witt
the integral imaging system. An overview of digital image and video communication meth-
ods is given in chapter 3, describing the purpose and main components of data compressiot
systems and also summarising the operation of the JPEG lossy compression system for con
ventional natural still images.

In chapter 4, procedures developed for capture of integral image data are described. Addi-
tionally, this chapter describes processing techniques designed to correct distortions intro-
duced by the scanning process.

A study of the statistical properties of the intensity distribution which represents captured
integral 3D images is given in chapter 5, such that the correlation redundancy present within
the data can be exploited effectively by a compression scheme.

Chapters 6 and 7 describe two coding schemes developed for application to integral 3D
image data. The first makes use of a hybrid DPCM/DCT encoder structure and the second
a three dimensional DCT stage providing more effective decorrelation of the source data.
It is shown through simulation results that these schemes possess significantly greater rate
distortion performance than a conventional two dimensional image coding scheme, JPEG,
when applied to integral 3D image data.

Improvements to the quantisation stage made through the use of numerical optimisation anc
model fitting techniques are presented in chapter 8. It is demonstrated that further improved
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performance is possible if the quantisation parameters of the 3D-DCT scheme are matchec
to the characteristics of the transformed intensity distribution.

Finally, chapter 9 concludes the thesis and suggests possible future directions for extensior
of the research.



2. THREE DIMENSIONAL IMAGING FOR TELEVISION

Introduction

As stated in the introduction to this thesis, it has been found that viewers generally pre-
fer 3D display systems, in which the depth dimension of a scene is naturally presented, to
conventional 2D systems. Several classes of 3D imaging system have been proposed an
constructed by many independent research groups either as general purpose display units c
targetting a specific application. This chapter gives an outline of the construction and oper-
ation of the integrall{oloscopi¢ 3D imaging system developed by the 3D Imaging Group

at De Montfort University. The system makes use of unique optical capture apparatus to en-
code a true volume spatial optical model of the object scene in the form of a planar intensity
distribution which may then be stored or transmitted as a conventional two dimensional pixel
array. Following is a brief review of alternative 3D display methodologies, concentrating on
free-viewing (autostereoscopic) systems. Such systems are compared with the integral 3C
iImaging system for their suitability for use in a consumer television application.

2.1 Integral (Holoscopic) Imaging

2.1.1 Classical Integral Photography

The recording and display of true 3D images was pioneered by Lippmann [8]. His technique,
termedintegral photography (IPutilises a two dimensional microlens array to capture a re-
lated series of intensity distributions which encodes the locations of points in the original
scene on photographic film (see Figure 2.1). In order to replay a 3D image of the original
scene, the processed photographic transparency is overlaid with a microlens array identical tc
that used in the capture process and back-illuminated with incoherent light (see Figure 2.2).
When the scene is replayed in this way the viewer observes a pseudoscopic (spatially deptt

5
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Figure 2.1: Recording of an integral photograph.
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Figure 2.2: Replay of an integral photograph.

inverted) image. To overcome this problem a second recording stage is introduced, in which
a second integral photograph is taken of the first in replay, (see Figure 2.3) as proposed by
Ives [9]. When the second-stage photograph is replayed as shown in Figure 2.4 an ortho-
scopic (spatially depth corrected) 3D image results.
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Figure 2.3: Production of a second-stage integral photograph.
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Figure 2.4: Replay and viewing of the orthoscopic image.

2.1.2 Real-time Holoscopic Integral Image Capture

The two-stage recording process outlined above possesses several disadvantages as a pra
cal imaging system:

1. The process does not take place in constant time and is therefore unsuitable for use
within a real time image capture and display environment;

2. Only remote imaging is possible since it is inherently impossible to place the capture
plane at arbitrary locations in a solid scene;

3. The final image is substantially degraded due to distortions introduced in the mi-
crolenses and film emulsion, and possible stray light effects.

In order to address the first concern, the capture of the orthoscopic image must take place ir
a single operation, that is, the camera unit must perform the necessary spatial depth inversior
optically. Techniques which have been used by the 3D Imaging Group to accomplish this
will now be summarised.

Single-tier spatial inversion methods

Depth inversion may be accomplished through the use of a retroreflective screen, which
always reflects an incident ray of light back in its original direction. This device is used

in combination with a half-mirror to produce the required pseudoscopic aerial image. Such
a scheme is shown in Figure 2.5. Alternatively a more optically efficient scheme using an
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Pseudoscopic aerial image Autocollimating function of a triple-mirror
retroreflective element

Triple-mirror retroreflective screen

Half mirror

Object

Figure 2.5: True-scale spatial depth inversion using a retroreflective screen.

afocal combination of two microlens arrays allows direct transmission of the optical model
on the axis of the system (Figure 2.6).

Two-tier spatial inversion methods

Unfortunately the simple systems described above are incapable of providing sufficient lat-
eral and angular resolution for use in a high quality imaging system, that is sharp focus
cannot be maintained in the near and far fields [10, 11]. These systems are therefore un-
suitable for use in a practical high quality imaging system. The resolution limitation can
be overcome if it is arranged that the object scene appears entirely in the near field of the
retrodirective screen [7] or afocal microlens combination [6]. For this purpose an additional
lens system is included to image the scene around the central plane of the microlens array
combination or front face of the retroreflective screen. The resulting two-tier system is illus-
trated in Figure 2.7 for the retroreflective case and in Figure 2.8 for the transmissive case.
In order to provide a large aperture the relay lens system is composed of a two dimensional
‘macrolens’ array comprised of multiple identical simple (plano-convex) lenses.
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Autocollimating function of an afocal
microlens combination

Pseudoscopic aerial image
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f1=f2
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Object

Figure 2.6: True-scale microtelescopic spatial depth inversion using an afocal combination
of microlens arrays.

With the use of either two-tier image transfer device the integral image capture system can be
operated in a ‘close imaging’ mode, since it is possible to select any plane within or around
the pseudoscopic aerial image as the reference (display screen) plane. Thus the second lim
tation of two-stage integral photography as the basis of a practical imaging system has beer
addressed. The capture process now takes place as a single-stage process, and therefore
imaging system can be operated in real time.
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Figure 2.7: Two-tier retroreflective depth-inverting image transfer device.
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Figure 2.8: Two-tier transmissive depth-inverting image transfer device.
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2.1.3 Electronic Capture of Integral Images

Any conventional image may be captured electronically via one of two routes, to which the
author refers adirectandindirectcapture. Since a captured integral 3D image is represented
as a planar intensity distribution and may be recorded in a single optical operation, the same
applies.

Direct Capture

This refers to the use of a real-time imaging unit capable of generating either discrete im-
ages or a continuous video signal. Where conventional television pictures are concerned, &
television camera performs this function. For direct capture of integral three-dimensional
image frames, the requirements of the optical image transfer system preclude the use of &
conventional camera. This is the case since it is imperative that the encoded planar intensity
distribution is recorded exactly parallel to its encoding plane (the rear surface of the mi-
crolens or lenticular encoding array), requiring a mechanically stable self-contained capture
unit containing both the image transfer optical elements and the target electronic imaging
array. Work is under way within the 3D Imaging Group to develop such a system utilising
charge coupled imaging devices (CCDs) in the intensity distribution recording plane.

Figure 2.9 shows the principal elements of a simple camera unit. A pseudoscopic optical
model of the object scene is produced by the two tier transmissive image transfer unit and
the encoding microlens array produces at its back face an intensity distribution representing
the object scene. In the case of the still camera developed by the Group, photographic film
would be placed at this point. In this real time capture device, however, a copy lens arrange-
ment images the current planar encoding of the object scene on to a high resolution CCD
imaging device, which then produces an electronic representation of the captured intensity
distribution.

Indirect Capture

Indirect electronic capture refers to the use of photographic film as an intermediate image
recording medium. The processed photograph is digitised at a later time using an electronic
scanning technique. Real-time (video) capture is evidently not possible using this technique.
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Figure 2.9: A system for real time electronic capture of integral 3D images.

For the purpose of the work described in this thesis involving the use of still integral 3D
images, intensity data were obtained by electronically scanning photographic transparencies
which had been produced by the still version of the integral image capture device.

2.1.4 Electronic Display of Integral Images

In order to replay the original scene in three dimensions with continuous parallax, it is nec-

essary to overlay the intensity distribution captured by the CCD imager with a microlens

array, with lenslets aligned with the displayed data as they were in capture. To achieve this
a planar, high contrast, colour display medium is required, such as an active-matrix liquid

crystal display. The display screen is overlaid directly with the decoding microlens array.

For the purpose of work described in this thesis which involves only still integral images,
electronic display was simulated using a 300 dpi dye sublimation colour printer. This de-
vice produces continuous colour tones as square pixels; no dithering is required as is gen-
erally the case in the process of most other types of desktop colour hardcopy device. Such
techniques give rise to unwanted interference effects and lower the effective colour output
resolution [12].
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2.1.5 The Lenticular-Integral Image

The capture and display processes outlined above make use of microlens arrays in the en
coding and decoding of the planar intensity distribution. The arrays used for this purpose are
typically of square base, and are capable of encoding the object scene with continuous paral
lax in all directions parallel to the capture plane. A section of such a lens array is illustrated
in Figure 2.10a. In the figure, intensity represents depth.

Itis also possible to record and replay integral 3D images using lenticular sheets, which com-
prise many thin cylindrical lenses (see Figure 2.10b). Again, in the figure intensity represents
depth. Integral images recorded in this way, with the lenticular encoder/decoder sheets ori-
ented such that the lenticules run vertically, possess parallax only horizontally though still
continuously. It is important to note that images recorded in this wayodlceplay as lentic-

ular stereoscopic images, where the lenticular sheet is used merely for spatial demultiplexing
of multiple separate views of an object scene—see section 2.2 [10]. To emphasise this dis-
tinction the author uses the term ‘lenticular-integral image’ to refer to an integral 3D image
recorded using lenticular sheet.

All work carried out on compression of integral 3D image data, which is the subject of this
thesis, made use of lenticular-integral 3D image data, as these were more readily available
from the camera system under development by the Group.

a) b)
Sectr|rc1)ir(1:ro(;‘l Sﬂg g?a?/ased Section of lenticular sheet

Figure 2.10: Diagrammatic representation of encoder/decoder arrays.
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2.2 Alternative Three Dimensional Imaging Methodologies

A number of novel 3D imaging systems, capable of reproducing scene depth and parallax,
have been proposed. Figure 2.11 presents a categorisation of techniques based on wheth
or not viewing aids are required (non-autostereoscopic or autostereoscopic). Of all of these
methods, only free-viewing (autostereoscopic) methods are appropriate for television ap-
plications as a requirement for viewing aids detracts from the natural viewing experience

expected by the user. The furthest developed of the autostereoscopic techniques are hologre
phy and lenticular sheet based stereoscopic systems. These methods will be briefly describe:
and compared with holoscopy (integral imaging), the technique developed by the 3D Imag-

ing Group at De Montfort University.

Autostereoscopic NOﬂ-aUtOSteI’EOSCODiC
Holographic
Holoscopic
(Optical, computer-
generated)
Volumetric
(Computer-generated)
Stereo pair
Stereograms -
Polarising
Anaglyph
Optical shuttering
Lenticular sheet Chromostereoscopic
Parallax barrier Prismatic
Scanning slit Pulfrich effect
Multiplanar

Varifocal mirror
Rotating mirror

Figure 2.11: Categorisation of 3D imaging methodologies.
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2.2.1 Holography

The method of holography, originally proposed by Gabor in 1948, allows the capture of
a volume spatial image which may be replayed with full parallax within a wide viewing
zone. Rather than a separate fine lens sheet as used in integral (holoscopic) imaging fo
direction-selective recording, holographic encoding makes use of a large number of diffrac-
tion gratings which are intrinsic to the image. A coherent light source is required in the
capture process in order to produce interference fringes on the recording medium encoding
a spatial image of the object scene. Dependent on the precise materials and technique use
in the capture process, reconstruction may take place under coherent or incoherent illumi-
nation [10]. Many variations on and enhancements to the basic process have been propose
and demonstrated, and much research effort is currently concentrated on the production of
natural colour holograms.

Practical holographic systems have concentrated on the production of still images; these are
of very high quality and give an extremely realistic reproduction of the object scene. The
transfer of holographic techniques to the display of moving spatial images of equivalent
guality presents several problems. These are centred around the extremely high informa-
tion content of a hologram [10] and the related difficulty in producing a display medium
which can be addressed and refreshed with sufficient frequency. Making use of informa-
tion reduction techniques, holographic display devices have been constructed, such as the
‘holovideo’ computer-generated hologram display system developed by S. A. Benton and
colleagues [13]. Such systems are highly complex, however, and require very high speed
processing systems to achieve even relatively low frame rates. An additional problem in the
capture of natural scenes stems from the requirements for coherent light sources, dark roon
conditions and high mechanical stability during recording. These are incompatible with the
conditions under which television programme production must in general be able to take
place. These considerations reduce the practical utility of the technique for general spatial
video image recording applications.

2.2.2 Lenticular Stereoscopic Imaging

Extensive research has been carried out on the use of this form of stereoscopic display for
television. The basic principle behind all stereoscopic displays is the presentation of two

separate images of the object scene, one to each eye. These are then fused by the brai
producing a convincing three dimensional image. The sensation of depth experienced by the
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viewer is enhanced compared with viewing of planar images since the use of two separate
views allows binocular physiological depth cues—important for natural depth perception—
to be used [14]. The many stereoscopic display techniques developed differ only in the
method and apparatus used to present these disparate planar images to the viewer.

Lenticular stereoscopic displays exploit the image channelling property of lenticular sheet
material, directing the left-eye and right-eye views of the stereoscopic image to the correct
eyes. The simplest form of such a display is comprised of alternating vertical strips of the
right-eye/left-eye images, with each stereo pair of view strips located precisely behind a
lenticule. This delivers a stereo image observed from a single viewpoint to the viewer. To
integrate a ‘look-around’ capability, enhanced systems provide multiple stereo viewpoints
by locating bands derived from many views behind each lenticule. Typically four to eight
views are provided [5].

Provided that the image data from all appropriate views can be interlaced into the multi-view

banded arrangement in real time, live stereoscopic video can be produced using a lenticulat
stereoscopic display. The main disadvantage, however, of any stereoscopic imaging systen
is the requirement for multiple cameras at the image capture stage if live capture is to be
possible. In general the number of cameras required is equal to the number of views to be
presented at the display; although interpolation schemes have been used to reduce the numb:
of cameras needed [15], the requirement for more than one results in increased costs, bulky
equipment and the need for careful alignment of cameras before recording can take place
Additionally, the optical parameters of the camera lenses must be carefully matched.

2.2.3 A Comparison of Autostereoscopic 3D Imaging Systems for Television

Table 2.1 presents a comparison of the autostereoscopic three dimensional imaging system
discussed. The comparison is based on certain properties which are important in a practica
consumer 3D television system with live capture, transmission and display capabilities.
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Property Integral Imaging Holography Lenticular Stereoscopic/
Multiview
Image ‘solidity’ Good Very good Reasonable:

e Can suffer from
visible discrete
depth planes

(‘cardboarding’)
Look-around capability  Good: Very good: Reasonable:
e continuous e continuous e Depends on
parallax; parallax; number of views;
e wide viewing e very wide e discrete parallax;
zone viewing zone _
e can flip’
between views
Colour realism Very good Very good

Recent research has

produced

reasonable—good

results
Live capture practicality Very good: Poor Reasonable:

e single e multi-camera so
‘camera’ unit expensive and
unwieldy

Live display practicality Very good Poor Very good

Table 2.1: Comparison of 3D Imaging Systems for Television Applications
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Summary

In this chapter the operation of the integral three-dimensional imaging system has been out-
lined, from its basis in integral photography to a unique optical system capable of real-time
image capture. The use of electronic imaging devices for recording of the planar intensity
distribution produced by the camera system has also been discussed. Brief descriptions o
alternative autostereoscopic imaging systems have been given and comparisons made wit
the integral imaging system.



3. COMMUNICATION AND COMPRESSION OF IMAGE DATA

Introduction

Communication of images, both still and in time domain sequences, has many and varied
applications. It may be necessary to transmit image data over significant distances, often in
real time, or alternatively offline storage may be required for archiving purposes. In either
case itis desired to make use of transmission bandwidth or storage capacity as efficiently as
possible so that resource requirements and hence cost can be minimised or a greater nurn
ber of images can share finite bandwidth or storage resources. Data compression technique
have become extremely important to fulfill this need, and many algorithms have been inter-
nationally standardised for various applications.

This chapter provides an overview of the subject of digital image formats and transmis-
sion for digital video broadcasting applications, and outlines general data compression con-
cepts and specific image data compression techniques. The ISO/IEC JPEG standard for stil
continuous-tone image compression is used to illustrate the concepts developed.

3.1 Digital Video Image Representation

In the general case a television picture is a continuous colour image of a scene captured by
a camera system. For digital processing of such an image to take place, certain parameter
must be set. The most important of these are the dimensions of the digital image and the
method of encoding of its colour information. Digital television formats have been standard-
ised within the telecommunications industry, both for standard definition and high definition
television (HDTV) systems [16-18].

19
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3.1.1 Colour encoding

Digital television picture standards specify the use of¥f&,C; colour coordinate system.
This is based on th¥’UV system employed by the NTSC, PAL and SECAM composite
television standards, modified for use with digital sign#lgluma) represents the brightness
of pixels in the colour image ar@, andC, represent colour differences. Digital colourimage
data obtained from a video camera or scanner is stored usirRj@#® coordinate system.
The transformation t&’C,C; for communication and compression is [16]:

Y’ 0.257 0504 Q098|(R 16
Cp| = |—0.148 —0.291 Q439||G'| + |128]. (3.1)
C 0.439 -0.368 —0.071||B 128

All signals are represented using integers define@dby.

3.1.2 Spatial and temporal sampling characteristics

The size of the image frame is determined by the sampling frequency required. The colour
difference signal€, andC; are sampled at one half the rate of the luma sifiahnd thus

there are precisely half the number@f andC; pixels per line ag” pixels per line. The
maximum field rate is 60S. Table 3.1 lists the parameter values defined for both standard
and high definition television. The total image size is that which must be processed and
transmitted to allow for overscan on television receivers. The active image size for high
definition television relates to the ‘Common Image Format’ for international use [17].

Maximum total image Active (displayed)
Display definition size image size Maximum frame rate
Standard [16] 864 625 pixels 72576 pixels 30st
High (Europe) [17] 2304 1250 pixels 19261080 pixels 253!

Table 3.1: Digital television picture sampling characteristics.
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3.2 Radio Frequency Broadcast of Digital Images

Terrestrial and cable transmission networks used for television picture distribution provide
many channels each with a fixed bandwidth. The channel bandvwBdif, is typically
between 6 and 8 MHz depending upon the television standard used in a particular geographic
region [19].

3.2.1 Digital signal modulation

In order to allow broadcast of digital television signals, a digital modulation system must be
used. Many modulation techniques have been developed. Quadrature Amplitude Modula-
tion (QAM) is commonly used [20, 21], for example by the European Telecommunications
Standards Institute (ETSI) Digital Video Broadcasting—Cable (DVB-C) standard [22]. Many
planned digital cable television systems employ this standard. The example of digital cable
television transmission is used in the channel capacity calculations below.

QAM belongs to a class of digital modulation schemes which provides multisymbol sig-
nalling, that is successive digits in the input bit stream are combined to produce one of sev-
eral possible states in the modulated carrier. This approach reduces the bandwidth requirec
to transmit a sequence of a given length, but at the expense of noise immunity. A fundamen-
tal parameter of any such system is its spectral efficiency, which provides a measure for the
number of binary digits in the baseband modulating signal which may be transmitted within
a given channel bandwidth. The spectral efficiency of QAM withstates (denotet¥l-

ary QAM),

B log, M

1o bit.s tHz 1 (3.2)

wherea is the roll-off factor of the modulation shaping filter.

By way of example, in digital video broadcast applications for cable systems 64-ary QAM
is extensively used. The roll-off factor used by the baseband shaping filter in the DVB trans-
mission system is.@5. In this case the spectral efficiency is approximate? bits 1Hz 1

and thus for a channel bandwidth of 8 MHz, used throughout Europe, the basic bit rate avail-
able for the baseband signal without error correction coding,

BR:. = NBW, ~ 41.74 Mbit.s*.
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The basic bit rate required for a digital video signal,

BR= (1+ 3+ 3)[(Bits/samplg x (Samplegline) x

x (Lines/frame) x (Framegs)] bit s~ (3.3)

where the first term represents the contributions of the luma and two colour difference chan-
nels. For signals with characteristics as described in section 3.1, the raw bit rate for standard
definition pictures at a frame rate of 25's

BRsp = (2)(8)(864x 625)(25) = 216 Mbits ™1,
and for high definition at 25 frames per second,

BR4p = (2)(8)(2304x 1250)(25) = 1.152 Gbits ™.

3.2.2 Digital television bit rate reduction

Evidently in order to transmit such signals using the modulation scheme described requires
bit rate reduction. The necessary minimum data compression ratiosldf®e: % and 256: 1

for standard and high definition sequences respectively. The MPEG-2 scheme [23, 24],
whose hybrid DPCM/DCT based encoder is outlined in chapter 6, is used for video compres-
sion and coding as part of the DVB system. MPEG-2 has been designed to provide sufficient
reduction of transmission bit rate for modulation while decoding video with no distortions
noticeable to the viewer. It also allows for simultaneous encoding of accompanying audio.

3.3 Data Compression

It is often desirable to reduce the amount of storage or bandwidth required to improve effi-
ciency in communication of information. For transmission of digital television sequences bit
rate reduction is essential to enable broadcast to take place. Fundamentally data compressic
schemes operate by exploiting redundancies which are inherently present in many types of
data stream due to correlation between data elements, and the fact that the occurrences c
possible elements are rarely equiprobable [25].
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3.3.1 A generic compression system model

A generic compression system may be modelled as a three stage process [26], as illustrate
in Figure 3.1. The first stage, the mapping operation, does not contribute to quantitative
data reduction. It converts the source data stream to an alternative representation, a set c
coefficients, in order that correlations present may be more effectively exploited. It is often
known as thelecorrelationstage.

In many applications where the decoded data are destined for human viewing, for example
compression of natural imaglesr video sequences, it is not necessary for the decompressed
data to have exactly the same set of values as the original. In this case a quantisation stag
is used to enable extremely high information reduction. The quantiser carries out a many-
to-one mapping of the decorrelated data elements to a smaller geiaafisation levels

This results in the final stage providing greater data reduction than otherwise possible since
fewer discrete data objects must be represented. In other applications such as compressio
of executable computer programs or data resulting from medical scanning equipment, it is
essential that the decoded data are identical with that originally presented to the compressior
scheme. Compression schemes are classéosagor losslessf they contain or do not
contain a quantisation stage respectively. The quantiser must be chosen to be compatiblc
with the preceding mapping stage.

The final stage, the coder, is responsible for quantitative data reduction. It takes advantage
of the fact that the probability of occurrence of different data objects, whether previously
guantised or not, is very rarely equal. The coder producesiawordcomprised of a unique
sequence of binary digits, for each possible input symbol. The objective is to compact the
data resulting from decorrelation (in a lossless scheme) or quantisation (in a lossy scheme)
such as to approach its entréms closely as possible. Hence this process is often known as
entropy coding

L A natural imageis any image which has not been computer-generated.
2 Entropy is defined as the average information content of a source and is hence a measure of uncertainty in
an information source [27].

- — - - — — —

|
Source | Quantiser | Compressed
data —®| Mapper —>‘ (lossy only) — Coder  —®  4aastream
(eg. image) I_ ,Sfy, ,y, 5

Figure 3.1: Generic model of a data compression system.
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3.3.2 Image data compression techniques

This subsection outlines mapping, quantising and coding methods which are commonly used
where the data to be compressed represent still natural images.

The mapper

Among common techniques for performing the mapping from the highly correlated image
space to a decorrelated domain Anear predictionand the use of transforms such as the
Fourier, Hadamard, cosine and wavelet transforms [26]. Other methods, not described here
make use of filter banks to perform frequency domain subband decomposition [28]. Such
subband codingystems are often used in applications where it is appropriate to apply per-
ceptual weighting in the quantisation stage directly in the frequency domain to effect lossy
compression without distortion being noticeable to the consurdaject-orientatedand
model-basedystems make use of source models to describe elements of an image or mov-
ing sequence in terms of shape, colour, etc., and transmitting the model information to effect
data rate reduction. Strictly, such methods may not be considered to be mapping stages sey.
arate from subsequent quantisation and entropy coding stages, however; their operation i
incompatible with the generic three-stage compression model. The use of linear prediction
and the discrete cosine transform will now be discussed further.

Linear prediction [28,29]: This method, also referred to B#fferential Pulse Code Mod-
ulation (DPCM)decorrelates image data by forming an estimate of a given pixel value as
a weighted sum of associated pixel values (the neighbours of the pixel). This prediction is
then subtracted from the current pixel value and the result output to the decorrelated data
stream. A first order linear predictor produces a pixel estimate based only on the value of
only a single neighbouring pixel, usually the left neighbour. First order predictors are used
especially in situations where no other associated pixel values exist, for example in tem-
poral decorrelation of sequentially-transmitted video. Higher order linear predictors, where
two or more neighbouring pixels are used in forming the prediction, require more complex
implementations but provide more effective decorrelation.

The discrete cosine transform [28]: Orthogonal transforms are often used as the mapping
stage [26]. Theiscrete Cosine Transform (DCT30], a relative of the Fourier transform,
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is popular for several reasons:

e Its decorrelation properties are near those of the only transform known to be optimal,
the Karhunen-Loeve transform (KLT), which cannot be evaluated for arbitrary data
and has no fast implementation;

e It produces purely real coefficients and therefore requires only real arithmetic pro-
cesses to be implemented,;

e It is orthogonal and separable, and therefore can readily be extended to multiple di-
mensions;

e Fast computation algorithms exist and hence implementation is practical for real time
applications.

The forward DCT (FDCT) is generally applied on a two dimensional array of fixed size to
blocks of image data in turn. The inverse DCT (IDCT) is used at the decoder to transform
entropy decoded, dequantised data back to the image domain.

Run-length encoding: Run-length encoding often used where significant runs of identi-
cal values are expected. A run of pixels is mapped to a pair of paranigtdrswhereg; is

the pixel value and} is the length of the run. This approach is particularly efficient in coding
of bilevel images and has been used as part of a facsimile coding system [31].

The quantiser [26, 28]

The function of the quantiser is to discard image data selectively to improve overall compres-
sion efficiency. Quantisationis inherently a lossy process and therefore introduces noise. The
guantiser is designed to maximise rate-distortion performance where the benefit to compres-
sion efficiency outweighs objectionable distortion due to the inevitable misrepresentation of
its input data.

Since it operates in the decorrelated image domain, the quantiser must be matched to the
mapping stage. Generally quantiser designs fall into two claSsedar quantisatiometh-
ods operate independently on each decorrelated sample, vdater quantiserdgreat ar-
rays of samples as independent quantisation ‘units’, substituting a code representing the bes
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match to the particular array of sample values. If the matching templates are chosen appro-
priately, the set of possible codes is significantly smaller than the set of all possible sample
combinations in the array, resulting in data compression. The performance of an encoder
using a vector quantisation scheme is dependent on the number and choice of template:
available, with the goal being to produce the best possible match to each array, given the
statistical characteristics of the data being quantised, while minimising the number of tem-

plates. It has been shown theoretically that vector quantisation always provides superior
performance to scalar quantisation based on a rate-distortion criterion. However it has been
found that for this to be the case in practical situations, a vector-orientated mapping stage
must be designed to match the vector quantiser [32]. The use of vector mapping and quanti-
sation methods in integral three dimensional image coding is outside the scope of this thesis,
hence this outline is limited to a discussion of scalar quantisation techniques.

The transfer relationship of a general quantiser is shown in Figure 3.2. Hrare the
decision level®f the quantiser andr,, are therepresentation leveldf the input lies in the
interval [d,d) it is quantised to an output level of. The lossy nature of the process can

be seen in that any input in this interval leads to the same output level. The figure represents
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Figure 3.2: Transfer characteristic for a uniform symmetric quantiser.
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auniformquantiser, where the decision and representation levels are spaced equally, that is
it has a constant step size. It is aBonmetri¢since negative values are represented by the
same levels as positive values but with opposite sign.

The coder

The function of the coder is to reduce the statistical redundancy in the quantised data ele-
ments and produce a stream of uniquely decodable binary codewords at the bit rate requirec
to give the desired compression ratio. A code may be describeduasd lengthor variable

length An equal length code is a straightforward mapping from each possible quantised
data symbol to a unique sequence of binary digits of fixed length. Examples are the natural
binary code and the Gray code. A variable length code has no specified code length for any
input symbol, and therefore the potential exists to produce far more efficient codes if the
probability of occurrence of each symbol is taken into account when designing the code.

Huffman coding [27,33]: A method for producing a highly efficient variable length code

for a set of input symbols with defined probabilities due to Huffman [34] is often used. A
minimum-length code results, that is one whose average output symbol length is less than
or equal to that of all other possible uniquely-decodable codes. Unfortunately in a practi-
cal image compression system which must operate efficiently on all possible images with
which it is presented, the coder input symbol probabilities are unknown. Two approaches for
construction of a Huffman code for data compression are:

1. Evaluate symbol probabilities individually for every set of quantised image data pre-
sented to the coder by computing the frequencies of those symbols;

2. Produce a set of symbol probabilities based on the frequencies of a number of quan-
tised image data sets produced for a number of images believed to be representative
of the type of image data with which the compression scheme will be presented in the
future.

Method (1), which gives rise toaistonorlocal code table, will always produce a minimum-

length code but at the expense of extra computation required to generate the code in every
compression cycle. It also has the disadvantage that since the code is unique to that set o
input data it must be communicated to the decoder leading to a bit rate overhead, though this
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is virtually insignificant in length alongside the coded data themselves. Method (2) (use of
a fixed or global table) will never produce the optimum code but does not introduce extra
computational or communication overhead. In practice both techniques are used dependen
upon whether speed or compression performance is to be optimised [1].

3.3.3 The JPEG system [1,2]

From 1985 an ISO/CCITT committee group known as the Joint Photographic Experts Group
(JPEGQ worked to produce a compression scheme for continuous-tone still images. As a re-
sult an international standard has been established, informally known as JPEG itself, which
provides several encoding modes for various image compression applications. JPEG is €
practical, popular scheme and contains many of the elements outlined in subsection 3.3.2
Hence it will be used to illustrate the use of those methods and to introduce certain other con-
cepts utilised in the development of integral three dimensional image compression schemes
This summary description will cover only the most fundamental but also widely-used encod-
ing mode, known abaseline sequential-DCT JPEG

The encoder

Figure 3.3 represents the encoding process used by sequential-DCT JPEG in the format use
for the generic compression system in subsection 3.3.1.

The subject image is presented to the encoder having initially been subdivided into blocks
of 8x 8 pixels each.

Huffman

—— coder
b (AC)

processor

DC coefi ™| DPCM —+|  coder 1
| 1| (DCdiffs.) |1

?rg:rcee | FPCT L o SQ I Lo ! Compressed

(in 8 x 8%Iocks) (Mapper) (Quantiser) data stream
AC coeffs _L Run length | 1 | Huffman !

(Coder pre-process) (Coder)

Figure 3.3: Baseline sequential-DCT JPEG encoder.
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The mapping stage is comprised of a forward DCT (‘FDCT’), which decomposes the source
block into cosine weighting coefficients. Most of the energy in the source image block is
concentrated in the top left coefficient (D€ coefficientrepresenting the mean intensity of
pixels comprising the block. The remainiAg coefficientsepresent horizontal and vertical
spatial frequencies increasing with distance from the DC coefficient.

The scalar quantisation stage (‘SQ’) used by the JPEG system effectively processes eacl
DCT coefficient using a different uniform quantiser, allowing coarseness of quantisation to
be set independently for each transform coefficient position. This enables the coefficients to
be quantised based on the visibility of image data at specific coefficient positions to ensure
that image features to which the viewer is particularly sensitive are retained while those
which are not visible are discarded. Generally, psychovisually weighted quantisation stages
such as these have been developed through measurements of the visibility of the 64 DCT
basis functions [35, 36] and using experimental results on the spatial resolving capabilities
of the human visual system [37]. The quantisation parameters which result are in the form of
an 8x 8 matrix of step sizes which correspond to transform coefficient positions. Table 3.2
shows the standard psychovisually weighted quantisation matrices used by JPEG for the
luma (Y’) and chrominanceQ, C;) signals derived fronRG'B’ colour image data. I8

are the DCT coefficients an@ represents the quantisation parameter array, the quantised

16 11 10 16 24 40 51 61 17 18 24 47 99 99 99 99
12 12 14 19 26 58 60 55 18 21 26 66 99 99 99 099
14 13 16 24 40 57 69 56 24 26 56 99 99 99 99 99
14 17 22 29 51 87 80 62 47 66 99 99 99 99 99 99
18 22 37 56 68 109 103 77 99 99 99 99 99 99 99 99
24 35 55 64 81 104 113 92 99 99 99 99 99 99 99 99
49 64 78 87 103 121 120 101 99 99 99 99 99 99 99 99
72 92 95 98 112 100 103 99 9 99 99 99 99 99 99 99
a) b)

Table 3.2: Standard JPEG quantisation matrices. a) Luma. b) Chrominance.
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coefficients,

S(u,v) = round<(§((l:\\ll)>) foruv=0,1,...,7,
1/2+a ifa>0, (34)

with rounda) =
—|1/2 —a] otherwise

Due to its simplicity this quantisation method lends itself to straightforward, fast implemen-
tation. The quantised data are likely to contain significant numbers of zero valued positions,
particularly those corresponding to high spatial frequencies.

The DC coefficient resulting from quantisation generally has a significantly larger value and
variance than the 63 AC coefficients. For this reason and the fact that the human visual
system is most sensitive to the ‘blocking’ errors which result from inaccurately encoded
DC coefficients, it is treated separately from the AC coefficients. The DC coefficient is
differentially coded with respect to the previously-coded 8 block. The resultis passed to

a Huffman coder which may use either a fixed table of symbol probabilities or one generated
locally for the particular image being compressed.

The AC coefficients are formatted into a one dimensional sequence by performing a ‘zigzag’
scan through the quantised block, as shown in Figure 3.4. This scan places the AC coeffi-

ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
"
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
'
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
"

Figure 3.4: The ‘zigzag’ scan of quantised DCT coefficients used in Baseline sequential-
DCT JPEG encoding.
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cients in order of increasing spatial frequency and in general decreasing variance. The 63-
coefficient sequence produced is highly likely to contain long runs of zero and possibly
nonzero values. To increase the efficiency of the AC Huffman coder, the sequence is pro-
cessed to represent its members by single codes combining their values and run lengths. Th
resulting codes are input to a second Huffman coder, again which may use either fixed or
local symbol probabilities. Finally, the codewords produced by the DC and AC Huffman
coders are combined and application-orientated control information is added to conform to
the data syntax specified by the standard.

The decoder

The analogous decoding process for baseline sequential-DCT JPEG is illustrated in Fig-
ure 3.5. The incoming compressed stream is split into segments representing co8gd (8
blocks and each segment further divided into the coded DC coefficient difference and the
coded AC coefficients. Each set of codewords is input to the appropriate Huffman decoder,
which must have a copy of tredebooKlist of symbols and associated codewords) used by
the encoder. Having recovered the original symbols, the previously quantised DC coefficient
is recovered by recombination with that decoded for the previous block and the 63 AC co-
efficients are recovered by the reverse of the run length processing used at the encoder. Th
quantised coefficient block is reconstructed from the DC coefficient and the AC coefficients
by the reverse of the scanning process described previously.

The scalar dequantisation stage (‘SDQ’ in Figure 3.5) now normalises the quantised coeffi-
cient block using the quantisation table employed at the encoder such that it is suitable for

Huffman |+
Coded decoder | DPCM
DC coeff, (DCdiffs) | | |
Compressed ! Reconstructed
data stream ! SbQ » IDCT image
Coded |
AC coeffs. Huffman ! | Runlength
decoder " | processor
(AC) |

Figure 3.5: Baseline sequential-DCT JPEG decoder.
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inverse transformation. The DCT coefficients to be input to the inverse transform,

R(u,v) = §(u,v)Q(u,v) foruv=0,1,...,7. (3.5)

Finally the inverse discrete cosine transform is applied (‘IDCT’) to produce & @ixel
image block corresponding to the encoded input stream segment.

The compromise between data reduction and the fidelity of the reconstructed image, which
is application-specific, may be varied by scaling the entire quantisation table or a selected
area of it to adjust overall coarseness of quantisation. For compression of full colour images
the source data are transformed into Y4€,C; colour space. Each channel is treated indi-
vidually as described above, with a separate quantisation table (the chrominance table) use
to quantise DCT coefficient blocks representing@gandC, channels.

Summary

This chapter has outlined representation and broadcast of digital video sources and providec
a summary treatment of techniques in image data compression. The ISO/IEC JPEG stan-
dard was used to illustrate the general compression concepts described for the fundamente
application of still continuous-tone image compression.

Chapter 4 will describe methods developed for acquisition, preparation for input to a coding
scheme and eventual display of integral three dimensional images.



4. ACQUISITION, PREPARATION AND REPLAY OF
INTEGRAL IMAGE DATA

Introduction

As was stated in chapter 2, a captured integral image is represented entirely by a planat
intensity distribution, formed at the focal plane of the encoding microlens or lenticular array.
This may be recorded on to photographic film for later electronic scanning and processing, or
directly on to an electronic imaging device such as a CCD array. The data resulting in either
case are in the form of an array of pixels with values representing either white integsity (
leve) or red, green and blue intensities in the case of full colour capture.

To facilitate development of a compression scheme for integral three dimensional image
data, suitable image data must be acquired, processed and displayed for evaluation. Sinc
the integral imaging system is a unique technology there is no established framework for
these procedures. This chapter describes methods developed to address this requirement.

4.1 Integral Image Acquisition

Four still test images were available for use in compression scheme development. These
are shown, post processing, in appendix A. The physical characteristics of these images are
listed in Table 4.1.

An indirect capture method is used, as summarised in chapter 2. The initial stage of the
process consists of capturing the object scene using the still integral imaging camera. The
resulting transparency, which carries the intensity distribution representing the volume of the
scene, is submitted for photographic processing and is then ready for use.

33
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Image Dimensions Lenticular pitch in ~ Medium Colour?
Microscope 87x 10" 1270 Paper print No
Tank 5"x 4" 600 Transparency Yes
Horseman 4% 5" 600 Transparency Yes
Toyplane 4"< 5" 1270 Transparency Yes

Table 4.1: Physical characteristics of test integral intensity distributions.

4.2 Intensity Distribution Sampling

In order that digital processing of an integral intensity distribution for compression and trans-
mission can take place, a sampling process is inevitably carried out by the electronic imaging
element at the time of capture. The overriding consideration in choice of spatial sampling
frequency is that a high fidelity three dimensional display is produced when the decoded
intensity distribution is replayed. The sampling frequency chosen is dependent upon several
factors of the image display system, the most important of which are the viewing distance,
the pitch of the particular decoding lenticular array and the viewing cone angle produced.
For a practical system the lower bound has been determined by the 3D Imaging Group to
be 6 pixels horizontally per lenticule.

4.2.1 Use of Block-orientated Processing Techniques

In order to carry out any form of block-orientated digital processing as may be required by a
compression scheme, itis necessary to determine the size of image data block for processing
Several important considerations influence this choice.

For any such processing algorithm the horizontal block dimension should map to the width
of a lenticular band to allow for flexibility in the method used to take account of the inter-
band redundancy identified. A lower bound on horizontal sampling frequency of 6 pixels
per lenticular band has been determined to facilitate high quality integral image capture and
display (see above). For practical reasons concerned with the feasibility of implementation
of processing algorithms, it is desirable to set a block with sides which are powers of two. A
processing block width of 8 pixels has been chosen to satisfy both of these considerations.

All electronic capture technologies for potential use with the imaging system employ a uni-
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form horizontal and vertical sampling rate, that is, square pixels are produced. Therefore
in deciding upon the processing block height, vertical sampling frequency cannot be con-
sidered. The principal consideration is the practicality of implementing block processing
algorithms. To ensure flexibility in implementation, a square processing block is used.

The 8x 8-pixel processing block to be used in integral three dimensional image compression
will be termed an integradubimage

4.3 Electronic Scanning of the Intensity Distribution Transparency

To produce data in a form suitable for compression development, the intensity distribution
information recorded on the photographic transparency produced must first be digitised. Ex-
periments have been conducted by the 3D Imaging Group on resolution requirements of
captured integral image data [38]. These employed a high resolution drum scanner of a type
used in pre-press stages in the commercial print industry. To avoid introducing distortion
into a scanned image due to aliasing in the sampling process, it was understood that suct
high quality output scanners would implement band-limiting filtering techniques. This was
confirmed by the observation that no such distortion was detectable in any of the integral
intensity distribution data resulting from the scanning process.

4.3.1 Scanning parameters

The resolution at which scanning takes place must be chosen. This parameter is decidec
chiefly by the lateral resolution which is required in the resulting image data. Lenticular
band width varies with the choice of lenticular sheet used in encoding of the intensity distri-
bution during photographic capture, therefore scanning resolution for a particular instance is
dependent upon the pitch of lenticular encoding sheet used during its capture. The minimum
acceptable resolutioRs, is the resolutiorR,,. required to produce data with the correct
scale for compression processingplis the lenticular pitch expressed in microns,

8
Smin Sproc p/25400

203200

dots per inchdpi). (4.1)
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A value for theminimumresolution required is produced, based on the fact that a scan per-
formed with any greater resolution can be resized to the required target resolution of 8 pixels
per lenticular band without detrimental effect on eventual quality of replay of the intensity
distribution data.

It must be borne in mind that any single scanning device is capable of only a limited discrete
number or range of scanning resolutions, therefore it is unlikely that a scanner can operate
precisely at the target resolutiél, ..

4.3.2 Testimage scanning

Images ‘Tank’ and ‘Horseman’

A Linotype-Hell drum scanner, as employed in experiments on resolution requirements noted
above, was used to digitise these intensity distributions.

Using information given in Table 4.1 and Equation 4.1, the minimum scan resolution for
both imagesRs,,,=33867 dpi. The resolutions available using this scanner were found to
be 12, 24 and 36 dots per millimetre (dpmm), the imperial equivalents being,3%2R6

and 9144 dpi respectively. A resolution of 24 dpmm was selected for scanning both trans-
parencies.

Image ‘Toyplane’

A Crosfield drum scanner was used to digitiseThgplanamage intensity distribution. The
minimum scan resolutiorRs,. =160 dpi. A scan resolution of 16 dpmm (48&lpi) was
decided to be the most suitable of those available, and was selected for use.

Image ‘Microscope’

Since the imag#licroscopeexists only as a paper print, it cannot be digitised using a drum
scanner. Additionally this image was photographically captured in grey-scale and has a rel-
atively coarse lenticular pitch. For these reasons it was expected that a high quality desktop
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flat-bed scanner could be used in this case, the limitations of which would not be expected
to lead to any significant degradations in the resulting image.

From Table 4.1 and Equation 4.1, the minimum scan resolution for this intensity distribution
print,Rs,,, =160 dpi. A Hewlett-Packard ‘ScanJet’ flat-bed scanner was used, which is capa-
ble of operating only at certain fixed resolutions. A resolution of 300 dpi was selected as this
was greater than the minimum acceptable resolution and was a commonly used resolutior
which was known to produce satisfactory results when scanning conventional photographs.

4.4 Correction of Geometric Distortions in Scanned Intensity

Distribution Data

For processing of the scanned intensity distribution data to take place in the development
of compression schemes, the resolution must be such that each band is comprised of ex
actly 8 pixels horizontally, aspect ratio must be preserved, and lenticular bands must be
precisely vertical.

It is highly likely that geometric distortions exist in the data resulting from the scanning
process since:

1. The band structure on the original transparency or print is unlikely to have been aligned
precisely with the scanner’s vertical axis — this will introduce a rotational error;

2. The exact resolution at which the scanner operates is likely to deviate from the nominal
value provided — this will add a scale error.

Methods employed for correction of these errors will now be described.

4.4.1 Rotational correction

This procedure is comprised of two stages. Firstly the degree of rotational error in the
scanned data is ascertained, and secondly a correction is applied in such a way that the
structure of the intensity distribution is preserved.

Figure 4.1 illustrates scanned data with an exaggerated clockwise rotational error. The
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scanned intensity distribution data are viewed using the program ‘display’, part of the ‘Im-
ageMagick’ image manipulation package [39]. This is an image display program capable of
identifying individual pixel indices and values using a cursor. Points ‘A’ and ‘B’ are chosen
as opposite extents of the centre of the low intensity area (black band) between two lenticular
bands. The dimensiomsandw are then taken and the error angle,

B = tanflv—r\]/. (4.2)

If the data contain an anticlockwise rotational error, a similar procedure is followed with all
measurements reflected around the vertical axis.

To effect correction the image must be rotated, in the opposite sense to the error, by an
angleB.. To achieve this a routine is used which is capable of rotating an image by an arbi-
trary angle while preserving the original orthogonal sampling grid. A program ‘pnmrotate’
from the ‘NetPBM’ image processing package was used to carry out rotational correc-
tions [40, 41].
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Figure 4.1: Rotational error in a scanned intensity distribution.
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It was found that error angles and thus corrections required were in the r&ng2@.

4.4.2 Scale correction by direct examination

The purpose of this process is to correct the size of scanned data where the rotational cor-
rection procedure has been carried out, such that it is suitable for compression scheme de
velopment, with each lenticular band being composed of 8 pixels. Such a size correction is
necessary since the true scan resolution often deviates from the nominal value given.

By the nature of the problem the precise scan resolution is unknown, therefore a value for
this quantity must first be obtained from the data. A scale factor is then derived and a routine
used to resize the data by this factor. The methods used will now be described.

Firstly the number of complete lenticular bands between two band edges is ascertained. Sec
ondly the length of the line between the two chosen band edges is taken. The measuremen
points are chosen such that they are on the same vertical axis and are as close as possib
to the horizontal extremes of the image data to minimise the significance of any experimen-
tal error in lenticular band measurement. The vertical axis used is that which contains the
largest number of clearly defined bands near its horizontal extremes. Figure 4.2 illustrates
the process. Note that in this figure all lenticular bands except those at the extremes of the
data have been omitted for clarity.

If pis the pitch of the lenticular sheet used during capture (in micronshamdl| are the
lenticular band count and pixel span of that count respectively then the true scan resolution,
25400x |

Rstrue - T dp| (43)

Substituting Equation 4.3 into Equation 4.1, the scale correction ratio required,

S _ RSproc
RStrue
8n

Since it is essential that the coherent structure of the intensity distribution is retained, the

process used to carry out scaling must be chosen carefully. The ‘resize’ or ‘rescale’ func-

tions available in some image processing packages were found to introduce periodic discon-

tinuities into an image, resulting in a nonlinear distortion to the original regular sampling
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Figure 4.2: Determining scale error in a scanned intensity distribution.

structure. This renders the resulting image unusable.

A general filtered image rescaling program, ‘pnmscale’, from the ‘NetPBM’ package, is
used to carry out the necessary resizing by the fegtorhis program is capable of scaling

an image by an arbitrary factor, using a technique which calculates the contributing source
pixels to a given destination pixel and applies a filtering/resampling process to determine
the value of each destination pixel without introducing aliasing [42]. The regular sampling
structure in the original scanned data is preserved.

4.5 Noise Reduction in Scanned Intensity Distribution Data

During observation of scanned integral intensity distribution data, it was found that in certain
cases noticeable information was present at high spatial frequencies, appearing to be evenl
distributed across the data. This phenomenon can be seen in the intensity distribution at
Figure 4.3.
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This effect has been observed only in data originating in transparency form and electroni-
cally captured using a high resolution drum scanner. It is postulated that it originates as the
result of an interaction between the drum scanning process and the fine grain structure of
the transparency film used to capture the scene. Figure 4.4 shows an intensity distribution
originating from a print on photographic paper in which the grain structure is significantly
coarser. These data, which were imaged using a medium resolution desktop scanner, do nc
suffer from the same effect.

This effect is therefore considered as noise for the purpose of integral three-dimensional
image display and should be reduced as far as possible in order not to bias the performance
of an integral image compression scheme.

4.5.1 Frequency domain noise reduction filter design

Spatial domain methods such as neighbourhood averaging and median filtering are often
used in high frequency noise reduction applications for conventional two dimensional image
data [26]. Spatial domain filtering techniques however are considered unsuitable for use
with integral intensity distribution data. This is since unlike conventional images, integral
intensity distributions inherently contain a structure which is fundamental to successful three
dimensional display. The matrix operations employed by spatial domain methods are likely
to disturb this structure by operating across lenticular band boundaries.

In the frequency domain filters can be designed with great flexibility for a specific applica-
tion, such that they do not adversely affect the band structure in the integral intensity distri-
bution. Frequency domain filtering methods operate by attenuating unwanted components of
the Fourier spectrum of an image.flfx,y) is the subject image data, then the filtered output
image is

g(xy) =Z HH(uv).Z{f(xy)}}, (4.5)

whereH (u,v) is the filter transfer function ané {} and.# ~*{} represent the forward and
inverse Fourier transform operations respectively [26].

In order to select a suitable transfer function for this application the general form of fre-
guency spectra of the scanned and geometrically corrected intensity distribution data must
be examined. Figure 4.5 is a display of (&g- |.-Z { f (x,y)}|) for the luma component()

of the scanned and geometrically corrected intensity distribiHimseman The spatial fre-
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a b

Figure 4.3: Randomly distributed high frequency image information in a scanned intensity
distribution. a) Full image. b) Magnified 6464-pixel areas.
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Figure 4.4: A scanned intensity distribution without information at high spatial frequencies.
a) Full image. b) Magnified 6464-pixel areas.
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guency origin has been shifted to the centre of the transform image. Also to the right and top
of the display are shown plots of the maximum value of the transform along each row and
column respectively.
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Figure 4.5: Intensity plot of frequency spectra felorseman

Peaks can be seen at certain values &r all v at points ‘A—D’, especially significant
around the vertical origin. These are attributed to the nature of the lenticular band structure.
Since the great majority of image information which contributes to integral three dimensional
replay is concentrated within this area, a filter operating in the vertical dimension only will
be used to reject unwanted components. The transform magnitude was examined for the
luma component of a second intensity distribution captured using the same technique. Its
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general form was found to be identical to thaHdrsemandescribed above.

The transfer function of the general (two dimensional) Butterworth filter is defined by

1

Huv) =17 D(u,v)/Dg] >

(4.6)

wheren is the order of the filter,
D(u,v) = VU2 +V?

is the distance from the poirfti,v) to the origin of the frequency domain am repre-
sents the distance of the cut-off frequency locus from the origin [26]. For the case of the
filter to be designed for integral intensity distribution noise rejection, where no filtering is
to be performed in the horizontal spatial frequency dimendign,v) = |v| and the transfer
function,

1

" S e

4.7)

wherevy is the vertical cut-off frequency.

Experiments were conducted to determine the optimum cut-off frequency using valugs for

of 64, 128, 192 and 256. Magnified sections of the images resulting from these experiments
are shown in Figure 4.6. The areas shown are taken at the same positions as those in Fig
ure 4.3. The optimum cut-off frequency value, which introduced no noticeable distortion to
the replayed three dimensional image while having sufficient noise rejection performance,
was found to be 128. The results where a filter of order 2 was used were deemed to be sat
isfactory, therefore it was not felt necessary to implement the filter with a higher order. The
response of the filter designed is shown in Figure 4.7 superimposed on to a plot of the maxi-
mum transform value along each row for two intensity distributions. The response is plotted
only over one half of the transform, sufficient sintg,y) is purely real and the transform

is then symmetrical about its origin.

The filter was implemented in the frequency domain using the ‘Cantata’ visual programming
interface, part of the ‘Advanced Khoros’ software system [43].
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Figure 4.6: Intensity distributionHorsemanprocessed using a 1D Butterworth noise re-
jection filter applied to each column. &) = 64. b)vy = 128. c)vp = 192.
d) vo = 256.
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Figure 4.7: Noise reduction filter frequency response.

4.5.2 Use of one dimensional spatial filtering

The noise rejection filter described was implemented in the frequency domain primarily be-
cause the design process involved examination of the frequency domain representation of the
integral intensity distribution. However following the decision that the filter should operate
only in the vertical transform dimension and thus image dimension, a spatial domain filter
can be used which operates only in the vertical dimension. This allows the use of a larger set
of filtering techniques, including nonlinear methods which may give results superior to the
frequency domain method previously employed.

Median filtering is a nonlinear technique which is often used to remove unwanted spurious
features from images with a reasonably high level of detail [26]. It has an advantage over
linear filtering methods such as Butterworth filtering since it tends not to introduce a ‘blur-
ring’ effect — it effectively causes points with distinct intensities to take on intensity values
closer to those of their neighbours.
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A median filter is generally implemented using a neighbourhood of pixels forming a square
matrix. It is the likely detrimental effect of use of such a matrix that was decided to mitigate
against the use of such spatial filters across integral intensity distributions. However a one
dimensional median filter, operating only in the vertical dimension is more appropriate. Fig-
ure 4.8 represents a section of an integral intensity distribufipgy). In the figure a one
dimensional median filter with a window lengthof 5 is currently operating on the pixel
value f(1,4). The intensities of pixel$(1,2...6) are sorted and the median value assigned

to f(1,4). This process is repeated for each pixel in the intensity distribution.

Single pixel

f(l‘l) f(2y1)

f(1,2) f(22)

f(1y3) f(2y3)

Median filter
‘window' | | faa | fea

|

|

|

(length n) <
|

|

J

f(1y5) f(2y5)

f(1,6) f(216)

f(1v7) f(2y7)

N~

Figure 4.8: Operation of a one dimensional median filter.

A filter of this type was implemented, as before using Khoros’ ‘Cantata’ system. The imple-
mentation was used to carry out one dimensional median filtering dddhsemanntensity
distribution, using window lengths of 3,7...25. Where the filter window overlaps the ver-

tical boundary of the data, any values outside the boundary are taken to be zero. Magnified
sections of the resulting intensity distribution data are shown in Figure 4.9. The sections
shown are again taken at the same positions as those in Figure 4.3. From examination of
the results, magnified sections of the intensity distributiomfo? still exhibited significant

noise. When replayed as three dimensional images, it was found that faf loss of edge
definition occurred. It was decided that on the basis of these subjective evaluations the op-
timum window length was 11 pixels. This vertical one dimensional median filter was used
to process thélorsemarandTankintensity distributions prior to their use in developing the
coding schemes described in the following chapters.
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Figure 4.9: Intensity distributionrHorsemanprocessed using a 1D median filter applied to
each column. a) =5. b)n=11. c)n=17. d)n= 25.
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4.6 Three Dimensional Display of Processed Integral Intensity

Distributions

In order to assess the fidelity of image data resulting from lossy compression and decompres:
sion of integral intensity distributions they must be replayed in their final form, as integral
three dimensional images. As described in chapter 2 fundamentally this involves the display
of the intensity distribution on a plane surface and reintegration of the object scene through
the use of an overlaid lenticular decoding element. For the purpose of this thesis, prints on
paper produced by a colour hardcopy device are used as the display medium.

A suitable hardcopy device must be mechanically stable and have an accurately specifiec
printing resolution in order that the displayed intensity distribution is dimensionally consis-
tent with the original photographic capture medium. Dye sublimation printers were found to
comply with these requirements and also produce a close approximation to block pixelation
due to the fact that they produce continuous-tone colour without use of halftone techniques.
A Tektronix ‘Phaser 480X’ dye sublimation printer was used to display processed intensity
distributions. It operates at a resolutid®,) of 300 dpi.

To prepare processed intensity distribution data for output, they must first be scaled in such
a way that the dimensions of the original scanned photographic print or transparency are
preserved in the display. Making use of Equation 4.1, the output scale ratio required for an
output resolution of 300 dpi is:

_ R
RSproc

_3p
2032

S

(4.8)

wherep is again the pitch (in microns) of the lenticular encoding sheet used during capture.
The data to be displayed are resized by a fa&ousing the ‘pnmscale’ program (refer to
subsection 4.4.2).
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4.7 Evaluation of Replayed Image Fidelity

The decoded image output of a coding scheme employing a quantisation stage (a lossy
scheme) is never identical to the source image. Since the losses inevitably affect the quality
of the decoded image, it is important to be able to measure decoded fidelity as part of the
evaluation process for a lossy compression scheme. Unfortunately it is difficult to provide
meaningful measures of image quality. Many researchers have investigated this problem for
the case of conventional two dimensional images [44, 45], which arises from the difficulty
of providing a metric which is both explicit and relevant in terms of quality as perceived
by a human observer. No perceptually relevant quality criteria have been found for the case
of viewing of volume spatial optical models as produced by the integral three dimensional
imaging system, therefore an objective fidelity metric, applied to the decoded planar inten-
sity distribution, is used to evaluate decoded integral image quality in this thesis. Objective
quality metrics, despite not taking into account the characteristics of the human visual sys-
tem, produce explicit results which are generally relevant for relative comparisons, and can
be produced directly using a single calculation for any image.

The peak signal to noise ratio is widely used in the field and readily recognised when pre-
sented in evaluation of lossy coding schemes. For a source imageféxrgy with dimen-
sionsXxY, the peak signal to noise ratio PSNR of the decoded image gfray) where

each pixel is represented bybits [33],

dB, (4.9)

n_
PSNR= 20 log; {2 1}

RMSE

where RMSE is the root mean square error in the decoded image array:

Y-1X-1

RMSE= %{ZZ [9(x,y) — F(xy)]%. (4.10)
y=0 x=0

The PSNR is employed in this thesis as a measure of distortion in decoded integral image
data. It is applied directly to the source and decoded planar intensity distributions, its value
decreasing with increasing distortion.

For the case of greyscale images, which contain only a single intensity channel, Equation 4.9
is used to compute the PSNR. Where colour images are to be evaluated a mean value
weighted by factors determined by human visual sensitivity to errors in each of the three
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channelR (red),G’ (green) and®’ (blue) [46, 47], is produced:

n_1
PSNRgo =20l0g0 | 5559 RMSE, 1+ 0587RMSE, + 0.114RMSE | °o  (H1D)

where RMSk, RMSEy and RMSE are given by applying Equation 4.10 to tRg G/

and B’ channels respectively of the source and decoded intensity distributions. In the in-
tensity distributions under consideration in this thesis each channel is represented using
8 bits (h=8).

4.8 An Alternative Scale Correction Method using Moire Analysis

Subsection 4.4.2 described a method for correction of the size of scanned intensity distribu-
tion data which may be necessary due to uncertainty about the precise resolution at which
scanning took place. Since the method relies upon counting of small features in the image
data, it is inherently error prone and several passes are typically made to ensure that the
count is accurate. This section develops an alternative technique which does not have this
disadvantage and hence is expected to produce more reliable results.

If two gratings of parallel lines, each of different pitch are placed together with their lines
running in the same direction, interference is produced in the form of Moire fringes [48].
Moire fringes are often an unwanted feature of optical systems, particularly in imaging and
printing systems, and significant design effort is concerned with avoiding them. However,
the phenomenon has been used successfully in metrology applications such as mechanics
strain analysis since by measurement of the fringes the difference in pitch between the two
gratings can be determined.

When an attempt is made to replay the three dimensional image encoded in an integral inten-
sity distribution using a lenticular sheet whose pitch is mismatched from that of the banded
structure in the intensity distribution, the same effect is produced. Figure 4.10 is a pho-
tograph of an image in replay which exhibits Moire fringes for this reason. The intensity
distribution was scanned at a nominal resolution of 300 dpi. By considering the displayed
intensity distribution and the decoding lenticular sheet as coarse gratings, the theory of Moire
fringes can be used to quantify the pitch mismatch and hence determine a scale correction fol
the intensity distribution to give correct three dimensional replay. The pitch of the lenticular
decoding sheetp, is known, therefore the problem is to determine the pitch of the image
bands in the replayed intensity distribution with which the decoding sheet lenticules must
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Figure 4.10: Moire fringes observed on a replayed integral intensity distribution (not to
scale).

align.

The scanned intensity distribution is first scaled for display at the resolution of the hardcopy
device (300 dpi) directly from the nominal scan resolution and then printed.

Figure 4.11 illustrates the formation of Moire fringes caused by a pitch mismatch during
replay. In the figure the pitch of the bands on the displayed intensity distribypigng
greater than that of the lenticular decoding elemgnit (Where the centre of a lenticule

of the decoding sheet coincides with the centre of an image band, a light Moire fringe is
produced in the form of an area of correctly displayed image. Conversely at points at which
a lenticule is aligned with the black band border between two image bands, a dark fringe
arises. Ifmrepresents the number of lenticules between two dark fringes antihe fringe
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Figure 4.11: Formation of Moire fringes due to pitch mismatch in integral three dimensional
image replay.

spacing then
d=mp=(Mm+1)pgy. (4.12)

It is only possible using this method to calculate thagnitudeof the pitch mismatch —
it cannot be determined whether the displayed pitch is greater or smaller than that of the
lenticular decoder, hence the use of the Sign in Equation 4.12.

Using Equation 4.12 an expression for the pitch of the displayed intensity distribution bands
can be derived:

mp 0

" m*l 3/ptl (4.13)

Pd

Knowing pq, the disparity between displayed and correct pitch can be determined and hence
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the scale correction required to be applied to the scanned data may be calculated directly:

_P
S Pd
p

~3/(3/p£1)

_1+P (4.14)
0
Equation 4.14 gives two possible values &, one corresponding to an increase and the

other to a decrease in the scale of the scanned intensity distribution data.

A value for d is obtained from the intensity distribution previously printed, as the distance
between two neighbouring dark fringes. To minimise the effect of experimental error in
measurement, this is carried out by counting the number of dark fringes obséjved (
clusively between two points each in the centre of a dark fringe on the displayed image; the
distance between these points is measured.a$hen the fringe spacing = w/(& — 1).

This method is illustrated on the photograph of Figure 4.10. Since the direction of scale
correction required is unknown, the data are then both enlarged:

3=3m=1+g, (4.15a)
and reduced:
. . p
S_Sm_l—g. (4.15b)

In previous use op to represent lenticular pitch, the quantity has been expressed in microns.
This must be taken into account in the use of Equations 4.15a and 4.15b and sjibeified
in microns orp given in millimetres such that both have the same unit.

The ‘pnmscale’ program (refer to subsection 4.4.2) is used to carry out resizing and finally
both sets of intensity distribution data are scaled to hardcopy resolution (300 dpi) and out-
put to the printer. The lenticular decoding element is overlaid and the correct scale fac-
tor (Sn, or Sn_) can be determined as the intensity distribution corresponding to it will
replay as a three dimensional integral image without Moire fringes. In the example of Fig-
ure 4.10,Sy, ~ 1.076 andSy,_ ~ 0.924. In this case reduction was the correct scaling, that
iIsS=5y_.
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Summary

This chapter has covered the acquisition, translation into a common format and display of
integral three dimensional images as required for the development of integral image com-
pression schemes. The following processes are involved:

1. The original photographic medium on to which the subject scene has been encoded is
scanned electronically;

2. Geometric distortions in the scanned data are removed: rotational errors may be cor-
rected, and scale may be corrected either via direct inspection of the intensity distribu-
tion or by analysis of Moire fringes in replay;

3. Afiltering process may be applied if necessary to reject high frequency noise which
may have been introduced at the scanning stage;

At this point the data are in a form suitable for digital processing by an integral image
compression scheme;

4. The resulting intensity distributions are resized to the display resolution and output for
evaluation.

Chapter 5 will discuss the structure of captured lenticular-integral image data and address
their statistical characteristics. Conclusions are drawn concerning compression scheme de
sign based on the observations made.



5. EVALUATION OF THE CHARACTERISTICS OF
CAPTURED INTEGRAL IMAGE DATA

Introduction

To facilitate the design of an efficient class of compression schemes for use with integral

three-dimensional television pictures, the nature of the recorded intensity distribution data
with respect to redundancies present must be understood. To this end, this chapter investi
gates the structure of the data representing the imaged object scene.

5.1 The Captured Intensity Distribution

Figure 5.1a shows an intensity distribution produced by the electronic integral image capture
process where a lenticular sheet has been used as the encoding element. Figure 5.1b magr
fies sections of this intensity distribution, showing the effect of varying levels of detail and
also of scratch defects on the encoding array. The regular structure of the cylindrical lenses
on the encoding array gives rise to a regular banded structure in the intensity distribution.

Observations of the captured intensity distribution indicate that in general a band is com-
prised of two distinct components (see Figure 5.2):

1. A central section containing intensity information significant in reconstruction of the
captured scene;

2. Two low intensity borders to the left and right of the central component.

56
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1. Low detail area 2. Medium detail

3. High detail 4. High detail
Noise visible due to
lenticular sheet defects

a b

Figure 5.1: Example integral image intensity distribution captured using a lenticular encod-
ing element. a) Full image. b) Magnified sections.

Lenticular band
-

Low intensity _»

components
(‘Black Bands')
Significant
component
(‘Ilmage Band’)

Figure 5.2: General structure of the lenticular-integral intensity distribution.
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5.2 Inter-band Correlation

An inter-band correlation exists in the recorded intensity distribution which is unique to an
integral image, since all bands on the intensity distribution have the same general structure
as described above. This is borne out by observations of recorded intensity distributions
(Figure 5.1).

The data reduction potential of a compression system is governed by its ability to exploit re-
dundancies present in the source data stream due to correlation between data elements. F
this reason, in order to maximise the efficiency of a compression scheme for use with the in-
tegral image intensity distribution, inter-band correlation should be evaluated and exploited.

5.2.1 Evaluation of Inter-band Correlation

To provide a quantitative analysis of inter-band correlation, the normalised cross correlation
coefficient was evaluated between pairs of neighbouring bands in lenticular-integral image
intensity distributions [26]. Iffi and fi,1 are a pair of adjacent bands each with horizon-
tal and vertical sides df andM respectively, the normalised cross correlation coefficient
evaluated between bandandi+1,

L-1M-1
ZZf.|mf.+l|m)
r(i) = — =0 m=0 —— %. (5.1)
ZZ m x> > falm
|=0 m=0 =0 m=0

The luma channels of the four intensity distributioiroscope Tank Horsemarand Toy-

plane (see appendix A) were used in this experiment. Values(igfare plotted for each

in Figure 5.3, and the mean values of normalised cross correlation coefficient for each in-
tensity distribution, evaluated between all contiguous band pairs on eaalg listed in

Table 5.1. The low values afi) at the extreme left and right of the data setsTankand
Horsemarvisible in Figure 5.3 arise from discontinuities at the edges of the encoding lentic-
ular sheets. These result from small areas in which captured data were not fully covered by
lenslets, and hence do not relate to valid integral image data. The cross-correlation values
are, in general, greater than would be expected for a conventional image. Considering the
unpredictable nature of natural image pixel values, both conventional two-dimensional and
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Figure 5.3: Normalised cross correlation coefficient evaluated between adjacent bands on
the luma channel of four lenticular-integral image intensity distributions.

Intensity distribution T

Microscope 0.9858
Tank 0.9688
Horseman 0.9176
Toyplane 0.9713

Table 5.1:Mean normalised cross correlation evaluated between adjacent bands on the luma
channel of four lenticular-integral image intensity distributions.
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three-dimensional, the observed behaviour of the cross correlation coefficient value confirms
that considerable significance should be attached to the inter-band correlation inherent to
integral three-dimensional intensity distributions.

5.3 Intra-band Correlation

In compression of two-dimensional natural images, data reduction is achievable chiefly due
to the fact that the spatial frequencies encountered are generally low. The technique of
linear prediction, relies solely on this significant ‘inter-pixel correlation’. Natural three-
dimensional integral intensity distributions have been observed to share this property in a
local sense within the bounds of individual lenticular bands. This will be termed ‘intra-band
correlation’.

5.3.1 Evaluation of Intra-band Correlation

A quantitative analysis of this property has been conducted. In this case it is relevant to
compare results for integral intensity distributions with those determined for a representa-
tive set of natural two-dimensional images. Differential images were calculated for the luma
channels of each of the lenticular-integral intensity distributigisroscope Tank Horse-

man and Toyplané and also for each of the conventional two-dimensional images
Airplane, Peppersand Sailboat(these are reproduced in appendix B). Both horizontal and
vertical pixel differences were calculated for each. Histograms of these differential images
are plotted in Figure 5.4.

In general, adjacent pixel differences for natural two-dimensional images follow a Laplacian
(double sided exponential) distribution [33] as evidenced by the histograms in Figures 5.4a
and 5.4b. No specific significance is attached to either the horizontal or vertical pixel di-
rections, since theoretically a conventional two-dimensional natural image has no inherent
structure, though the scanning process employed in digitising video or stills often results in
a slight imbalance between peak height for horizontal and vertical difference histograms.

The histograms shown for the case of the lenticular-integral intensity distributions, in Fig-
ures 5.4c and 5.4c, demonstrate that although a significant difference exists between the

1 Only the central six pixels from each eight pixel band were included in these horizontal-dimension calcula-
tions, to avoid invalid results due to consideration of pixel pairs straddling black-band/image-band boundaries.
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Figure 5.4: Pixel difference histograms. a) Conventional images, horizontal. b) Conven-
tional images, vertical. c¢) Lenticular-integral, horizontal. d) Lenticular-integral,
vertical.

nature of distributions for horizontal and vertical differences, both have similar envelopes.
The distributions for horizontal differences in the integral intensity distributions each possess
a low central peak in comparison with all other distributions shown. The apparent bimodality
and rough nature of some of these histograms are not as significant as might be assumed ¢
first, since all frequency values are so much smaller than are the case in all other plots in the
figure.

Overall it is observed that in a lenticular-integral intensity distribution highly significant
image information is distributed over a greater number of contiguous pixels horizontally than
it is vertically or in either direction in two-dimensional natural images. This is due to the



5. Evaluation of the Characteristics of Captured Integral Image Data 62

fact that lenticular band boundaries, included in the difference calculation, run horizontally.

The conclusions drawn are twofold. Firstly, lenticular-integral intensity distributions possess
inter-pixel correlation in common with conventional images. Secondly, care must be taken
in any processing technique which introduces losses to ensure that any lossy treatment o
data in horizontal and vertical directions can be controlled independently to avoid destroying
important information in a replayed integral three-dimensional scene.

Summary

This chapter has described work carried out to discover the nature of the information plane
recorded by the integral imaging system. The following observations and conclusions have
been made:

1. The captured intensity distribution has an inherent banded structure;

2. A significant cross-correlation exists between bands in the intensity distribution, a
feature of which a compression scheme should take account;

3. Inter-pixel correlation redundancy is present, though to a greater degree in vertical
pixel directions than in horizontal directions. This disparity must be observed when
designing a compression scheme for use with integral three dimensional image data.

Figure 5.5 illustrates the spatial correlation dimensions encountered in lenticular-integral
image data.

In chapter 6 a coding scheme developed for use with integral three dimensional image data
based on a hybrid DPCM/DCT mapping stage, is described. Simulations demonstrate its su-
perior rate-distortion performance compared with that of a conventional lossy image coding
system.
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Figure 5.5: Spatial domain correlation in a lenticular-integral intensity distribution.



6. AN INTEGRAL 3D IMAGE COMPRESSION SCHEME
USING A HYBRID DPCM/DCT ENCODER

Introduction

The combination of first-order linear prediction (DPCM) and the discrete cosine transform
(DCT) has been researched extensively for use as the mapping stage in schemes for compre:
sion of conventional two dimensional video sequences. The difference between successive
frames is computed to effect inter-frame (temporal domain) decorrelation, after which the
DCT is applied to small blocks of the resulting frame difference data to reduce spatial do-
main correlation.

This chapter describes a method for compressing still integral three dimensional images by
the application of a hybrid DPCM/DCT algorithm. Inter-band spatial decorrelation is per-
formed by linear prediction of entire subimages of neighbouring lenticular bands. The DCT
is computed for each resulting difference subimage to exploit intra-band spatial redundan-
cies. Scalar quantisation of the resulting coefficients is followed by a Huffman-based entropy
coding stage.

Simulations have been carried out for two variants of the scheme using two forms of quanti-
sation parameter array with both luma channel only and full colour lenticular-integral inten-
sity distributions as source data, the results of which are presented and discussed.

6.1 Hybrid DPCM/DCT Mapping for 2D Video Encoding

For the compression of certain types of data, multidimensional decorrelation, where the en-
coder’s mapping stage is comprised of two or more ‘phases’, is desirable to take full advan-

64



6. An Integral 3D Image Compression Scheme using a Hybrid DPCM/DCT Encoder 65

tage of the redundancy in and hence size or rate reduction potential of the data. To identify
decorrelation phases and therefore suitable mapping methods for effective quantisation anc
entropy coding, the structure and meaning of the data stream must be understood. The dat
must be studied extensively to ensure that elements of the data which appear to contain re:
dundancies but are in fact dynamic variations of the data are not misinterpreted as suitable
candidates for decorrelation.

An example of such a stream is conventional two dimensional video data. In this case two
correlation dimensions exist: spatial redundancy between pixels in a frame as is present
in any natural still image and temporal redundancy which occurs as a result of the typical

temporal frequencies in sequences caused by movement and distortion of objects in the scen
being significantly lower than the frame sampling frequency.

A combination of linear prediction and DCT decorrelation is commonly used for conven-
tional video sequence compression, giving rise to a system knowgtagl DPCM/DCT
encoding This method forms the core of several international standards developed for vari-
ous video compression applications, some examples of which are given in Table 6.1. These
systems also possess motion compensation stages to provide further rate reduction by min
imising the inter-frame differences to be coded; planar transformations of image sections
between frames are coded as displacement vectors.

The basic hybrid DPCM/DCT video sequence encoder, without motion compensation, is
shown in Figure 6.1. Each source video frame is split int@&ixel blocks, each of which

is encoded separately. Time domain decorrelation is now performed by subtracting the cor-
responding block from the previous frame (this has been stored for one frame period at ‘6’).
The differential block is passed to a forward DCT stage (‘1) which performs spatial do-
main decorrelation within the input block. The resulting coefficients are quantised (‘2’) and
entropy coded (‘3’) using methods similar to those described for baseline sequential-DCT
JPEG in chapter 3. The quantised coefficients must also be passed through the core of the

Standard Application Target bit rates
ITU-T H.261 [49, 50] Video telephony/conferencing 64 kiit — 2 Mbit.st
ISO/IEC MPEG-1 [23,51, 52] Multimedia (CD-ROM storage) < 1.5 Mbit.s™1
ISO/IEC MPEG-2 [23, 24] Many — Primarily consumer TV < 15 Mbit.s™! for DVB

Table 6.1:Hybrid DPCM/DCT-based international video compression standards.
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1 2 3
Source _ | Entropy Compressed
frame (Z) FDCT SQ " | Coder data stream
(in 8 x 8 blocks) 4
sSbQ |4
IDCT |5

Frame
Store

Figure 6.1: Basic hybrid DPCM/DCT two dimensional video encoder.

decoding process. The coefficients are dequantised (‘4’) and inverse transformed (‘5’) and
the resulting frame difference blocks added to the previously coded image blocks, which
have been stored at ‘6’ for one frame period. This process yields a reconstruction of the
original (but quantised) image blocks as they would be at the decoder, ready for encoding of
the next frame.

6.2 Mapper Design for Integral 3D Image Compression

It has been established that two spatial correlation dimensions exist in integral three dimen-
sional image data (see chapter 5). Thesdras-bandcorrelation between corresponding
pixels in neighbouring lenticular bands, aimdra-band correlation between neighbouring
pixels within each band. In order to develop efficient compression schemes for use with
integral image data, the mapping stage of the encoder must be designed to take account @
both inter-band and intra-band redundancies.

A combination of predictive and DCT techniques has been found to perform this function
effectively. The operation of the hybrid DPCM/DCT mapper in integral image encoding is
now described.
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6.2.1 Inter-band decorrelation

In the hybrid DPCM/DCT integral image coding scheme, inter-band decorrelation is carried
out using linear prediction (DPCM). Generally, a linear predictor outputs, for each pixel of
the source sequengethe difference between its value and a prediction of its value derived
from a linear combination of previously reconstructed pixel value$or a predictor us-

ing Kk previous values (&th order predictor), the mapper output for pixeak the prediction
error,

k
=x(n)—> ak(n-1), (6.1)

wherexp(n) is the predicted value of pixel anda, are the predictor weightgl‘zla =1.
For the case where only the previous reconstructed pixel value is used in the pre#ietibn,
and the mapper output,

e(n) =x(n) —X(n—1). (6.2)

Figure 6.2 illustrates this technique applied to inter-subimage decorrelation in an integral
three dimensional image. An&-pixel prediction error arraf; j is produced as the output

of the inter-subimage spatial decorrelatorXilf is the current source subimage a)hdl’j is

the reconstructed previous subimage, the error for band

A~

Eij(u,v) =X j(u,v) —X_1j(u,v) foruv=0,1,...,7. (6.3)

At the first subimage on each lin¥, 1 j does not exist, i€Ez j(u,V) = Xq (U, V).

6.2.2 Intra-band decorrelation

The discrete cosine transform (DCT) is used to reduce intra-subimage correlation, in a
manner similar to its use in many block-based 2D image and video compression schemes
The most common form of the DCT for data compression applications, often known as
DCT-II [28], is used. For a one dimensional sequen@de of lengthL, the DCT is defined
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Figure 6.2: First order linear prediction for inter-subimage spatial decorrelation.

thus:
(6.4)

L-1
F(u):\/gKqu(l)cos{W} foru=0,1,...,L—1.
=0

Using the separability property of the DCT, the two dimensional DCT of a &rray

f(I,m) is then:
7 7
F(u,v) = = KyKy ZO; f(1,m) COS{U(le‘gl)T[} COS{V(Zr‘r;—g 1)1'[}
A (6.5)

foruv=0,1,...,7.

In Equations 6.4 and 6.5 the scaling factors,

‘o {1/\@ ifs=0,

1 otherwise

The DCT produces an array of highly uncorrelated coefficients with the same dimensions as
the array presented to it. For intra-subimage decorrelation in an integral image, the data to

be transformed are the difference subimages produced by the inter-subimage linear predicto
described in the previous subsection and the transform coefficients then represent the sourc
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subimage fully decorrelated, that is the final output from the mapping stage of the encoder.
The overall mapper function for an intensity distribution compridirg subimages is:

v el ifi =1,
’ @{X j—Xi_1j} otherwise (6.6)
fori=12....landj=1,2,...,J.

where%’{} denotes the (8 8) two dimensional DCT of its operand, defined by Equation 6.5.

6.3 Quantisation of the Mapped Subimage Data

Each decorrelated subimadfg is now input to a scalar quantisation stage in which each

of the 64 decorrelated coefficients is processed by a different uniform quantiser, allowing
individual coefficient positions to be quantised using a different step size. Thisis achieved by
dividing coefficients at each position in the decorrelated array by step sizes at corresponding
positions in a quantisation array.@is the (8x 8) array of quantiser step sizes, the quantised
coefficient array at subimage positignj),

Y
S.j(u,v) = Nearest integ rM) foru,v=0,1,...,7. (6.7)

Q(u,v)
The 64 values comprisinQ are parameters of the encoder and decoder and are chosen by
considering the significance of each DCT coefficient to maintaining high fidelity replay of
the decoded intensity distribution data when replayed as a three dimensional integral image.

6.3.1 Quantisation table selection

The quantisation method described has previously been applied to compression of conven:
tional two dimensional images intended for human viewing. A technique employed to choose

quantisation parameters in this case is to use information on human visual system sensitivity
to remove or de-emphasise perceptually insignificant frequency components. Such an ap-
proach is not appropriate for application to integral three dimensional image compression.
This is the case because the data being quantised, reconstructed and presented are not view
directly, rather the decoded output of the lenticular decoding sheet is. Due to the complex
re-integrating function of the lenticular decoder, the DCT coefficient array presented to the
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guantisation process is not compatible with perceptually derived quantisation table design
methods.

From this it follows that the standard quantisation parameter arrays developed for use with
two dimensional image and video compression standards as being perceptually optimal are
not when applied to coefficients derived from integral intensity distributions. For this reason
psychovisually weighted quantisation tables have not been utilised during development of the
integral image compression systems described in this thesis. Initially the most fundamental
form of quantisation table possible, in which each coefficient is quantised using a common
step size, is defined. This is thiged quantisation table

Irrespective of the specific set of quantisation parameters in use it must be possible to vary all
64 step sizes in the quantisation table in unison in order to control the overall coarseness of
guantisation. This is necessary to obtain the required balance between the data reduction oh
tained and distortion in the reconstructed image for a given application. This is accomplished
by varying a parametey, thequantiser scalgincreasing values of which give rise to increas-

ing data reduction and decreasing fidelity of the decoded image. For fixed quantisation the
quantisation table,

Q(u,v)=q foru,v=0,1,...,7andqe N*. (6.8)

Variability of decorrelated subimage data

Due to the nature of the hybrid DPCM/DCT decorrelation method used, and the structure of
the lenticular-integral intensity distribution, the DCT coefficient block resulting from decor-
relation of data in a subimage is expected to possess certain unique features. In particula
it is reasonable to suggest that an imbalance exists between the significance of spatial fre-
guency components occurring vertically and horizontally within each subimage due to the
banded structure of the captured intensity distribution. To corroborate this the variability of
decorrelated coefficients has been examined by computing the standard deviation from the
mean of each for each subimage from several example intensity distributions.

In this experiment the decorrelated data were obtained directly from the hybrid DPCM/DCT
decorrelation stage. A quantisation stage was not included since this would distort the re-
sulting statistics. For the decorrelated coefficient position), the standard deviation over
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all | xJ subimages fronK intensity distributions [53],

K J |
1 - 2
Ouy = |JK—1ZZZN’]"‘(U’V)_Y(U’V)] foruv=0,1,...,7, (6.9)

whereY; j k =Y ; taken from intensity distributiok andY(u,v) is the sample mean for
coefficient positior{u, v) evaluated over allxJ decorrelated subimages from Kllintensity
distributions.

Equation 6.9 was evaluated for the coefficient blocks resulting from decorrelation of the
luma channels of the four intensity distributiovscroscope Tank HorsemarmandToyplane

and the chrominance-blue/chrominance-red channdlard HorsemarandToyplane Fig-

ures 6.3a and 6.3b are the resulting plot®gf. It is observed that the variability of coef-
ficients representing moderate to high horizontal spatial frequencies is substantially greater
than that of those representing corresponding frequencies in the vertical dimension in both
the luma and combined chrominance data. The form of the plots for luma and combined
chrominance are very similar, though in the chrominance case standard deviation values
are between .5 and 5 times lower than for the luminance case. The conclusion is drawn
that within each subimage vertically-running features are less significant than horizontally-
running features, and can therefore be quantised more coarsely leading to improved date
reduction. The quantisation array produced to effect this has monotonically increasing step

Figure 6.3: Standard deviation from the mean of hybrid DPCM/DCT decorrelated subimage
coefficients. a) Luma channel. b) Combined chrominance channels.
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sizes vertically, while constant horizontally:
Q(u,v)=q(1+v) foruv=0,1,...,7andge N*. (6.10)

This will be called thdinear variable vertical(LVV) quantisation table.

6.4 Entropy Coding of the Quantised Subimage Coefficients

An entropy coder is used to reduce the high statistical redundancy present in the quantisec
coefficient blocks. The original subimage data will be represented by a sequence of binary
codewords as the final output of the encoder. The entropy coder is a Huffman-based coder
as used by the JPEG system for AC coefficient coding. In the base hybrid DPCM/DCT
integral image compression scheme the DC coefficient in a block is not coded differentially
and separately from the AC coefficients as it is in the JPEG scheme. All coefficients are
treated in the same way.

The quantised coefficients are first ordered into a sequence using the zigzag scan describe
in chapter 3 for the JPEG encoder, but in this case the scan includes the DC coefficient as
its first element, resulting in a sequence of length 64. This ordering results in a sequence of
coefficients with increasing spatial frequencies. Due to the nature of the quantised coefficient
block the higher order coefficients have no spatial significance and as the zigzag scan index
increases the likelihood of zero-valued coefficients increases.

The mapping of coefficients from the zigzag scan to the set of symbols which are input to
the Huffman coder (the coder alphabet), each of which is one byte long, now takes place.
A symbol representing a nonzero value from the zigzag scan is produced by combining the
number of zero valued coefficients up to run length of R5with the magnitude category

into which the coefficient falls. The magnitude category for a nonzero coeffigjent

S=|1+logy(|a))]. (6.11)

Due to the nature of scaling in the DCT operation, the maximum coefficient vait2(47,
leading to a maximum value f@of 11. The final symbol is constructed with the length of

the run of zeros preceding the nonzero coefficient under consideration as the upper nibble
and the magnitude category as the lower nibble of the symbol, thaRis- 85



6. An Integral 3D Image Compression Scheme using a Hybrid DPCM/DCT Encoder 73

A run of zero valued coefficients of length greater than 15 which is followed by a nonzero
coefficient is encoded using one or more special ‘ZRL’ (zero run length) symbols. A ZRL
symbol represents a run of 16 zeros and any further zero run of less than 16 up to the nex
nonzero coefficient is encoded as part of the symbol for the nonzero coefficient. A further
special symbol, ‘ESB’ (end of subimage block) is placed after the final nonzero coefficient
to state that any further coefficients in the block all have values of zero.

Following construction of the alphabet for the Huffman coder, the total individual symbol
frequencies are calculated for the zigzag-scanned sequence resulting from the decorrelatio
and quantisation of every subimage in the source intensity distribution. The frequency table
produced is used to generate the table of codewords using the Huffman algorithm [26], giving
a minimum length code for the quantised coefficients representing that particular integral
intensity distribution.

The symbols representing nonzero coefficients do not contain information on the magnitudes
of those coefficients. Hence to fully specify such a coefficient and its associated preceding
run of zero valued coefficients, each codeword produced at the final output of the encoder is
comprised of the Huffman coded symbol followed®Jyits to specify the sign and magnitude

of the coefficient.

6.5 The Base Hybrid DPCM/DCT Encoder and Decoder

The mapping, quantisation and coding stages in the hybrid DPCM/DCT integral image com-
pression scheme have been described. The complete encoding and complementary decodir
processes are shown in Figures 6.4a and 6.4b respectively.

6.6 Enhancement to Reduction of Vertical Intra-band Correlation

A variation of the base encoder described above has been developed to provide enhance
compression performance. The non-parallax direction in an integral intensity distribution
recorded using a lenticular sheet is captured as a continuous stripe, hence the division of
subimages in that dimension is arbitrary; vertical division points are not dictated by the
structure of the intensity distribution. Intra-band data which is split vertically across two
subimages are therefore not decorrelated. In order to take account of this redundancy &
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Figure 6.4: The Base hybrid DPCM/DCT still integral 3D image compression scheme.
a) Encoder. b) Decoder.

DPCM loop is added to the entropy coder pre-processing stage such that the highly signifi-
cant quantised DC coefficients are differentially encoded vertically in a manner similar to the
use of DPCM between block DC coefficients horizontally in the JPEG system. A separate
Huffman stage is used to code these vertical DC differences. The method of construction of
symbols from DC differences for this Huffman coder is similar to that used for AC coeffi-
cients (explained in section 6.4). Run lengths of differences of zero are not encoded, so for
a vertical DC coefficient differenc&d the symbol,

0 if Ad = 0
- ) 6.12
=c { | 1-+1og,(|Ad])| otherwise (612)

Due to the scaling in the DCT, the maximum difference between two DC coefficients from
neighbouring subimages is 2047. Hence the maximum possible val&dds 11. The

final output codeword is constructed by appendipg bits to specify the sign and magnitude
within the magnitude category, to the Huffman codeword corresponding to sy8sgol
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Since thisenhanced hybrid DPCM/DC$¥cheme treats the DC coefficient differently from
the AC coefficients, the zigzag coefficient ordering process is modified to scan only the 63
AC coefficients. The encoder modification, placed in parallel with the AC coefficient-to-
symbol mapping and entropy coding stages in Figure 6.4, is shown in Figure 6.5.

Quantised DC Entropy Compressed
Coefficients @ o Coder DC differences

®

1-Line
Store

Figure 6.5: Modification to the base hybrid DPCM/DCT encoder for improved vertical intra-
band correlation reduction.

6.7 Implementation of the Hybrid Schemes for Simulation

For the purpose of evaluation of the base and enhanced hybrid DPCM/DCT schemes the en
coder and certain portions of the decoder have been implemented in software, instrumentec
to allow the following data relevant to the performance of the algorithms to be obtained:

1. The decoded intensity distribution;
2. The data reduction and hence output bit rate obtained;

3. An objective measure of the fidelity of the decoded intensity distribution.

The pseudo-code listed as Procedure 6.1 represents the complete simulation system for eva
uation of the base and enhanced hybrid DPCM/DCT schemes. The system has been imple
mented using the C language under theixJoperating system.

The procedure ‘Encodenainloop’ carries out the mapping and quantisation functions, pro-
ducing an array of quantised coefficients for all decorrelated subimages and the fully recon-
structed intensity distribution as would be output by the decoder. Itis listed as Procedure 6.2
for both the base and enhanced schemes. The forward and inverse 2D-DCT in this proce-
dure are carried out using separate row/column application of a forward or inverse 1D-DCT
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Procedure 6.1Top level base/enhanced hybrid DPCM/DCT simulation system.

Arguments:
INIMG {source intensity distributign
QMTX {quantisation array
[HUFF [, DCHUFH] {Huffman code lengths (if using predefined code tables)
Results:
OUTIMG {reconstructed decoded intensity distributjon
OBPP {output bit ratg
QUAL {objective fidelity of reconstructed intensity distributjon

(QUANT_COEFFS, OUTIMG)= Encodermainloop(INIMG, QMTX)
if not using predefined code tabliben
FREQ<« Gensym.table(QUANT.COEFFS) {Generate table of coder symbol frequeng¢ies
HUFF < Gencodelengths(FREQ)  {Compute lengths of Huffman codes for each syinbol
if using enhanced schertteen
DCFREQ<«= GenDC_sym table(QUANT.COEFFS) {Generate table for DC differences
DCHUFF <« Gencodelengths(DCFREQ) {Compute DC Huffman code lengths
end if
end if
OBITS « Calcbit_count(QUANT.COEFFS, HUFF) {Calculate total bit count for coded dafa
if using enhanced schertieen
OBITS <= OBITS + Calc.DC_bit_count(QUANT.COEFFS, DCHUFF) {Add DC bit coun}
end if
OBPP<«= OBITS / Numberof_pixels(INIMG) {Compute output bit rate (bits per pixel)
QUAL <= ComputePSNR(OUTIMG, IMG) {Compute objective fidelity for decoded data

Procedure 6.2Main loop for hybrid DPCM/DCT simulation.

Arguments:
INIMG {source intensity distributign
QMTX {quantisation array
Results:
QUANT_COEFFS {quantised transform coefficients
OUTIMG {reconstructed decoded intensity distributjon

| <= number of subimage columns in INIMG
J <= number of subimage rows in INIMG
for j=1toJdo

PREV <« clear to all zero

fori=1tol do
DIFF < INIMG; j — PREV {Inter-subimage decorrelatign
DCT < Forward2D_DCT(DIFF) {Intra-subimage decorrelatign
QUANT_COEFFS$; < Nearestinteger(DCT/ QMTX) {Quantisatior}
DQUANT <« QUANT_COEFF$; x QMTX {Dequantisatioh
IDCT < Inverse2D_DCT(DQUANT)
OUTIMG; ; < IDCT + PREV {Subimage reconstructign
PREV <« OUTIMG; j {Store reconstructed subimage for next gass
end for

end for




6. An Integral 3D Image Compression Scheme using a Hybrid DPCM/DCT Encoder 77

respectively. These processes were implemented using routines from the ‘FFTPACK’ [i-
brary [54].

The simulation system accommodates two different sources for the Huffman codes required
by the entropy coding stages. Since the particular bit sequences output are not relevant tc
the analysis, only théengthsin bits of the codes representing each possible symbol are
required. The necessary table of code lengths may either be predefined and passed to th
simulation system or it may be generated for a particular encoding instance from the statistics
of the transformed and quantised coefficient data. When the hybrid DPCM/DCT scheme is
operating in enhanced mode, a second code length table is required to represent vertical DC
coefficient differences.

If predefined Huffman code tables are to be used, they are presented to the top level procedur
as HUFF and additionally DCHUFF if the enhanced scheme mode is in operation. If, instead,
local Huffman tables are to be used, Procedure 6.3 (‘8antable’) is invoked to generate a
table of symbol frequencies for the quantised coefficients produced by the main encoder loop.
If the enhanced scheme is being used the zigzag scan does not include the DC coefficien

Procedure 6.3Symbol frequency table generation.

Arguments:

QUANT_COEFFS {quantised transform coefficients
Results:

FREQ {table of coder symbol frequencies

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
FREQ<= clear to all zero

if using enhanced schertteen

ZZSTART <= 2 {Don’t scan DC coefficiert
else {using base scherhe

ZZSTART <=1 {Do scan DC coefficieft
end if
for j=1toJdo

fori=1tol do

ZZ < Zigzagscan(QUANTCOEFFS;, ZZSTART) {Scan starts at coefZZSTART}
SYM <= Map_to_codersymbols(ZZ)
for all symbolsSin SYM do
FREQ® <« FREQO) + 1
end for
end for
end for
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of each subimage and frequencies are only produced for those symbols mapped from AC
coefficients. The Huffman code length table is produced from this frequency table by the
procedure ‘Gercodelengths’. This routine is described in Annex K of the JPEG Draft
International Standard [1].

‘Gen.DC_symtable’ (Procedure 6.4) is executed only during simulation of the enhanced
hybrid scheme described in section 6.6, and only if predefined Huffman code tables are
not being used. It produces a table of frequencies of the symbols representing differences
between DC coefficients from neighbouring decorrelated subimages running vertically. The
code lengths for the DC Huffman coder are derived from the DC difference symbol frequency
table generated by ‘GeDC_symtable’ using the same procedure employed to compute
code lengths for the main Huffman coder.

Next the total bit count for the coded intensity distribution is calculated. This is carried out
using the Huffman code tables which were either predefined or generated from the quantisec
coefficients as described above, by summing code lengths for all generated symbols for every
quantised subimage block. For all coefficients where the base scheme is being simulated, ant
for the AC coefficients in the case of the enhanced scheme, Procedure 6.5K{{Ceduint’)

is executed. For the enhanced scheme the code lengths for symbols representing vertical D(
coefficient differences are then added by ‘CBIC_bit_count’, listed as Procedure 6.6.

Procedure 6.4DC difference symbol frequency table generation for enhanced mode.

Arguments:

QUANT_COEFFS {quantised transform coefficients
Results:

DCFREQ {table of DC vertical difference coder symbol frequengies

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
DCFREQ< clear to all zero

fori=1tol do
PREVDC<«= 0
for j=1toJdo
DCDIFF <= QUANT_COEFF$; — PREVDC
Soc < Map_to_DC_codersymbol(DCDIFF) {Described by equation 6.32

DCFREQGyc) <« DCFREQGc) + 1
PREVDC+< QUANT_COEFF$;
end for
end for
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Procedure 6.5Calculate bit count for main Huffman coder output.

Arguments:
QUANT_COEFFS {quantised transform coefficients
HUFF {Huffman code size per symbol
Results:
BITS {coded bit count for output of main Huffman cogler

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
BITS<0

if using enhanced schertieen
ZZSTART <= 2 {Don’t scan DC coefficiert

else {using base scherhe
ZZSTART <=1 {Do scan DC coefficieft
end if
for j=1toJdo
fori=1tol do
Z7Z <« Zigzagscan(QUANTCOEFFS;, ZZSTART) {Scan starts at coefZZSTART}
SYM <= Map_to_codersymbols(ZZ)
for all symbolsSin SYM do
BITS < BITS + (HUFF(S + Magnitudecategory(COEFFGENERATING.S))
end for
end for
end for

Procedure 6.6Calculate bit count for DC Huffman coder output in enhanced mode.

Arguments:
QUANT_COEFFS {quantised transform coefficients
DCHUFF {DC difference Huffman code size per synjbol

Results:

DCBITS {coded bit count for output of DC Huffman codler

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
DCBITS«< 0
fori=1tol do
PREVDC<«<0
for j=1toJdo
DCDIFF <= QUANT_COEFF$; — PREVDC
Sc < Map_to_DC_codersymbol(DCDIFF)
DCBITS <= DCBITS + (DCHUFF(&¢c) + Magnitudecategory(DCDIFF))
PREVDC<« QUANT_COEFFS;
end for
end for
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The output bit rate for the fully coded intensity distribution is then computed, expressed as
the number of coded bits per pixel (bpp) of the source intensity distribution. Finally the peak

signal to noise ratio (defined by Equations 4.9 and 4.11 for greyscale and colour images
respectively) is calculated for the reconstructed decoded intensity distribution to provide a
measure of the distortion introduced as a result of the quantisation process.

6.8 Global Huffman Code Generation

As described in the previous section, if it is not desired to generate Huffman code length
tables directly from the statistics of the quantised coefficient data, predefined tables may be
used. The per-image code generation technique generally leads to significantly improved
performance due to the generated code being statistically matched to the transformed anc
guantised representation of the image. However in a practical implementation this requires
the transmission of the Huffman code table for every image leading to a higher encoder over-
head. The coding gain achieved using the per-image method and the inherent overhead mus
be compared for a given application of the hybrid DPCM/DCT coding scheme. As a worst-
case scenario, the results of simulations given later in this chapter have been obtained fromr
use of predefined Huffman code tables, though results where the per-image local code table
approach has been used are given for comparison. This section describes the preparation c
theglobal (predefined) Huffman code tables.

In constructing such general purpose code tables, it is necessary to make use of severe
source intensity distributions which should be as far as possible representative of the entire
set of intensity distributions which the scheme may be expected to encode. This is the case
since the statistical distribution of symbols from a given necessarily finite set of intensity
distributions is used to infer symbol probabilities which will construct a code for use with
all further source intensity distributions. For this reason, to provide a reasonable guarantee
of satisfactory future performance of the coding scheme, the number and nature of sample
intensity distributions used in generating the code must be appropriately chosen. The proces:
employed to produce the Huffman code tables is now described.

Initially, the Huffman coder input statistics are collected in terms of the frequency of each
symbol, for several source intensity distributions. This is carried out for the base scheme
mode using the routine ‘Gesym.table’ (Procedure 6.3) and for the enhanced scheme mode
using ‘Gensymtable’ and ‘GenDC_symtable’ (Procedure 6.4). The corresponding symbol
frequencies produced from the source intensity distributions are then summed and presente
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to the routine ‘Gercodelengths’ to construct tables of Huffman word lengths.

This process was carried out using the luma channels of the four intensity distributions
Horseman Microscope Tank and Toyplaneand separately for the six chrominance chan-
nels fromHorseman Tankand Toyplane The quantisation array used in this process was
fixed; the quantiser scaling paramegevas set such that for the luma channel of each source
intensity distribution, the output bit rate produced using local Huffman codes was approx-
imately equal to a specific value (tharget bit rate). Initially the target bit rate was set

to 0.5 bits per pixel. This value was selected as it is a moderate bit rate around which the
schemes are expected to be of most practical utility. For the data resulting from the chromi-
nance components of the source intensity distributigivgas set to the same value as was
used to generate the luma coefficient frequency tables. To ensure that a Huffman code was
generated in all cases, even for a symbol which did not occur for the particular intensity
distribution samples used, unity was added to each total symbol frequency value. By way of
example, Table 6.2 gives the generated code lengths for the luma channel data in the bas
hybrid DPCM/DCT scheme. The symbol indexes are listed in hexadecimal. The special
symbols ‘ESB’ and ‘ZRL’ correspond to symbol indexes 00 and FO respectively.

Table 6.2: Global Huffman code length table for luma chan-
nel data in the base hybrid DPCM/DCT scheme.

16R+S Length 16R+S Length 16R+S Length 16R+S Length
00 3 40 19 80 19 Co 19
01 2 41 5 81 6 C1 5
02 3 42 8 82 8 Cc2 9
03 5 43 11 83 11 C3 13
04 8 44 13 84 15 ca 18
05 10 45 19 85 19 C5 19
06 12 46 19 86 19 C6 19
07 18 47 19 87 19 C7 19
08 18 48 19 88 19 C8 19
09 18 49 19 89 19 C9 19
0A 18 4A 19 8A 19 CA 19
0B 18 4B 19 8B 19 CB 19
0C 19 4C 19 8C 19 CcC 19
0D 19 4D 19 8D 19 CD 19
OE 19 4E 19 8E 19 CE 19
OF 19 4F 19 8F 19 CF 19
10 19 50 19 90 19 DO 19
11 4 51 5 91 6 D1 6
12 6 52 9 92 10 D2 12
13 9 53 13 93 14 D3 15
14 13 54 16 94 19 D4 19

15 15 55 19 95 19 D5 19
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Table 6.2:(continued)

16R+S Length 16R+S Length 16R+S Length 16R+S Length
16 19 56 19 96 19 D6 19
17 19 57 19 97 19 D7 19
18 19 58 19 98 19 D8 19
19 19 59 19 99 19 D9 19
1A 19 5A 19 9A 19 DA 19
1B 19 5B 19 9B 19 DB 19
1C 19 5C 19 9C 19 DC 19
1D 19 5D 19 9D 19 DD 19
1E 19 5E 19 9E 19 DE 19
1F 19 5F 19 9F 19 DF 19
20 19 60 19 AO 19 EO 19
21 5 61 6 Al 6 El 7
22 8 62 8 A2 9 E2 13
23 9 63 10 A3 12 E3 18
24 12 64 14 A4 17 E4 19
25 15 65 19 A5 19 E5 19
26 19 66 19 A6 19 E6 19
27 19 67 19 A7 19 E7 19
28 19 68 19 A8 19 ES8 19
29 19 69 19 A9 19 E9 19
2A 19 6A 19 AA 19 EA 19
2B 19 6B 19 AB 19 EB 19
2C 19 6C 19 AC 19 EC 19
2D 19 6D 19 AD 19 ED 19
2E 19 6E 19 AE 19 EE 19
2F 19 6F 19 AF 19 EF 19
30 19 70 19 BO 19 FO 6
31 5 71 5 Bl 5 F1 8
32 7 72 7 B2 7 F2 17
33 8 73 9 B3 10 F3 19
34 11 74 13 B4 16 F4 19
35 14 75 19 B5 19 F5 19
36 19 76 19 B6 19 F6 19
37 19 77 19 B7 19 F7 19
38 19 78 19 B8 19 F8 19
39 19 79 19 B9 19 F9 19
3A 19 7A 19 BA 19 FA 19
3B 19 7B 19 BB 19 FB 19
3C 19 7C 19 BC 19 FC 19
3D 19 7D 19 BD 19 FD 19
3E 19 7E 19 BE 19 FE 19

3F 19 7F 19 BF 19 FF 19
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The tables generated by the procedure described have been used to produce the simulatic
results presented in the next section for the cases where predefined code words were uset
It should be noted that where only four sample source data sets have been used, as in thi
case, the codes produced can not be expected to apply efficiently to future possible intensity
distributions as such a small sample is highly unlikely to be representative. When a greater
number of sample source data sets is available, the same method can, however, be applied
produce more statistically accurate code tables.

6.9 Simulation Results

This section presents the results of simulations performed of the base and enhanced hybric
DPCM/DCT schemes. To provide a reference for comparison of these schemes the JPEG
system was used to generate results in parallel with the schemes under test. The JPEC
simulations made use of the default JPEG luma and chrominance quantisation arrays and th
default JPEG Huffman code tables. The bit rate statistics generated by the simulation models
represent only the raw coded intensity distribution data, that is no control or synchronisation

data are included in the output. To ensure a fair comparison with the JPEG scheme its
baseline sequential-DCT coding mode has been re-implemented for this purpose to remove
the control codes which would normally be present in its fully encoded output.

The results are presented in the form of plots of peak signal to noise ratio (PSNR) as an
objective quality metric against output bit rate. In each plot shown a given scheme has been
simulated using the intensity distributions in appendix A as source data and mean curves
produced. Values of output bit rate (the independent variable) do not correspond for each
image, therefore in order to calculate mean values of PSNR, the data for each intensity
distribution were first remapped to a common independent variable. This was carried out
using linear interpolation with axtaxis increment of @1 bpp.

6.9.1 Coding of luma channel only

Initially simulation results are presented where the source data are the Yiyrzhénnel

only of the source intensity distributions. In this case the source data represent only the white
intensity of the pixels comprising each input distribution, the source bit rate being 8 bits per
pixel.
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Absolute comparison with baseline JPEG

The plot in Figure 6.6 shows performance curves for the base hybrid DPCM/DCT scheme
and baseline sequential-DCT JPEG. The results for the base hybrid scheme relate to us
of a fixed quantisation array as per Equation 6.8, and the predefined luma Huffman code
table derived in section 6.8. It is observed that the base hybrid DPCM/DCT scheme gives
a substantial increase in rate-distortion performance over the baseline JPEG system for the
integral intensity distribution luma data used. An improvement is expected since baseline
JPEG cannot take account of the inter-band correlation inherent in the structure of integral
image data.
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Figure 6.6: Performance of the base hybrid DPCM/DCT scheme using fixed quantisation
and a predefined code table on the luma channel only of the source data; baseline
sequential-DCT JPEG performance is shown for reference.
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Use of local Huffman code tables

Figure 6.7 gives a plot of the difference in reconstructed fidelity between use of two prede-

fined luma code tables, constructed for two bit rates, and code tables generated locally as
part of the encoding process to apply to the specific intensity distribution being encoded.

The overhead due to the necessary transmission of the code table has not been included i
the output bit rate calculation for the local case, since the method by which the table is en-
coded is seen as an implementation detail and directly influences the cost of transmitting it.
Itis, however, a constant overhead unaffected by quantisation parameters, and is expected t
be negligible compared with the cost of transmitting the coded intensity distribution at a bit

rate capable of giving high quality image reproduction. It is observed that across the range
of output bit rates for which the scheme was simulated, where a local Huffman code table is
used the scheme outperforms the global code table case. This is expected since the globe

L —— Global code table generated for 0.5 bpp
25+~ | Global code table generated for 0.25 bpp

= = N
o ol o
T T T T T T T T T T

Peak signal to Noiseratio difference/ dB
o
(63}

0.0 0.25 05 075 1.0 1.25 15
Output bit rate / bits per pixel

Figure 6.7: Improvement in performance of the base hybrid DPCM/DCT scheme using fixed
guantisation due to use of a local rather than predefined code table on the luma
channel only of the source data; results for predefined code tables generated for
bit rates of 025 bpp and & bpp are shown.
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code table is not statistically matched as accurately to a given source intensity distribution
as is a local code table. The difference in objective fidelity can be seen to reach its mini-

mum value at approximately the bit rate for which the global code table was constructed.

The differences at this point are barely significant, beir@B6 and 0045 dB for the (b

and 025 bpp target values respectively. However, if the scheme is used to produce output
bit rates far from that for which the global code table was constructed, a further decrease
in performance results whose value and gradient are particularly great when it is scaled to
produce a lower output bit rate. All further results presented in this section result from the

use of predefined Huffman code tables.

The enhanced hybrid DPCM/DCT scheme

The enhanced hybrid DPCM/DCT scheme was simulated under the same conditions as the
base hybrid DPCM/DCT scheme, that is fixed quantisation was used. The plot of Fig-
ure 6.8 represents the difference in objective fidelity between use of the enhanced hybrid
DPCM/DCT scheme and the base scheme, again where the predefined code tables used we
generated for two target bit rates26 and 05 bpp). Positive values represent an improve-
ment in performance due to use of the enhanced scheme. It may be seen that the enhance
scheme provides an improvement in performance over the base scheme when used at moc
erate bit rates between approximatel®and 075 bpp. The gain in objective fidelity for

both curves reaches its maximum value at approximately the bit rate used as a target wher
producing the global code tables. At this point an increase of between approximately O
and 025 dB has been observed. If the scheme is used to produce output bit rates far below
that for which the global code tables were generated, however, a comparatively dramatic
decrease in performance results. This occurs because at such low bit rates, the large quar
tisation table step sizes used result in many blocks which are entirely zero valued beyond
the DC coefficient. At this point the vertical differential encoding of the DC coefficient used
by the enhanced scheme becomes a disadvantage, as the (zero valued) AC coefficients mu
still be encoded separately. Such a block may be encoded more efficiently where the DC
coefficient is included, as is the case in operation of the base scheme. Itis also observed tha
for a global table target bit rate of®bpp, the decrease in objective fidelity upwards from

the target bit rate has a shallow gradient and at every point constitutes an improvement in
performance over the base hybrid DPCM/DCT scheme. In this region its performance is sig-
nificantly better than for the.@5 bpp target bit rate case. However, these differences appear
to be balanced by those occurring below the target bit rate, where the fidelity loss associatec
with the Q25 bpp target case is far less significant in value and gradient than intopp
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Figure 6.8: Difference in objective fidelity of the reconstructed intensity distribution be-
tween use of the enhanced hybrid DPCM/DCT scheme and the base hybrid
DPCM/DCT scheme using fixed quantisation on the luma channel only of the
source data; results for predefined code tables generated for bit rat2s opp
and 05 bpp are shown. Positive ordinate values constitute an improvement with
use of the enhanced scheme.

target case.
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The LVV quantisation array

The base and enhanced hybrid DPCM/DCT schemes were simulated where the LVV quan-
tisation array, defined by Equation 6.10, was substituted for the fixed quantisation array.
Figure 6.9 plots the difference in objective fidelity between both the base and enhanced
schemes where LVV quantisation was used, and the enhanced scheme using the fixed arra:
When using LVV quantisation, the hybrid DPCM/DCT schemes have been found to give
improved performance over their use with a fixed quantisation only at low bit rates, below
approximately 04 bpp. At higher bit rates, use of the fixed quantisation table gives better
rate-distortion performance. At low bit rates, where coarse quantisation has taken place, the
most significant spatial frequency components, that is those with low vertical frequency val-
ues have been better represented by LVV quantisation, which has discarded unimportant higk
vertical frequency components. At such low bit rates, the use of fixed quantisation results in
more of the low significance frequency components being preserved, leading to occasional
nonzero values at these frequency positions. These must then be scanned and represented
the entropy coder resulting in a higher bit cost with a barely significant variation in recon-
structed image fidelity between the two cases. It is evident, therefore, that the profile of the
LVV quantisation array is unsuitable for use with simple linear scaling across the full output
bit rate range. A more appropriate quantisation scheme should include dynamic variations
with bit rate to ensure it remains efficient across the entire range. It is noted that the im-
provement at low bit rates due to use of LVV quantisation is smaller for either the base or
enhanced scheme than the performance difference at moderate to high bit rates between th
base and enhanced schemes using the same quantisation table. The effect of different targe
bit rates for the predefined Huffman code tables is barely significant, with any difference
in objective fidelity accounted for by the general observed difference between fidelity when
using the base and enhanced schemes at different values of target bit rate (Figure 6.8).

Table 6.3 gives a summary of the performance of the two scheme variations and two quan-
tisation methods at three bit rates when used to encode the luma channels of four lenticular-
integral intensity distributions. Where global (predefined) Huffman code tables have been
used, these have been generated for a target bit rat2®bp.
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Figure 6.9: Difference in objective fidelity of the reconstructed intensity distribution be-
tween use of LVV and fixed quantisation under the base and enhanced hybrid
DPCM/DCT schemes on the luma channel only of the source data; results for
predefined code tables generated for bit rates28 Bpp and (b bpp are shown.
Positive ordinate values constitute an improvement with use of LVV quantisa-

tion.
Peak signal to Noise ratio / dB
Encoder @1lbpp @ ®bpp @ 025bpp
Baseline sequential-DCT JPEG — .20 2212
Base hybrid DPCM/DCT,; fixed quant.; global codes .38 3626 3139
Base hybrid DPCM/DCT,; fixed quant.; local codes a0 3646 3143
Enhanced hybrid DPCM/DCT; fixed quant.; global codes .3@0 3638 3159
Base hybrid DPCM/DCT; LVV quant.; global codes .89 3608 3147
Enhanced hybrid DPCM/DCT; LVV quant.; global codes .&® 3628 3177

Table 6.3: Summary of performance for luma channel-only hybrid DPCM/DCT based cod-
ing of four lenticular-integral intensity distributions.
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6.9.2 Full colour coding

Results are now presented of simulations of the hybrid DPCM/DCT schemes applied to
full colour lenticular-integral intensity distribution data. The intensity distributidioro-

scope being a greyscale example, has not been included in these tests. The source dat:
are stored using theG'B’ colour model where each colour component is represented using
an 8 bit integer; the source bit rate is therefore 24 bits per pixel. The source is converted
to theY'C,C; colour space using 4:4:4 sampling (that is no subsampling of the chromi-
nance channels takes place) and full colour coding is implemented using three coding loops
operating on theY’, C, andC; channels of the source separately. The reconstructed in-
tensity distribution emerging from the decoder is remapped t&t6&’ colour space for
display and evaluation. Quantisation is performed using two separate tables, one applied tc
luma and the other to chrominance-red/chrominance-blue data. The luma and chrominance
tables are identical. Where predefined Huffman code tables are used they have been con
structed as described in section 6.8. Separate tables were generated for use with luma an
chrominance-blue/chrominance-red data. In all cases the target bit rate for the luma code
tables was @25 bpp, as this value was found to lead to a lower overall performance deviation
across all bit rates tested in the luma channel-only simulations.

Absolute comparison with baseline JPEG

Figure 6.10 shows performance curves for the base hybrid DPCM/DCT scheme using fixed
quantisation and baseline sequential-DCT JPEG. Predefined Huffman code tables were use
in the base hybrid scheme simulations, as described above. The hybrid DPCM/DCT schemes
give a significant increase in performance over baseline JPEG for full colour lenticular-
integral image data using identical luma and chrominance quantisation tables, as was the
case in coding of the luma channel only.

Use of local Huffman code tables

Simulations were carried out using the base hybrid DPCM/DCT scheme with local Huffman
code tables, generated for a particular encoding instance. The improvement in rate-distortion
performance due to use of local code tables is illustrated by the difference in objective fidelity
of the reconstructed intensity distribution for the local and global table cases, plotted in Fig-
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Figure 6.10: Performance of the base hybrid DPCM/DCT scheme using fixed quantisa-
tion on full colour source data; baseline sequential-DCT JPEG performance
is shown for reference.

ure 6.11. As was the case in the luma channel only simulations, code table transmission
overhead has not been included in output bit rate calculations in the local table case. The
resulting difference can be seen to follow the same trend as observed in the same compari
son for coding of only luma channel data, though it is smaller in both magnitude and range
across the full bit rate range. The minimum difference in distortion occurs at a bit rate ap-
proximately equivalent to the global Huffman code table target value at which the minimum
was observed in luma channel coding. When encoding three-channel intensity distribution
data, the minimum would be expected to occur at a bit rate of approxima®i\bpp. The
reason for its departure from this point is that the contributions made by the chrominance
channels to the aggregate bit rate value produced in full colour coding is far smaller than that
made by the luma channel. This is due to far more redundancy in chrominance data causec
by extremely high intra-band and inter-band correlation, in turn leading to a far greater rate
reduction than is achieved for luma channel data. At the minimum the differend@#f B

is unlikely to render use of local code tables beneficial, considering the coding overhead re-
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Figure 6.11:Improvement in performance of the base hybrid DPCM/DCT scheme using
fixed quantisation due to use of a local rather than predefined code table on full
colour source data.

qguired due to communication of the tables to the decoder.

The enhanced hybrid DPCM/DCT scheme

Figure 6.12 contains a plot of the difference in objective fidelity obtained across a range of
values of output bit rate between simulations of the enhanced and base hybrid DPCM/DCT
schemes with fixed quantisation arrays. Positive values represent an improvement in per-
formance due to use of the enhanced scheme. At bit rates between approxim@tely 0
and 18 bpp an improvement is observed, with a maximum value.@%® dB at a bit rate

of 0.98 bpp. The curve generally follows the same trend as in the case of encoding the luma
channel only of the source intensity distributions, with a dramatic performance decrease at
lower bit rates for the same reason as in the luma only case, and a performance loss with &
comparatively small gradient and value at higher bit rates.
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Figure 6.12:Difference in objective fidelity of the reconstructed intensity distribution be-
tween use of the enhanced hybrid DPCM/DCT scheme and the base hybrid
DPCM/DCT scheme using fixed quantisation on full colour source data. Pos-
itive ordinate values constitute an improvement with use of the enhanced
scheme.

The LVV quantisation array

Both variations of the hybrid DPCM/DCT coding scheme were simulated where the LVV
guantisation array was used in place of the fixed array for both the luma and chrominance
channels of full colour source data. The differential performance curves of Figure 6.13 show
the gain and loss in objective fidelity obtained for the base and hybrid DPCM/DCT scheme
with LVV quantisation relative to use of fixed quantisation arrays; positive values correspond
to a performance improvement when LVV quantisation tables are used. Use of the LVV
quantisation array can be seen to provide a performance benefit over use of a fixed quanti-
sation table only at low bit rates. When encoding to bit rates above approximidyppP

takes place using LVV quantisation, however, a significant performance loss occurs. As dis-
cussed in the case of luma channel only coding, this is the case since the structure of the
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Figure 6.13:Difference in objective fidelity of the reconstructed intensity distribution be-
tween use of LVV and fixed quantisation in the base and enhanced hybrid
DPCM/DCT schemes on full colour source data. Positive ordinate values con-
stitute an improvement with use of LVV quantisation.

linearly scaled structure of the LVV quantisation array is only appropriate to the statistical
characteristics of the integral intensity distribution when coarsely scaled. A quantisation ar-
ray structure suitable for use when coding across the full bit rate range must therefore include
dynamic variation with output bit rate. The general form of the difference in performance
between use of the two quantisation schemes is similar when examining the case for both
the base and enhanced hybrid DPCM/DCT schemes, with a greater increase in objective
fidelity across the range of bit rates tested for the enhanced scheme. Unfortunately the per-
formance gain noted for the enhanced scheme at low bit rates does not compensate for th
poor performance of the enhanced scheme in general in this range (refer to Figure 6.12), anc
therefore no net gain is seen for the enhanced scheme with LVV quantisation over any other
scheme/quantisation table combination tested. In this low bit rate range, the base schem:e
with LVV quantisation provides superior rate-distortion performance to all other schemes
and quantisation tables simulated.
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Peak signal to Noise ratio / dB

Encoder @ 2 bpp @ 1 bpp @.2 bpp
Baseline sequential-DCT JPEG — .98 1986
Base hybrid DPCM/DCT,; fixed quant.; global codes .686 3307 2730
Base hybrid DPCM/DCT,; fixed quant.; local codes e 3345 2739
Enhanced hybrid DPCM/DCT; fixed quant.; global codes  .636 3312 2712
Base hybrid DPCM/DCT; LVV quant.; global codes .38 3270 2734
Enhanced hybrid DPCM/DCT; LVV quant.; global codes 136 3286 2724

Table 6.4: Summary of performance for full colour hybrid DPCM/DCT based coding of
three lenticular-integral intensity distributions.

Table 6.4 gives a summary of the performance of the two scheme variations and two quanti-
sation methods in terms of objective fidelity at three bit rates, when used to encode three full
colour lenticular-integral intensity distributions.

6.9.3 Reconstructed intensity distributions

Reconstructed decoded intensity distributions resulting from the simulations described above
are reproduced in this subsection. The examples shown are from full colour application
of both baseline sequential-DCT JPEG using standard JPEG quantisation, enhanced hybric
DPCM/DCT using fixed quantisation and base hybrid DPCM/DCT using LVV quantisa-
tion. Global Huffman code tables generated for a luma channel target bit rat25obpp,
previously used in simulation performance plots above, were employed. For each case the
appropriate source intensity distribution, marked ‘[Original]’, is also given for comparison.

Images 6.1 and 6.2 show the reconstructed inkdgmsemanhaving been coded ta7a1 bpp

and Q76 bpp respectively using the enhanced hybrid DPCM/DCT scheme with fixed quan-
tisation. No differences can be seen between either of these images and the source imag
either in intensity distribution form or when replayed as integral 3D images. Image 6.3
showsHorsemarhaving been reconstructed after coding 18/0bpp using the base hybrid
DPCM/DCT scheme with LVV quantisation. In this case over-quantisation has led to mis-
representation of the contents of each subimage and though the intensity distribution does
replay correctly as an integral 3D image, some loss of detail is noticeable. The reconstructed
intensity distribution encoded using the baseline JPEG schem8tdofp (Image 6.4) con-
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tains similar unwanted artifacts, though here blocking artifacts and colour misrepresentation
effects have become highly objectionable. Additionally in this case the delineation between
lenticular bands important to maintain the structure of the intensity distribution and hence
for high quality three dimensional display, has not been reproduced clearly. In three dimen-
sional replay the main noticeable distortions are a general loss of detail and incorrect colour
representation. To enable the distortion in the reconstructed intensity distributions to be more
clearly seen, Figure 6.14 shows magnified sections of the source intensity distribution and
reconstructed distributions of Images 6.2, 6.3 and 6.4.

Reconstructed intensity distributions are also shown for compressitoypfaneto similar
bit rates to those used in preparation of thersemanexamples and for the same coding

schemes (Images 6.5 to 6.8). Magnified sections of the decoded intensity distributions are
again shown, in Figure 6.15.
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[Original]

Image 6.1:Horsemancompressed using the enhanced hybrid DPCM/DCT scheme with
fixed quantisation; output bit rate is71L bpp. BcrREENB]
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[Original]

Image 6.2:Horsemancompressed using the enhanced hybrid DPCM/DCT scheme with
fixed quantisation; output bit rate isf® bpp. BcrREENB]



6. An Integral 3D Image Compression Scheme using a Hybrid DPCM/DCT Encoder 99

[Original]

Image 6.3:Horsemancompressed using the base hybrid DPCM/DCT scheme with LVV
guantisation; output bit rate is37 bpp. BCcREENB]
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[Original]

Image 6.4:Horsemancompressed using the baseline sequential-DCT JPEG scheme with
JPEG standard quantisation; output bit rate. 8/(pp. BCcrREENB]
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d)

Figure 6.14: Magnified 16x< 16-subimage sections biorsemarnesulting from coding using
hybrid DPCM/DCT and JPEG schemes.
a) Source.
b) Reconstructed, enhanced hybrid with fixed quantisation/& I9pp.
c) Reconstructed, base hybrid with LVV gquantisation.&7Copp.
d) Reconstructed, baseline JPEG with JPEG quantisatio@atpp.
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Image 6.8:Toyplanecompressed using the baseline sequential-DCT JPEG scheme with
JPEG standard quantisation; output bit rate.4sl(bpp. BcrREENA]
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Figure 6.15: Magnified 16x 16-subimage sections dbyplaneresulting from coding using
hybrid DPCM/DCT and JPEG schemes.
a) Source.
b) Reconstructed, enhanced hybrid with fixed quantisation/a lopp.
¢) Reconstructed, base hybrid with LVV quantisation.dtlCbpp.
d) Reconstructed, baseline JPEG with JPEG quantisatiod Atpp.
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Summary

This chapter has described a compression scheme developed for use specifically with in-
tensity distribution data which represent integral three dimensional images recorded using
lenticular arrays. Decorrelation of the data both between subimages from neighbouring
bands and within subimages is effected using a hybrid DPCM/DCT mapping stage. A scalar
quantisation stage is used to reduce the entropy of the symbols presented to the entropy code
a Huffman-based unit similar to that used by the baseline JPEG conventional continuous tone
image compression system.

Two variations of the scheme using slightly different entropy coding stages have been im-
plemented for simulation and presented with intensity distribution data from capture of three
dimensional images using the De Montfort University integral imaging camera system. Sim-
ulations have been carried out initially with the luma channel only of four intensity distri-
butions as source data, and also in full colour mode on three intensity distributions. Two
quantisation arrays have been used: the fixed array in which a constant step size is used it
each position and the LVV array which takes account of the expected variability of each
coefficient. Both local Huffman code tables, generated by the encoder on a per-image basis
and global code tables, predefined based on a given set of intensity distributions and quanti-
sation parameters, have been used by the coding schemes. In all cases decoded image fidel
was assessed objectively using the peak signal to noise ratio metric and subjectively by ex-
amining unwanted coding artifacts and by assessing the quality of their replay as integral 3D
images.

For full colour lenticular-integral intensity distribution coding, the peak signal to noise ratio
of reconstructed data encoded by the hybrid DPCM/DCT scheme in its fundamental form,
the base hybrid DPCM/DCT scheme using predefined Huffman code tables, has been founc
to be between 5 and# dB greater than that of the same data from the baseline JPEG scheme
at the same bit rate. The improvements in rate-distortion performance between variants of
the hybrid DPCM/DCT scheme using two forms of quantisation array have been found to
be dependent upon the bit rate required. In all cases where global (predefined) Huffman
code tables were used, the rate-distortion performance of the hybrid DPCM/DCT schemes
determined across a range of output bit rate values was found to be at a maximum within
a small distance from the bit rate for which the Huffman tables were generated. Hence
it is important that for a particular application, to achieve a maximum performance level
the global Huffman code tables used are constructed for a target bit rate value appropriate
to the output bit rate required of the application. Where local Huffman code tables are
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used, generated for the specific intensity distribution at the encoder, an improvement in rate-
distortion performance is achieved for all output bit rate values tested. Additionally use of
local tables removes the variability of performance with bit rate experienced where global
code tables are used. For a particular application, these benefits must be compared witt
the additional encoder overhead due to the necessity to transmit Huffman code tables to the
decoder. It is likely that in a motion video coding environment a hybrid approach will be
most suitable, with Huffman code tables generated from groups of consecutive frames and
used in encoding a finite number of the following frames.

Three dimensional replay of the intensity distributions tested was found to be highly resilient
to distortion due to vertical blocking of reconstructed subimages and ringing. Such artifacts
occur at very low bit rates due to excessively coarse quantisation. An overall loss of detall
and colour definition was found to occur in these cases. In general the fidelity of replayed
intensity distributions reconstructed after coding using the hybrid DPCM/DCT schemes was
found to be very high. At bit rates above approximately 1 bit per pixel (a compression ratio

of 24:1) the replayed three dimensional image was found by the author to be indistinguish-
able from the original, uncompressed image.

The compression performance obtained is now compared with that required for transmission
of digital video data. It should be noted that the hybrid DPCM/DCT schemes described in
this chapter were designed for use with still image data. Therefore, since they do not take
account of the significant inter-frame correlation expected to occur in integral 3D video data,
the performance achieved is not optimal for such data. Chapter 3 derived compression ratios
required for coding of digital video data for cable system broadcast at standard and high defi-
nition television resolutions. Those values cannot be compared directly with those produced
for the hybrid DPCM/DCT schemes in this chapter since the simulations in this chapter have
used data with 4:4:¥'C,C, sampling rather than 4:2:2 sampling and hence 16 bpp source
bit rate. When 24 bpp digital video data are to be transmitted, the compression ratios required
are 69:1 and 368: 1 for the standard and high definition cases respectively.

At standard definition resolution ®: 1 compression ratio), the hybrid DPCM/DCT schemes
have reconstructed lenticular-integral intensity distributions with no noticeable distortion. As
mentioned above, distortion-free integral images have been found to result from coding at
up to approximately 24:1, and therefore neglecting error correction code overhead, three
high quality 3D television pictures could be transmitted at standard definition resolution.
Such high quality reconstruction is however not possible in the high definition case, since
the fidelity obtained at the required compression ratio aB3f is not sufficiently high.
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Chapter 7 describes the initial development of a second integral image data compressior
scheme, based on the use of a three dimensional discrete cosine transform in the mappin
stage, with improved rate-distortion performance.



7. A 3D-DCT-BASED INTEGRAL 3D IMAGE COMPRESSION
SCHEME

Introduction

An integral 3D image compression scheme employing hybrid DPCM/DCT decorrelation
has been developed in the previous chapter. Here a scheme is described which uses a thre
dimensional DCT to exploit both intra-subimage and inter-subimage correlation simultane-
ously, resulting in more efficient decorrelation of the source intensity distribution. A three
dimensional scalar quantisation stage is applied to the DCT coefficients which are then en-
tropy encoded by a Huffman-based coder.

The 3D-DCT based scheme has been implemented for simulation and applied to lenticular-
integral image data. Results of these simulations are presented and discussed, and compare
with those obtained from simulation of the previous hybrid DPCM/DCT schemes.

7.1 The 3D-DCT Mapping Stage

The three dimensional DCT has previously been used in image compression applications,
for example low bit rate coding for videoconferencing systems [55]. In the 3D-DCT based
integral image compression scheme described in this chapter, both inter-subimage and intra
subimage decorrelation of the source intensity distribution data are performed simultane-
ously by a three dimensional DCT. group of neighbouring subimages from the source
intensity distribution, between which inter-band correlation is high, is taken to form a vol-
ume of input data for the DCT. The group of lendthbeginning with subimagé, j),

Gij(I,mn) = Xinj(l,m) forl m=0,1,...,7andn=0,1,...,N—1, (7.1)

110
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whereX; j is the subimage at positidn j) in the source intensity distribution. The process is
illustrated by Figure 7.1 for the cade= 4. The 3D-DCT is applied to the resulting volume
to produce the decorrelated subimage group. By extension of Equation 6.4, the forward DCT

in three dimensions of lengths 8, 8 aNdespectively is:

N-1 7
Yi ](u V,W) = KUKVKW ZZZGI j (I,mn) G u8CmvsCnwN
n=0m=0I=
foruv=0,1,...,7,
WZO,l,...,N—l, (72)
whereK, — 1/v/2 |fS:O,-
1 otherwise

andCqpc = cos(@) .

The overall effectiveness of the 3D-DCT mapping stage is expected to be greater than that of
the hybrid DPCM/DCT method used previously. This is the case for two reasons. Firstly, the
DCT in general provides more effective decorrelation of image data than linear prediction
and secondly the DPCM/DCT decorrelator takes account of the correlation between only two

Lenticular bands

Source intensity distribution —_— Assembled subimage group

Figure 7.1: Assembly of a subimage group for 3D-DCT based lenticular-integral image cod-
ing.
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neighbouring subimages while whisihh>2 the 3D-DCT method includes several contiguous
subimages in one transform computation. The group leNgtha parameter of the system,
and due to implementation consideratidis= {2%;a € N}. The group length is chosen

to provide maximally efficient decorrelation of all subimages from the full source intensity
distribution.

7.2 Quantisation of 3D-DCT-decorrelated Subimage Groups

Decorrelated subimage groups are presented to a scalar quantisation stage operating in
similar manner to that used for hybrid DPCM/DCT scheme coefficient quantisation. Each of
the 64N coefficient positions in each group has a specific uniform quantiser, parameterised by
athree dimensional array of step siggwith dimensions &8xN. The quantised coefficient
group starting at subimage positignj),

Yi i (U, v, w)

S.,j(u,v,w) = round( ’

f =0,1,....7
Q(U,V,W)) or U,V 07 ) s by

w=0,1,... N—1,
(7.3)
|1/2 + a| if a>0,

with rounda) =
—|1/2 —a] otherwise

7.2.1 Quantisation array selection

As was the case for quantisation in the hybrid DPCM/DCT schemes, the fundarinesdal
quantisation tables defined initially since there is no precedent for use of psychovisually-
weighted or any other variable step size quantisation array. Whisréhe quantiser scale,
the fixed quantisation array,

Q(u,v,w) =q foruv=0,1,...,7,
w=0,1,...,N—1, (7.4)
with g € N*.

In this chapter the fixed quantisation table is used exclusively. Chapter 8 covers the develop-
ment of improved 3D-DCT scheme quantisation strategies.
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7.3 Entropy Coding of Quantised Coefficient Groups

The entropy coding stage of the 3D-DCT based encoder uses a Huffman-based scheme sirr
ilar to that used by the hybrid DPCM/DCT encoder. Generally this involves scanning the
guantised coefficients into a one dimensional vector or vectors with increasing spatial fre-
guency, mapping those vectors to sets of coder symbols and then constructing a table ol
tables of minimum length codes representing those symbols using the Huffman technique.
Two methods are now described which have been developed for this purpose.

7.3.1 Per-plane zigzag scanning and coding

In this strategy, each quantiséd,v)-plane is coded using a separate codebook. A 64-
coefficient zigzag scan is first performed on each quantised-plane to order the coef-
ficients from each by increasing,v) spatial frequency. The resulting coefficient se-
guences are mapped to Huffman coder symbols using the strategy described for base hybri
DPCM/DCT entropy coding, though a third special symbol, ‘ESG’ (end of subimage group)
is defined. Itis used in place of ‘ESB’ in two cases: in the final sequence of the group (se-
guencen = N—1) to signify that the remaining coefficients are zero, or wiadreemaining
coefficients in the current sequence, where the current sequendé-1, and any following
sequences for the group have the value zero. Figure 7.2 illustrates the use of the ‘ESB’ and
‘ESG’ symbols in the 3D-DCT scheme.

The frequency of each symbol in ea@hv)-plane derived sequence across every subimage
group from the source intensity distribution is then computed. The restirgquency

tables are used to generdtdHuffman codebooks. To fully specify each nonzero coefficient

in the zigzag sequences and its preceding run of zero valued coefficients, each final output
codeword is comprised of the Huffman code for the appropriate symbol followe&biitg

to represent the sign and magnitude, wHeirgethe coefficient's magnitude category.

7.3.2 All-plane, per-row scanning and coding

Since the DCT is an orthogonal transform, following quantisation the spatial significance
of each coefficient to producing a reconstructed image with minimum mean square error
depends on its variance [28]. To achieve a maximally efficient coding of the symbols rep-
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Case 1. All planes contain nonzero coefficients.
Wi 0 1 2 3

N P Nonzero & zero
Nonzero & zero (OINEAEE) & =) coeffs.
Nonzero & zero coeffs. coeffs.
coeffs.
Zero
Zero coeffs.
Zero

Zero eff
coeffs. coeffs. costts

Terminate with: ESB ESB ESB ESG

Case 2. Later planes contain only zero coefficients.
Wi 0 1 2 3

Nonzero & zero
Nonzero & zero faze
coeffs. Zero Zero
Zero coeffs. coeffs.
coeffs.
Zero

coeffs.

Terminate with: ESB ESG

Figure 7.2: Use of the ‘ESB’ and ‘ESG’ symbols in 3D-DCT scheme coefficient-to-symbol
mapping where group lengti= 4.

resenting the coefficients from a subimage group, the scanning strategy must order those
coefficients for coding approximately in order of steadily decreasing variance. This is the
case since such an ordering tends to result in an earlier sequence termination code signallin
that the remaining quantised coefficients are zero valued. To judge the efficiency of the per-
plane zigzag scanning method described in subsection 7.3.1, the variance of each coefficien
in the subimage group has been computed.

For the decorrelated coefficient positiom v, w), the variance over alll xJ)/N subimage
groups fronK intensity distributions,

K J
N o 2
Ol = T3 D D D L=ty (U v w) =Y (U, v w)]
k=1 =1 y=0 (7.5)

foruv=0,1,...,7andw=0,1,...,N—1.

HereY; j k = Yi,; taken from intensity distributiok andY (u,v,w) is the sample mean for
coefficient position(u,v,w) evaluated over all subimage groups from kliintensity dis-
tributions. Equation 7.5 was evaluated for the decorrelated coefficient groups of the luma
channels of the intensity distributioMdicroscope Tank Horsemanand Toyplane for the
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caseN = 4. Figure 7.3 shows the variance of each coefficient as a function of its index in
the zigzag scan for eadl, v)-plane in the group. The four lines on the plot represent the
best fit to the data in a least squares sense. An efficient scanning strategy results in an ar
rangement of logs of coefficient variances against log of scan index such that the best fit
lines are closely surrounded with data points with steadily decreasing values. It is observed
that in the plots of Figure 7.3, the data points are spread widely about each line, particularly
those points representing the most spatially significant low frequency coefficients. It is also
noted that the general form of the distribution of points around its best fit line is the same
for each(u,v)-plane but with lower overall variance asincreases. It is concluded that a
per-plane zigzag coefficient scanning strategy is not efficient and thus not appropriate for
coding of DCT coefficients in the 3D-DCT lenticular-integral image coding scheme.

A more appropriate scanning and entropy coding strategy is now described. Figure 7.4
presents the coefficient variance data as an intensity plot over coefficient positions in each
plane. It is observed that there is an imbalance between variances of coefficients at corre-

£ ss=
non
WN RO

T T TRTTI

10

=

Q
=]

N

Zigzag scan index

Figure 7.3: Variances of 3D-DCT coefficients along the zigzag scan for éaoh-plane in
a group of length 4.
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o B N W b~ O

Figure 7.4: Log of variance of 3D-DCT coefficients ki, v)-position in each plane; group
lengthN = 4.

sponding horizontall) and vertical () spatial frequencies. This property of the transformed
subimage group is due to the unique structure of lenticular-integral intensity distribution data,
and is in agreement with the differential image histograms presented in chapter 5. It can be
seen that an ordering of coefficient positions by steadily decreasing variance, as is required
to derive an effective scanning strategy, occurs along a given line of condtamaiughout

all planes 0. .3, rather than on a per plane basiy@sincreased. A scanning strategy which
follows this ordering is illustrated in Figure 7.5. A single scan is now performed throughout
the entire subimage group and the resulting sequence, of lenfthrédpped to a set of
symbols for a single Huffman coder using the technique described for hybrid DPCM/DCT
scheme coding. The ‘ESG’ special symbol is used where all remaining coefficients in the
scanned sequence are zero. The improvement in classification of coefficients by reducing
variance can be seen in Figure 7.6; the log variance values are clustered far closer around th
best fit line than was the case for the per plane zigzag scanning method (Figure 7.3).

The figure shows that the new coefficient ordering results in a scanned sequence with steadily
decreasing variance as desired, which is expected to provide a more efficient coding of eact
transformed subimage group. A further benefit of this scanning and coding method is that

w=0 w=1 w=2 w=3

Figure 7.5: An improved scanning strategy for 3D-DCT based lenticular-integral image cod-
ing; in this caseN = 4.
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Figure 7.6: Variances of 3D-DCT coefficients along the scan for the improved scanning
strategy in a group of length 4.

only one Huffman code table must be produced and therefore transmitted to the decoder,
rather thanN code tables as is the case for the per plane technique. This leads to lower
coding overhead when control information is included in the output bit stream. Reductions
in raw output bit rate were observed when using this improved scanning/coding strategy. The
comparison between methods is included in section 7.7 which presents results of simulations
of the 3D-DCT based scheme.

7.4 The Complete 3D-DCT Scheme Encoder and Decoder

The 3D-DCT based lenticular-integral image encoder and decoder, using the mapping, quan-
tisation and entropy coding stages described above are shown in Figures 7.7a and 7.7b re
spectively.
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Source intensity 3D 3D Map to Entropy Compressed
distribution FDCT SQ Symbols Coder data sequence
(in8x8x N groups)
a)
Compressed Entropy Map to 3D 3D Reconstructed
data sequence Decoder Coeffs. SDQ IDCT intensity distribution
b)

Figure 7.7: The 3D-DCT based still integral 3D image compression scheme. a) Encoder.
b) Decoder.

7.5 Implementation of the 3D-DCT Scheme for Simulation

In this section, implementation of the 3D-DCT scheme for performance evaluation is de-
scribed. The decoded intensity distribution, encoder output bit rate and objective fidelity are
obtained for a given source intensity distribution and quantisation array. Procedure 7.1 is a
pseudo-code listing for the top level of the simulation system. The system has again been
implemented using the C language under thaXJoperating system.

The procedure ‘Encodanainloop’ performs the mapping and quantisation functions and
produces as its result an array of quantised coefficient groups for the complete source inten-
sity distribution and the reconstructed intensity distribution as would be output by the de-
coder (Procedure 7.2). The forward and inverse 3D-DCT are implemented by application of
a 1D-DCT in the row, column and depth dimensions. The 1D-DCT was again implemented
using routines from the ‘FFTPACK’ library.

As in the hybrid DPCM/DCT simulation implementation of chapter 6, the Huffman codes
used by the entropy coder may either be built on a per-image basis within the encoder or pre-
defined codes generated independently of the encoder may be used. The implementation o
the 3D-DCT scheme simulation system also accommodates these two Huffman code sources
If local Huffman code tables are used, the following routines are invoked. If the scanning
strategy in use is the per-plane zigzag method, Procedure 7.3_@amablespp’) gen-
erates, from the quantised coefficient group arhyables of symbol frequencies, that is

one table pefu,v)-plane in the group. When the all-plane improved scanning strategy is
in use, Procedure 7.4 (‘Gesymtableap’) generates the single table of symbol frequen-
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Procedure 7.1Top level 3D-DCT scheme simulation system.

Arguments:
INIMG {source intensity distributign
QMTX {quantisation array
W {subimage group length
[HUFFH {Huffman code lengths (if using predefined code tables)
Results:
OUTIMG {reconstructed decoded intensity distributjon
OBPP {output bit ratg
QUAL {objective fidelity of reconstructed intensity distributjon

(QUANT_COEFFS, OUTIMG)= Encodermainloop(INIMG, QMTX, W)
if using per-plane zigzag scanning stratéugsn
if not using predefined code tabkben
FREQ<«= Gensym tablespp(QUANT_COEFFSW)
{Generate tables of coder symbol frequencies for all W planes in §roup
HUFF < Gencodelengthspp(FREQW)
{Compute lengths of Huffman codes for each symbol for all W pjanes
end if
OBITS < Calcbit_countspp(QUANT_COEFFS, HUFRN)
{Calculate total bit count for all coded groups
else {using all-plane improved scanning stratégy
if not using predefined code taltleen
FREQ<«= Gensym table ap(QUANT COEFFSW)
{Generate table of coder symbol frequen¢ies
HUFF < Gencodelengthsap(FREQ)
{Compute lengths of Huffman codes for each syinbol
end if
OBITS < Calcbit_countap(QUANT_COEFFS, HUFRN)
{Calculate total bit count for all coded groups
end if
OBPP<«= OBITS / Numberof_pixels(INIMG) {Compute output bit rate (bits per pixél)
QUAL < ComputePSNR(OUTIMG, IMG) {Compute objective fidelity for decoded data

cies required. The lengths of Huffman codes representing the symbols generated are ther
computed using the symbol frequency table(s) generated by the previous stage. The pro-
cedures ‘Gercodelengthspp’ (for per-plane scanning) or ‘Gerodelengthsap’ (for all-

plane scanning) carry out this process using the routine previously described for the hybrid
DPCM/DCT coding scheme.

Irrespective of the source of Huffman code tables, the total bit count for the coded intensity
distribution is next calculated. If the per-plane scanning method is in operation, the code
lengths for all generated symbols representing the coded intensity distribution are calculated
for all N planes in the group and summed. Procedure 7.5 (!Ba#lcountspp’) performs
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Procedure 7.2Main loop for 3D-DCT scheme simulation.

Arguments:
INIMG {source intensity distributign
QMTX {quantisation array
W {subimage group length
Results:
QUANT_COEFFS {quantised transform coefficients
OUTIMG {reconstructed decoded intensity distributjon

| <= number of subimage columns in INIMG
J <= number of subimage rows in INIMG
for j=1toJdo
fori=1tol stepW do
DCT <« Forward3D_DCT(INIMG; j)

{Inter- and intra-subimage decorrelation of group starting at subimg@gg }
QUANT_COEFFS$; < Nearestinteger(DCT/ QMTX) {Quantisatior}
DQUANT <« QUANT_COEFF$; x QMTX {Dequantisatioh
OUTIMG; j < Inverse3D_DCT(DQUANT)

{Reconstruction of group starting at subimaggj) }
end for
end for

Procedure 7.33D-DCT scheme symbol frequency table generation (per-plane scanning).

Arguments:
QUANT_COEFFS {quantised transform coefficients
w {subimage group length
Results:
FREQ {tables of coder symbol frequencjes

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
FREQ<= clear to all zero
for j=1toJdo
for i =1tol stepW do
for w=0toW—-1do
ZZ, + Zigzagscan(QUANTCOEFF$;(w))
{Scan plane w from group starting ét j)}
SYMy, <= Map_to_codersymbols(Z4,)
for all symbolsSin SYM,, do
FREQWS < FREQW(S + 1
end for
end for
end for
end for
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Procedure 7.43D-DCT scheme symbol frequency table generation (all-plane scanning).
Arguments:

QUANT_COEFFS {quantised transform coefficients

w {subimage group length
Results:

FREQ {table of coder symbol frequencies

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
FREQ<= clear to all zero
for j=1toJdo
fori=1tol stepW do
SCAN <« All _planescan(QUANTCOEFFS$))
{Scan group starting afi, j) using all-plane strategy
SYM <= Map.to_codersymbols(SCAN)
for all symbolsSin SYM do
FREQE) < FREQE) + 1
end for
end for
end for

Procedure 7.5Calculate bit count for coded intensity distribution (per-plane scanning).
Arguments:

QUANT_COEFFS {quantised transform coefficients

HUFF {Huffman code size per symbol gex v)-plane}

w {subimage group length
Results:

BITS {coded bit count for output of main Huffman cogler

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
BITS«<0
for j=1toJdo
fori=1tol stepW do
for w=0toW-1do
ZZ, <= Zigzagscan(QUANTCOEFFS;(w))
SYMy, <= Map_to_codersymbols(Z4,)
for all symbolsSin SYM,, do
BITS <= BITS + (HUFF\(S + Magnitudecategory(COEFEGENERATING.S))
end for
end for
end for
end for
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this operation. Where the all-plane improved scanning strategy is being used, this function is
performed for the single sequence of symbols representing the entire group, by Procedure 7.¢
(‘Calc_bit_countap’).

Finally the output bit rate for the coded intensity distribution and peak signal to noise ratio
are calculated.

7.6 Global Huffman code generation

The definition of Huffman code tables for general application to future source intensity dis-
tributions follows the same procedure for the 3D-DCT scheme as for the hybrid DPCM/DCT
schemes, described in chapter 6. When the per-plane zigzag scanning strategy is in use,
separate code table must be supplied for éach)-plane in the transformed, quantised and
scanned subimage group. Hem¢global tables must be generated. When the all-plane im-
proved scanning strategy is in operation, only one table is generated since the entire subimag:
group is scanned into a single sequence.

In generating a table, initially the scanned coefficient statistics are collected. The frequency

Procedure 7.6Calculate bit count for coded intensity distribution (all-plane scanning).
Arguments:

QUANT_COEFFS {quantised transform coefficients

HUFF {Huffman code size per symbol

w {subimage group length
Results:

BITS {coded bit count for output of main Huffman cogler

| < number of subimage columns in QUANJOEFFS
J <= number of subimage rows in QUANTOEFFS
BITS«<0
for j=1toJdo
fori=1tol stepW do
SCAN <« All _planescan(QUANTCOEFFS))
SYM <= Map.to_codersymbols(SCAN)
for all symbolsSin SYM do
BITS < (HUFF(S) + Magnitudecategory(COEFFGENERATING.S))
end for
end for
end for
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of each symbol is computed for several source intensity distributions using the routine ap-
propriate for the scanning strategy in use (‘Gam.tablespp’ or ‘Gensymtableap’). The
corresponding frequencies produced from the source intensity distributions are then summed
unity added to each to ensure that codes are generated even for highly unlikely symbols, anc
the result input to the routine ‘Gertodelengths’ to produce the table of Huffman code word
lengths. Luma tables were generated using the luma channels of the four intensity distribu-
tionsHorsemanMicroscope TankandToyplane Chrominance tables were produced using

the chrominance-red and chrominance-blue channdtocdemanTankandToyplane The

target bit rate was again initially set toBbits per pixel, as it was in the hybrid DPCM/DCT
case.

7.7 Simulation Results

This section presents the results of simulations performed of the 3D-DCT based integral
image coding scheme. The enhanced hybrid DPCM/DCT scheme with fixed quantisation is
used as a baseline reference. As in previous simulations of hybrid DPCM/DCT schemes, the
bit rate values generated represent only the raw coded intensity distribution data; no control
data is included, as would be required by a practical application of the coding scheme.

The rate-distortion plots given reflect the performance of the scheme variants simulated when
applied to the intensity distributions presented in appendix A. Mean curves are presented in
each case, where again the performance data relating to each coded intensity distributior
were remapped to a common independent variable using linear interpolation vt

step of 001 bpp.

7.7.1 Coding of luma channel only

Initially simulations were carried out of the 3D-DCT schemes applied to the I¥falian-
nel only of each source intensity distribution; the source bit rate is therefore 8 bits per pixel.
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Comparison with the hybrid DPCM/DCT schemes

Figure 7.8 shows the difference in objective fidelity obtained between application of the 3D-
DCT scheme using fixed quantisation and the best mode/quantisation array combination of
the hybrid DPCM/DCT scheme across a range of output bit rates. Three curves are given
for different values of transform group lendgth The best hybrid DPCM/DCT scheme per-
formance data were obtained as the maximum value of objective fidelity at each output bit
rate in the simulation range selected from results of applying the base and enhanced hybric
schemes with fixed quantisation and the base scheme with LVV quantisation. The per-plane
zigzag scanning method was employed in the 3D-DCT scheme simulations. Global Huffman
code tables were used in all cases with a target bit ratesab@p. A marked improvement

in performance of the 3D-DCT scheme is observel &sincreased. This occurs due to in-

—— 3D-DCT; N =4; Fixed Q.
------ 3D-DCT; N = 8; Fixed Q.
——— 3D-DCT; N = 16; Fixed Q.
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Figure 7.8: Difference in objective fidelity of the reconstructed intensity distribution be-
tween use of the 3D-DCT based scheme with fixed quantisation and the
per-plane zigzag scanning strategy for several group lengths and the hybrid
DPCM/DCT scheme on the luma channel only of the source data. Positive ordi-
nate values constitute an improvement with use of the 3D-DCT scheme.
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creasing overall effectiveness of decorrelation of all subimage groups in the source intensity
distributions as more subimages are included in a single transform computation. Addition-
ally the performance of the 3D-DCT scheme relative to the hybrid DPCM/DCT scheme can

be seen to improve significantly as output bit rate is lowered, thus the chief effect of multiple

inter-subimage decorrelation using the 3D-DCT is more even rate-distortion performance
across moderate to low bit rates.

The 3D-DCT scheme can be seen to provide a performance improvement over the hybrid
DPCM/DCT scheme foN > 8. ForN =4, a performance decrease is observed over most
of the tested output bit rate range. This may be explained as follows. Below a certain value
of N, inthis case 4, the advantage due to the more effective DCT based inter-subimage decor-
relation process in the 3D-DCT scheme is outweighed by the negative effect of subimage
discretisation inherent in the method due to the processing of individual subimage groups.
Despite its inter-subimage decorrelation method being less effective on a local level, the
hybrid DPCM/DCT scheme has a global performance advantage in this case since its decor-
relation method treats data continuously along a line of subimages. Due to considerations of
implementing the real-time transform, it has been determined\tisabuld be set no higher

than 16. Simulations could not be performed for group lengths of 32 or greater, since the
number of subimage columns in the test intensity distributibnaré such that

/N # mod(l/N) for N > 32

Additionally it is predicted from the marginal performance improvement seen betMedh

andN = 16 compared with that seen betwddr= 4 andN = 8, very little gain is likely

for N>32. In the remaining 3D-DCT scheme simulations described in this ch&pieiset

to 8. If an extra low bit rate performance benefit is required by a specific application of the
3D-DCT based coding scheme, subject to transform implementation being feasible, group
length can be set to 16.

Use of local Huffman code tables

Simulations were performed using the 3D-DCT scheme with local Huffman code tables.
Figure 7.9 shows the improvement in objective fidelity due to use of local rather than global
code tables, where group lendth= 8. The global code tables used were generated for a
target bit rate of ® bpp. In calculating output bit rate in the local table cases, the constant
overhead due to transmission of the code table has not been included. The performance
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Figure 7.9: Improvement in performance of the 3D-DCT based scheme with fixed quantisa-
tion and the per-plane zigzag scanning strategy due to use of a local rather than
predefined code table for a group length of 8 on the luma channel only of the
source data.

improvement due to use of local code tables is of the same form as observed in the case o
the hybrid DPCM/DCT scheme. Close to the code table target bit rate the difference is at a
minimum; this is the point at which the encoder using global tables operates most efficiently.
As output bit rate is increased above this value the local table improvement increases with
a shallow gradient, but at bit rates below the target value a far sharper performance increase
OCcCurs.

The all-plane per-row improved scanning strategy

The per-plane zigzag scanning and coding strategy is now replaced with the all-plane strategy
described in subsection 7.3.2. Figure 7.10 presents a differential rate-distortion performance
curve for the 3D-DCT scheme when this improved scanning and coding strategy is used
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Figure 7.10: Improvement in objective fidelity due to use of the all-plane improved scanning
strategy rather than the per-plane zigzag strategy in the 3D-DCT scheme with
fixed quantisation for a group length of 8 on the luma channel only of the source
data.

rather than the per-plane zigzag method. The transform group |l&hgtB and the global

code tables used were produced for a target bit rate valuesdidp. An improvement in
performance is observed across the range of output bit rates tested. This is due to a decreas
in bit rate for coding with a particular reconstructed intensity distribution fidelity, caused
by the improved scanning strategy giving rise to a smaller number of Huffman coder input
symbols in each coefficient group. The distortion value for a particular coding/decoding
instance is unchanged since the quantisation parameters in each case are identical. Th
gain in reconstructed intensity distribution fidelity peaks at low bit rates but is betw2én 0

and 04 dB at most output bit rate values (abov®bpp).

A performance summary for the 3D-DCT scheme using fixed quantisation, operating on
the luma channels of four lenticular-integral intensity distributions is given by Table 7.1.
The table compares the performance of the 3D-DCT scheme with two baseline references
simulated previously at three values of output bit rate.
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Peak signal to Noise ratio / dB

Encoder @1lbpp @GBbpp @ 025 bpp
Baseline sequential-DCT JPEG — .20 2212
Best hybrid DPCM/DCT,; fixed quant.; global codes .9 3646 3177
3D-DCT; N = 8; fixed quant.; per-plane scan; global codes .141 3709 3271
3D-DCT; N = 8; fixed quant.; per-plane scan; local codes  .381 3718 3311
3D-DCT; N = 8; fixed quant.; all-plane scan; global codes .581 3739 3312

Table 7.1: Summary of performance for luma channel-only 3D-DCT based encoding of four
lenticular-integral intensity distributions.

7.7.2 Full colour coding

In this subsection results are presented from simulations of the 3D-DCT scheme when ap-
plied to full colour source data. As in full colour simulations of the hybrid DPCM/DCT
schemes, th®G'B’ source data with a bit rate of 24 bpp are converted to/t@gC, colour

model using 4:4:4 sampling. Coding is performed using three independent 3D-DCT en-
coders operating on th€, C, andC; channels of the source separately and the reconstructed
intensity distribution remapped #& G'B’-space for evaluation. Two separate quantisation
arrays are used, applied to luma and chrominance-red/chrominance-blue data respectively
In this case th&’ andC,C, quantisation arrays are identical.

Comparison with the hybrid DPCM/DCT schemes

Figure 7.11 shows the improvement in objective fidelity achieved by the 3D-DCT scheme
with N= 8 over the best case of the hybrid DPCM/DCT scheme for a given bit rate, for full
colour coding. Fixed quantisation arrays, the per-plane zigzag scanning strategy and global
code tables produced for a luma channel target bit rate®bpp were employed in the
simulations. A significant improvement is seen throughout the full bit rate range, with the
benefit in objective fidelity increasing as output bit rate is decreased.
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Figure 7.11:Improvement in objective fidelity due to use of the 3D-DCT based scheme
with N = 8 and fixed quantisation, and the per-plane zigzag scanning strategy
rather than the hybrid DPCM/DCT scheme on full colour source data.

Use of local Huffman code tables

Simulations of the 3D-DCT scheme were performed where fixed quantisation tables were
used on full colour source data with the per-plane zigzag scanning method where both local
and global Huffman code tables were employed. The improvement in rate-distortion perfor-
mance resulting from use of local code tables may be seen as the difference in reconstructec
objective fidelity for both cases, plotted in Figure 7.12. As in the luma only case, the constant
overhead due to transmission of the code table in the local case has not been included in out
put bit rate calculations. As was found in similar tests of the hybrid DPCM/DCT scheme in
chapter 6, the local-global difference has the same general form as in the luma channel only
case but is smaller in magnitude and range across the bit rate range for which the schemg
was tested. Again the minimum difference does not occur at the luma channel code table
target bit rate due to greater correlation redundancy in the chrominance channel data thar
in the luma channel data. The difference varies fro¥@o Q58 dB, with a sharp perfor-



7. A 3D-DCT-based Integral 3D Image Compression Scheme 130

0.75 e e

05 -

0.25 - -

Peak signal to Noiseratio difference/ dB

0.0-||||||||||||||||||||||||||||||||||||||||||||
0.0 05 1.0 15 20 25 30 35 4.0 45

Output bit rate / bits per pixel

Figure 7.12:Improvement in performance of the 3D-DCT based scheme with fixed quanti-
sation and the per-plane zigzag scanning strategy due to use of a local rather
than predefined code table for a group length of 8 on full colour source data.

mance loss occurring at bit rates below approximatelp @pp and a performance decrease
with a smaller gradient associated with bit rates above this value. With the 3D-DCT scheme,
the raw objective fidelity improvement due to use of local code tables may lead to a net
performance benefit, considering the table transmission overhead, for certain applications.

The all-plane per-row improved scanning strategy

Figure 7.13 presents a differential rate-distortion plot illustrating the performance improve-
ment achieved when the all-plane improved scanning strategy is used in place of the per-
plane zigzag strategy for full colour source data. Transform group Iegii8; fixed quan-
tisation arrays and global Huffman code tables constructed for a luma channel target bit rate
of 0.5 bpp were employed. Use of the improved scanning strategy gives an improvement
in rate-distortion performance throughout the range of output bit rate values for which the
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Figure 7.13:Improvement in objective fidelity due to use of the all-plane improved scanning
strategy rather than the per-plane zigzag strategy in the 3D-DCT scheme with
fixed quantisation for a group length of 8 on full colour source data.

scheme was simulated. The gain in fidelity of betweghahd 042 dB increases as bit rate

is reduced from the maximum value tested(8pp) to approximately 1 bpp. A local mini-
mum in gain occurs in the region of the global code table target bit rate value, below which
gain sharply increases to its maximum value.

Table 7.2 gives a summary of the performance of the 3D-DCT scheme when used to en-
code three lenticular-integral intensity distributions at three output bit rates. Corresponding
summaries for two previously-simulated baseline references are also provided.

7.7.3 Reconstructed intensity distributions

Reconstructed intensity distributions taken at the output of the decoder are now reproduced
for the simulations described above. The examples result from full colour coding of the
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Peak signal to Noise ratio / dB

Encoder @2bpp @1lbpp @.@bpp
Baseline sequential-DCT JPEG — .98 1986
Best hybrid DPCM/DCT,; fixed quant.; global codes .G 3312 2734
3D-DCT; N = 8; fixed quant.; per-plane scan; global codes  .487 3419 2902
3D-DCT; N = 8; fixed quant.; per-plane scan; local codes 787 3435 2937
3D-DCT; N = 8; fixed quant.; all-plane scan; global codes 837 3457 2938

Table 7.2: Summary of performance for full colour 3D-DCT based encoding of three
lenticular-integral intensity distributions.

Horsemanand Toyplanetest intensity distributions using the 3D-DCT based scheme with
fixed quantisation tables, a group length of 8, the all-plane improved scanning strategy and
global code tables generated for a target bit rate.6fdpp. In each display the source
intensity distribution is given for comparison.

Images 7.1, 7.2 and 7.3 show the decoded reconstructed iH@mgemarafter encoding to

bit rates of 165 bpp, 075 bpp and B5 bpp respectively. No differences are visible between
the full size reconstructed image coded t65Lbpp and the source image, either in intensity
distribution form or when replayed as integral 3D images. For the images codetbtbiip

and 035 bpp, progressive minor distortion may be seen in the full size intensity distribution
in that the transform blocks are just visible around object/background boundaries such as
at the top of the horse’s head. When these are replayed as integral 3D images, however ir
the author’s opinion there are no visible differences between them and the replayed source
images. Figure 7.14 shows magnified sections of the source intensity distribution and the re-
constructed intensity distributions of Images 7.2, 7.3 andl8d@gemancoded to (037 bpp

using the base hybrid DPCM/DCT scheme with LVV quantisation). A very small amount of
‘blocking’ distortion has occurred using the 3D-DCT scheme.@5®pp, which is signifi-

cantly more noticeable at86 bpp. However, if a comparison is made between Figures 7.14c
and 7.14d, significantly more objectionable blocking artifacts are noticeable, in addition to
ringing effects, for the hybrid DPCM/DCT case than the 3D-DCT case, despite the slight
advantage here of the hybrid DPCM/DCT scheme due to its higher bit rate.

Images 7.4, 7.5 and 7.6 present reconstructed intensity distributions Whgrianehas been
used as source data. These examples have been coded to similar bit rates to those used
prepare thédorsemarprints. Here significantly more blocking distortion is visible for each
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case than at the near-corresponding bit rates folHiesemanimage, though they again
replay correctly as integral 3D images. The lower rate-distortion performance of the 3D-
DCT scheme applied to this image is a result of the significantly higher contrast between
many of the objects in this image than for tHersemanMicroscopeor Tankimages. Due

to this theToyplanentensity distribution should be viewed as a slightly unrealistic example
and the performance of the coding schemes with which it has been tested as a worst case
In Figure 7.15, magnified sections of the source intensity distribution and the reconstructed
intensity distributions of Images 7.5, 7.6 and 6I@yplanecoded to 341 bpp using the base
hybrid DPCM/DCT scheme with LVV quantisation) are presented. The blocking distortion
identified can be seen clearly. It was not possible to endogplaneat approximately the
same bit rates for the lowest bit rate 3D-DCT coded example (Figure 7.15c) and the hybrid
DPCM/DCT coded example (Figure 7.15d). Despite its small bit rate advantage however,
the blocking and ringing distortion observed on the reconstructed hybrid DPCM/DCT coded
section is more extensive than for the lowest bit rate 3D-DCT coded section.
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[Original]

Image 7.1:Horsemancompressed using the 3D-DCT scheme with fixed quantisation; out-
put bit rate is 165 bpp using the all-plane scanning strategy. ScHEENB]
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[Original]

Image 7.2:Horsemancompressed using the 3D-DCT scheme with fixed quantisation; out-
put bit rate is 075 bpp using the all-plane scanning strategy. ScHEENB]
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[Original]

Image 7.3:Horsemancompressed using the 3D-DCT scheme with fixed quantisation; out-
put bit rate is 35 bpp using the all-plane scanning strategy. ScHEENB]
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Figure 7.14: Magnified 16x< 16-subimage sections biorsemarnesulting from coding using
the 3D-DCT and base hybrid DPCM/DCT schemes.
a) Source.
b) Reconstructed, 3D-DCT with fixed quantisation at®bpp (all-plane scan-
ning).
c) Reconstructed, 3D-DCT with fixed quantisation &®bpp (all-plane scan-
ning).
d) Reconstructed, base hybrid DPCM/DCT with LVV quantisation 37 ®@pp.
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Figure 7.15: Magnified 16x 16-subimage sections dbyplaneresulting from coding using
the 3D-DCT and base hybrid DPCM/DCT schemes.
a) Source.
b) Reconstructed, 3D-DCT with fixed quantisation at®bpp (all-plane scan-
ning).
¢) Reconstructed, 3D-DCT with fixed quantisation &%bpp (all-plane scan-
ning).
d) Reconstructed, base hybrid DPCM/DCT with LVV quantisation4t ®pp.
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Summary

In this chapter, the basis of a second lenticular-integral 3D image compression scheme ha:
been described. The core of the scheme is a three dimensional DCT, which decorrelates
a group of contiguous subimages from the source intensity distribution data in both inter-
subimage and intra-subimage dimensions simultaneously. A quantisation stage processe
each coefficient in the transformed group using an individual scalar quantiser with a given
step size, and the resulting quantised group is scanned, mapped to coder symbols and Huff
man entropy coded to produce the final raw output bit stream.

As in the hybrid DPCM/DCT schemes, prior to entropy coding each quantised coefficient
array is ‘scanned’ to produce a linear sequence. In the 3D-DCT based scheme, initially
this quantised coefficient ordering process was based on a ‘zigzag’ scanning of each inter-
subimage spatially variant plane in the group, followed by mapping to coder symbols and
coding of each sequence using an independent Huffman coder. A modified scanning and
coding process was developed, in which a single scan is performed throughout the entire
group. The scan is carried out in such a way as to produce a sequence with decreasing
coefficient variance along the scan. The resulting single linear sequence is then mapped tc
symbols and entropy coded using a single Huffman stage. Use of this improved method
was found to decrease bit rate for a given level of distortion in the reconstructed image,
and also reduces transmission overhead in that only a single Huffman code table must be
communicated to the decoder.

The 3D-DCT based scheme has been implemented for simulation using both of the above
scanning/coding methods. Intensity distribution data from the four test integral 3D images

reproduced in appendix A have been used as source data, though for the secondary simu
lations where the source data have been coded in full colour, three of the four test images
have been used. The step sizes for each coefficient position in the quantisation process wer
identical for the simulations described in this chapter, that is fixed quantisation was used

throughout. The 3D-DCT based scheme has been tested using both local (per-image) anc
global (predefined) Huffman code tables. The fidelity of reconstructed decoded images has
been assessed objectively using the peak signal to noise ratio metric and subjectively both by
examining unwanted coding artifacts and by assessing the quality of their replay as integral
3D images.

When global Huffman code tables were used, when coded using the 3D-DCT scheme with
the per-plane zigzag scanning strategy and a transform group length of 8 planes, the meanim
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provement in peak signal to noise ratio of reconstructed full colour test lenticular-integral in-
tensity distributions was found to be betwee83®and 168 dB compared with the best result

at each bit rate for the hybrid DPCM/DCT scheme. The greater gains were achieved at low
bit rates. When the improved all-plane scanning strategy was used in the 3D-DCT scheme,
the corresponding improvements compared with the best case for the hybrid DPCM/DCT
scheme were betweenlB and 214 dB with further low bit rate gain. A rate-distortion

gain was noted due to use of the improved scanning strategy at all values of output bit rate
tested. It is therefore concluded that it leads to better rate-distortion performance than use
of the per-plane zigzag method in lenticular-integral image coding and should be chosen as
the scanning strategy in future use of the 3D-DCT scheme. As was observed for the hybrid
DPCM/DCT schemes, the rate-distortion performance of the scheme using global code ta-
bles has a maximum value within a small distance of the bit rate for which the code tables
were produced. It is hence important that code tables are generated for a particular applica:
tion which requires operation in a given output bit rate range. When local rather than global
Huffman code tables are used, an improvement in rate-distortion performance is achieved
for all bit rate values tested and the variability of performance with bit rate seen when global
tables are used does not occur. However as with all cases of local code table use, the benef
in performance obtained must be compared with the loss expected as a result of the overhea
caused by transmission of the tables to the decoder. The hybrid approach outlined in the
summary for chapter 6 is likely to be most suitable in a motion video coding application.

A subjective assessment of replayed decoded integral 3D images coded to various bit rate:
confirms the observation made for use of the hybrid DPCM/DCT schemes, in that three
dimensional replay is highly tolerant of blocking distortion introduced as a result of exces-
sively coarse quantisation. The effects noted in replay were again an overall loss of detall
and inaccurate colour reproduction, though in the author’s opinion these effects occurred at
lower bit rates than where the hybrid DPCM/DCT schemes were used. For coding to bit
rates above approximately8bpp (compression ratios below 30: 1), the reconstructed data
replayed as an integral 3D image was found to be indistinguishable from the source image.
The blocking and ringing artifacts noted in the raw reconstructed intensity distribution were
found to be significantly less objectionable than where the hybrid DPCM/DCT scheme was
used to code at the same output bit rate.

As previously, the target compression ratios for transmission.8relénd 363: 1 for stan-

dard and high definition resolution respectively, for a source bit rate of 24 bpp. For the stan-
dard definition case, the 3D-DCT scheme reconstructs lenticular-integral image data with-
out noticeable distortion. Due to the improved rate-distortion performance of the 3D-DCT
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scheme, up to three 3D television pictures could be transmitted at standard definition res-
olution with even higher quality reconstruction than achieved by the hybrid DPCM/DCT
scheme, or up to four pictures could be transmitted with similar quality to that achieved pre-
viously. For high definition resolution in the same capacity channel, a bit rat&52 ®pp

is required. The 3D-DCT scheme, with global code tables optimised for this bit rate value,
is capable of compressing the source to this bit rate, therefore one high definition resolution
picture could be transmitted. Use of the scheme in a motion video environment is projected
to give rise to reconstructed 3D frames indistinguishable from the original source frames, and
the possibility of transmission of a greater number of video streams per channel. The further
bit rate reduction would be possible since the encoder would take account of the temporal
domain (inter-frame) pixel correlation, which is expected to be high.

The parameters of the 3D-DCT scheme which have a fundamental effect on rate-distortion
performance are the quantiser step sizes used, as itis at this stage that distortion is introducec
In this chapter the fixed quantisation table has been used exclusively to provide baseline
information on the performance of the scheme. Chapter 8 presents investigations into the
design of these quantisation parameters to provide optimal and near-optimal rate-distortion
performance while allowing a more accurate selection of output bit rate and distortion than
allowed by a simple linear scaling of a given quantisation array.



8. EFFICIENT QUANTISATION IN THE 3D-DCT-BASED
COMPRESSION SCHEME

Introduction

Lossy coding of a source inevitably involves a compromise between the level of distortion
tolerable in the decoded information and the bit rate reduction potential available. The bit
rate reduction achieved by a given binary compaction code is directly related to the coarse-
ness of quantisation via the reduction in entropy provided by the quantisation process, while
simultaneously distortion worsens due to increasing misrepresentation of the source by the
quantiser outputs. The design goal is the minimisation of the rate-distortion criterion; appro-
priate selection of quantisation parameters is the prime consideration.

The 3D-DCT based integral 3D image coding scheme described in chapter 7 has initially
used fixed quantisation arrays due to there being no psychovisual precedent for use of array:
with different step sizes per coefficient. This chapter describes work carried out to charac-
terise a likely general form for integral 3D-DCT quantisation arrays to further improve the
rate-distortion performance of the scheme, by statistical analysis of 3D-DCT coefficients and
image-orientated optimisation using the technique of simulated annealing. The optimisation
technique described also allows more precise selection of output bit rate than allowed by
simple linear scaling of the quantisation array.

8.1 Statistical Analysis of 3D-DCT Coefficients

In quantisation table design for the hybrid DPCM/DCT schemes, the variability of decor-
related subimage coefficients was studied to determine the significance of each coefficient
position. This was carried out by computing the standard deviation from the mean of each

145
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decorrelated coefficient across several sample intensity distributions. A similar experiment is
now described for the case of 3D-DCT decorrelation. The standard deviation for the decor-
related coefficient positiou,v,w) is oyyw, evaluated as the square root of the variance
determined by equation 7.5.

The standard deviation per coefficient position was computed for the decorrelated coeffi-
cient groups of the luma channels of the intensity distributMitsoscope Tank Horseman
andToyplaneand the chrominance-blue/chrominance-red channéelamf Horsemarand
Toyplanewith group lengthN = 4. Figure 8.1 gives the resulting plots of,y against
coefficient position in each plane, for all planes=0...3.

The variability of coefficients in the horizontal spatial frequency dimension is higher than
that of corresponding coefficients in the vertical dimension for éaoh-plane in the trans-
formed coefficient group. This result is to be expected, considering the observations from
the similar study for hybrid DPCM/DCT decorrelated subimage data in chapter 6. Follow-
ing that experiment it was concluded that within each subimage vertically-running features
are less significant than horizontally-running features. Again the form of the plots for luma
and combined chrominance channels are very similar with the standard deviation values for
chrominance being betweerbland 5 times lower than for the luma case.

Two observations are made regarding the third transform dimensijonHirstly, the vari-
ability and hence spatial significance of the DC coefficient in each plane diminishes relative
to the surrounding AC coefficients asis increased from O to 3. Also the variabilities of all

low vertical index coefficients= 1...3) both reduce and become more even relative to each
other asw is increased.

8.2 Use of Optimisation Techniques in Quantisation Array Design

The short analysis described above gives qualitative information on the likely general form
of a suitable quantisation array, but the results can not be used directly to determine practical
quantiser step size parameters. For this purpose the derivation of quantisation parameter:
which lead to optimal rate-distortion performance has been carried out using a numerical
optimisation technique. The resulting optimal quantisation parameters have been used tc
derive a general form of quantisation array suitable for use with the 3D-DCT coding scheme
applied to lenticular-integral intensity distributions, which leads to improved rate-distortion
performance over use of linearly scaled fixed quantisation arrays. In all cases the all-plane,
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b)

a)

Figure 8.1: Standard deviation from the mean of 3D-DCT decorrelated subimage group co-

efficients for a group length of 4. a) Luma channel. b) Combined chrominance

channels.
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per-row coefficient scanning method has been used in the 3D-DCT scheme. The luma chan:-
nel Huffman code table used was that derived for a target bit rat&6fldpp, since this had

been found to give rise to better low bit rate performance than where the targetSngg0

when compared with the optimum (local) code table case. The optimisation problem is for-
mulated in broad terms as depicted by Figure 8.2.

Generally, an iteration proceeds as follows. The optimisation subsystem generates a set o
quantiser parameters (the quantisation array) which is fed to the 3D-DCT coder, operating
on a specified source intensity distribution. The bit rate resulting from coding and the objec-
tive fidelity of the decoded intensity distribution are returned to the optimisation subsystem,
which then makes a decision by some defined criterion on whether the bit rate-distortion pair
constitute a ‘better’ solution and hence quantisation array than the previous ‘best’ solution.
The meanings of ‘better’ and ‘best’ in this context must be defined. This process continues
until a certain predefined number of iterations have taken place. The number of iterations
before termination is determined by trial runs of the system as that required to produce bit
rate and fidelity values which satisfy some condition.

Research has previously been carried out on producing rate-distortion optimal quantisa-
tion tables for use with the baseline sequential-DCT JPEG conventional still image coding
scheme [56]. The method simulated annealingras used as the optimisation subsystem in
this work. This technique is suitable for optimisation of the parameters of complex nonlinear
systems in which the output values used to judge the quality of a solution typically possess
many local extrema. Simulated annealing is described in further detail below. The system

Bit rate, Fidelity | Optimisation Generated
~ | subsystem | quantisation array

(Defined no. of iterations)

3D-DCT
coder

Source intensity
distribution

Figure 8.2: Derivation of rate-distortion optimal quantisation arrays.
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was initially used to seek a rate-distortion optimal quantisation array directly, with the op-
timisation subsystem modifying and providing each of the 64 quantiser step sizes required
individually to the JPEG coder model. Empirical models were then fitted which were capa-
ble of generating the optimal state found by direct optimisation. These reduced parameter
models were then employed in further optimisation runs, leading to a decrease in compu-
tational effort required to obtain the optimal state. In order for the optimisation subsystem
to determine the quality of a solution, a composite function was defined whose global min-
imum was to be sought. For the evaluation of a particular generated quantisation table, the
goal was minimisation of the objective function:

F = E + AC-Gp)?, (8.1)

whereE is the mean square error in the reconstructed decoded ii@agé¢he compression
ratio obtained, andy is a predefined desired compression ratio. When this function is
minimised, the overall effect is the minimisation of distortion while keeping the compression
ratio obtained close to the desired compression ratio. The multhpliers set by experiment

to produce an optimal state wi@as close as possible @. A value forA of around 1 was
reported to give the best results [56].

8.2.1 Simulated annealing

Many optimisation problems of practical interest involve finding values for the parameters
of complex systems which can not be adequately represented by straightforward linear or
quasi-linear models. Typically when such problems must be solved it is found that the ob-
jective function possesses complex terrain with many local extrema which may be at entirely
different scales than the desired global extremum. In such cases thelasal &fearchop-
timisation algorithms such as the simplex method [53, 57] is highly unlikely to produce the
global extremum, but rather a local extremum which is in the neighbourhood of the starting
point. This problem is illustrated by Figure 8.3 which represents a hypothetical univariate
cost function with two local minima and one global minimum. If a local search technique
were used, and its randomly chosen initial solution was at point ‘A, it would descend toward
the local minimum directly to its left, the true global minimum remaining undiscovered. It
has been found that the problem of deriving optimal quantisation arrays for image coding
schemes is of this class of ‘hard’ problems, and although some success has been obtaine
using local search methods for their solution [58], the use of global search methods which
avoid termination at local minima has produced superior results.
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Figure 8.3: Global and local minima in a hypothetical cost function.

Simulated annealin¢SA) is a global search method which makes use of stochastic variation
to avoid terminating in local extrema [59], and has proved extremely useful in locating the
global extrema of objective, mostfunctions derived from complex nonlinear systems. The
technique was first used by its developers to obtain optimum layouts of electronic circulit ele-
ments on silicon substrates in very large scale integrated circuit design [60]. It has since been
applied to many diverse problems in a wide range of disciplines, including the derivation of
optimal quantisation parameters for JPEG coding outlined previously. The method carries a
statistical guarantee that the global minimum for a given problem will be found [61], albeit
at considerable computational expense. An outline of the basis of the technique will now be
given.

The SA algorithm is based on an analogy with metallurgical annealing, a process whose
objective is to cause a solid to reach a minimal energy state with a highly regular crystalline
structure. This is achieved througlow cooling to allow ample time for the redistribution

of the particles of the sample. Faster cooliqg€nching typically results in a suboptimal
configuration with imperfections in the crystal lattice antbeal energy minimum. The

first step towards the development of general purpose SA optimisation algorithms was the
simulation of the evolution of states a metal undergoes as it reaches thermal equilibrium,
at constant temperature (the Metropolis algorithm) [62]. This algorithm was then extended
to include the effect of reducing temperature, and generalised to non-specific optimisation
problems [63]. Basically, the analogy is formed as follows:

1. A method for generating random changes in the state space is defined;
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2. The objective (cost) function of the problem is equivalent to energy in the mechanical
process;

3. A control parameter is defined (‘temperature’) which is lowered in accordance with an
annealing scheduje

4. An acceptance distributiors defined, based on a suitable physical law which deter-
mines, at a given ‘temperature’, whether a given generated state which does not lead
to a lower cost is to be accepted.

Solutions which evaluate to a cost lower than the previous best are always accepted. How-
ever, the key to the capability of the algorithm to escape from local minimais the inclusion of
the acceptance test; this allows acceptance of a solution with a higher cost than the previou:
lowest with a probability which reduces with temperature.

Practical SA implementations contain various extensions to the procedure outlined to allow
faster convergence to the global minimum sought, and improved flexibility by providing for
‘tuning’ of the algorithm for application to a wide variety of problems. The work described

in this chapter has been carried out using a system called ‘Adaptive Simulated Annealing’
(ASA) [61,64,65]. ASA can work with systems with an arbitrary number of arbitrarily
constrained parameters and provides several very useful enhancements over the basic S.
algorithm which render it of practical utility for a wide range of problems. It allows extensive
tuning of many of its internal parameters, generally required when approaching a complex
problem about which little is known. It is significantly faster than the basic SA algorithm
due to its use of a modified annealing schedule, though this does not violate the statistical
guarantee of finding the global minimum given suitable ASA internal parameter choices.
Additionally, reannealingis performed at certain stages in the search to take into account
the different and changing sensitivities of the cost function value to each parameter of the
problem throughout the search.

8.2.2 Problem formulation: The parameter space

The goal of the optimisation problem is to find a quantisation array the use of which will lead
to optimal rate-distortion performance when the 3D-DCT based coding scheme is applied to
a typical lenticular-integral intensity distribution. Trivially therefore, the parameter space is
a 6AN-dimensional array of quantiser step sizes where the coder is operating with a transform
group lengthN. For most of the simulation results presented in chapter 7, a group of length 8
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was employed as a compromise between overall DCT decorrelation performance and ease o
implementation of the transform. For the simulations carried out by the optimisation process
described in this chapter a group length of 8 is again used, and hence 512 parameters ar
required to represent the quantisation array. Using such a large parameter space with neces
sarily wide bounds, it was found that the results were highly sensitive to appropriate tuning
of internal ASA parameter values, and the search was prohibitively slow. A generating func-
tion was therefore used to produce the quantisation array indirectly. A function constructed
from a third degree polynomial for each spatial frequency dimension was trialled initially.
This was used on the assumption that a section through a suitable quantisation array in eacl
spatial frequency dimension would be monotonic, but imposing no specific profile on any of
the three dimensions. A quantisation array generated in this way is:

Qr—1,s—1,t—1)=1+|lar®+axr?+aar
+b1S® + by + bss

Feat3+oat? 4 cat +d| (8-2)

forr,st=1...8.

The parameter space for the optimisation problem now consists of the ten real coefficients
of Equation 8.2. The floor|(]) and absolute value operations and the unary addition are
present to ensure th@> 1. The spatial frequency variables used were in the rang& As

use of the range 0.7 would cause a result of zero for the first point in each dimension, thus
giving a less flexible generating function.

In order that no unfair bias is placed on the structure of an optimal quantisation array gener-
ated using Equation 8.2, the bounds on the parameters must be relatively wide. This present:
a larger solution space to the SA algorithm than is desirable, tending to increase the time
required to find the global optimum. To reduce the scale of the problem, it was felt neces-
sary to develop a generating function which presents a smaller solution space, achievable by
reducing the number of parameters or their allowable ranges, or both. In research previously
carried out to obtain optimal quantisation arrays for the JPEG conventional image coding
scheme [56], a three parameter model of the following form was employed:

Q(u,v) =a+bZ (8.3)

wherea, b and ¢ are the model parameters to be found and u+ v is the Manhattan
distance of a coefficient at positidno, v) from (0,0) with u,v=0...7. It had been found in
testing Equation 8.2 that generally one polynomial term in each spatial frequency dimension
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was dominant in each case, and therefore a function similar to Equation 8.3 with a single
variable power term would be sufficient to generate an efficient quantisation array. The final
generating function is therefore:

Q(r—1,s—1,t—1) =1+||arr™ +aps” +ast™ +c||
(8.4)
forr,st=1...8

The parameter space now consists of only the seven parameters of this function. Table 8.1
lists the initial values of the parameters and their allowable ranges. The initial parame-
ter values were set in order that the previously known best quantisation strategy, the fixed
guantisation array, was generated, whgyes the quantiser scale which produces the array
leading to an output bit rate which is nearest to the desired bit rate for which the optimisation
process is to be run.

The extents of the parameter ranges were set such that the generating function was capable «
producing quantisation arrays with suitably widely varying step sizes. The constantterm,
was constrained within a range slightly wider thagn

8.2.3 Problem formulation: The cost function

The cost function defines the overall objective of the problem and must produce a single
value which is to be minimised by the SA algorithm. This value must represent accurately the
guality of a solution such that the SA algorithm will tend to converge on the global optimum

solution. The problem is the determination of a set of parameters for Equation 8.4 which
cause it to generate a rate-distortion optimal quantisation array. The cost of the solution
is therefore derived from the bit rate and distortion values which a given set of parameters
produced. In practical terms, the problem requires one of the two output objective values,
either bit rate or distortion, to be fixed and the other allowed to move towards its optimum.

Parameter a by a b, ag bs c
Initial value 0 0 0 0 0 0 (do—1)
Range 0Oto5 0Oto5 0to5 0Oto 5 0to5 0to5 0 [@+5)

Table 8.1: Constraints and initial conditions for the quantisation array generating function.
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In this instance the output bit rate was fixed.

The design of an appropriate cost function is largely concerned with deciding on the manner
in which the two objectives of the problem are combined to produce a single cost value in
such a way that both are satisfied. It was found that use of an additive cost function similar
to Equation 8.1 tended to allow too much individual variation of the two terms representing
distortion and compression ratio error, resulting in a solution where at termiratieas

some considerable distance fr&@y the error was typically between 1:1 and 3:1. A cost
function based on the quotient of the two objectives was found to avoid this problem, termi-
nating with bit rate far closer to the desired value. The objective is the maximisation of the
function

P
H= ——-—— 8.5
1+ |R—Ry| (8.5)
whereP is the peak signal to noise ratio measuring the objective fidelity of the reconstructed
intensity distributionR is the actual output bit rate ariRy is the desired bit rate in bits per
pixel. To transform the problem to one of minimisation as required by the SA algorithm, the

sign is reversed such that the cost function,
F = —H. (8.6)

Use of this cost function generally resulted in an optimum with an extremely small bit
rate error, typically below @001 bpp. Unfortunately, however, when solving for low bit
rates Rp < 0.25 bpp) the bit rate error on termination was significantly greater, of the order
of 0.05 bpp. The cause of this was determined to be the large value of the derivative of
theP—R relationship at low bit rates, as may be observed in the result plots from the baseline
simulations performed of the coding scheme given in Chapter 7. This leads to a situation
in this bit rate range in which the solution cost is lower for some value gfeater thariRy
than forR= Ry. The latter case should always evaluate to the lowest cost to ensure that the
final bit rate error is minimised. It was noted that ASA allows a validity flag to be set on cost
function exit; if this flag has the value zero, that particular solution is discarded and is not
subject to the ASA acceptance test. To alleviate the cost function problem, the validity flag
was set to zero if the bit ralR resulting from a given solution was greater thliyythus lim-
iting the search to bit rate valu&< Ry. The cost function may then be simplified slightly
to:

P
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Additionally due to the imposed limit on bit rate values, the initial values of the coefficients
of Equation 8.4, the parameters for the problem, must produce a fixed quantisation array
which leads to a bit rate nearest to but less tRgn

It was found in testing of Equation 8.7 that it was often the case that a new solution with
a value ofP higher than that associated with the best solution obtained at a given point in
the search would not be accepted as the new best solution due to a significant devigtion of
from Ry. This imposes an unfair limitation on the solution space. The geireRatrend

is that of a monotonically increasiigwith increasingR, as evidenced by the performance
plots presented for the coding scheme in chapter 7. Taking this into account, and noting that
all bit rate deviations in the cost function are now negative since any solutionRwitRy

are rejected, it can be seen that any value gfeater than the previous best value represents a
better solution. A significant simplification of the cost function results from this observation,
such that the problem now has a single objective, that is

F=-P (8.8)

Due to the general form of tHe-R relationship, a successful optimisation run is expected to
lead to a final bit rate extremely close to the desired bit rate.

8.2.4 The optimisation procedure

The overall optimisation problem is depicted in Figure 8.4. For the evaluation of a specific set
of generated parameters, ax322-subimage (256256-pixel) section of the luma channel

of the intensity distributiofoyplanewas input as the source data to the coder. This section,
shown in Figure 8.5, was chosen to be representative of the general structure observed ir
the luma channels of the full range of intensity distributions examined. The sample, taken
from the central area of the full intensity distribution, is composed mainly of information
representing a high detail area together with a smaller portion with no detail.

8.2.5 Single-point optimisation example

This subsection describes the application of the above procedure for a sample required outpu
bit rate. For assessment of the performance benefit from use of an optimal quantisation array
a comparison is made with the results from applying a fixed quantisation array. For this pur-
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Figure 8.4: Environment for derivation of optimal quantisation parameters for the 3D-DCT
based coding scheme.
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Figure 8.5: Intensity distribution section used in derivation of optimal quantisation parame-
ters.
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pose, the optimisation process has been carried out for an output bit raB50081 bits per

pixel, as this can be produced by a fixed quantisation array with gcal@9, thereby allow-

ing a direct comparison between quantisation strategies. The initial value for the parameter
is 68, generating the fixed quantisation array as above. This parameter is constrained within
the range 0—73. The initial values and bounds for the remaining parameters are as given ir
Table 8.1.

It was found necessary to modify the annealing temperature schedule from its default such
that more time was spent at relatively high temperatures. This causes a greater number o
higher-than-best-cost solutions to be accepted, tending to allow the process to escape fron
the many local minima in the solution space. If this was not done, the optimisation process
was found to terminate relatively soon after starting in a local minimum. A suitable value for
the appropriate ASA internal parameter was found by experiment. The procedure was run
to a total of 100000 generated states; this value was again set by experiment as the number
of states after which very few better solutions were being found. The total execution time
on a Digital AlphaStation 500/266 was approximately ten CPU hours. Both ASA and the
3D-DCT coder were implemented in the C language under thix Wperating system.

The final best cost obtained was30.62521, corresponding to a peak signal to noise ratio

of 30.62521 dB. The output bit rate was precisel2%0061 bits per pixel. The associated
generating function parameters are listed in Table 8.2, and th€dirstplane of the gen-
erated optimal quantisation array is shown in Figure 8.6. Note that the high precision of
the analysis results has been preserved to ensure that the optimally-determined quantisatio
array may be regenerated with the highest possible level of accuracy. Coefficients along the
vertical spatial frequency axis are quantised with far greater step sizes than those at corre:
sponding points on the horizontal axis. This confirms that the coefficients with the highest
significance in high quality reconstruction of the source data are those at low vertical fre-
guency points; this is in agreement with the coefficient standard deviation surfaces presentec
in section 8.1. The profile of the increase in step size with vertical frequency index can be
seen to be almost linear, but with a shallower gradient at low valugs ©his was gener-

Parameter a by a b, ag bs c
Final value 1.145325 1021189 2876126 1725473 1344206 1728969 464251

Table 8.2:Final parameter values for the quantisation array generating function after an
ASA run withRy = 0.250061 bpp.
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Q(u,v,0)

Figure 8.6: First (u,v)-plane of optimal quantisation array obtained for a bit rBte—=
0.250061 bpp.

ally found to be the case in testing the procedure with various valuBs bétween Q.25
and 1 bpp.

Use of the single-point optimised quantisation array led to an increase in peak signal to
noise ratio of 0L65 dB over use of fixed quantisation. The fact that such a performance
improvement is possible confirms that to obtain optimal performance, a unique quantisation
array structure should be used in the 3D-DCT lenticular-integral image coding scheme.

8.2.6 Development of a multi-point quantisation array generation method

The previous subsection outlined the derivation of an optimal quantisation array to give rise
to a predefined coder output bit rate when applied to a specific intensity distribution. The de-
velopment of a method for production of general purpose quantisation arrays which include
variation of output bit rate is now described. This has been carried out by fitting empiri-
cal models to the seven generating function parameters which produce optimal quantisation
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arrays across a range of valuesRaf The models derived are then used to produce quanti-
sation arrays for use at other intermediate output bit rates. Since this process is carried ou
with one particular intensity distribution as source data, when a general-purpose quantisation
array produced from the model equations is applied to any other source intensity distribution
data the output bit rate is highly unlikely to be equal to the bit rate requested. The requested
bit rate parameter is therefore effectively an arbitrary scale factor with no numerical signifi-
cance, as was the parametgn previous use of fixed quantisation arrays. The procedure is
now described in detail.

Optimisation

Initially the single-point optimisation procedure was run for valueRgdfom 0.125 to 1 bpp

in steps of 0125 bpp. The adjustment of the ASA internal parameter modifying the annealing
schedule as described in the previous subsection, was made. It was found that in order tc
obtain satisfactory optima at all points it was necessary for the process to spend more time
at high temperatures at lower valuesRyf(0.125-0375 bpp) than at intermediate or higher
values. The resulting eight sets of generating function parameters corresponding to optimal
guantisation arrays at each valudgftested were plotted agairfRs and examined for trends

in order that empirical models could be fitted. Trends were identified in each case though
a number of points fell some distance from them. This was believed to be the case due to
interaction between the multiplicative and exponential parameters in each spatial frequency
dimension resulting in a number of quantisation array profiles which were similar in the
highly significant low frequency regions, hence giving rise to similarly high quality optima.
Second stage optimisation runs were carried out as necessary with narrower bounds on thes
parameters to cause each to more closely follow the overall identified trends. The solutions
were deemed satisfactory provided that they led to optima which were the same as or bettel
than those produced during the first stage optimisation runs. It was necessary to insert two
extra points at bit rates of 8125 and 34375 bpp to confirm the validity of a trough observed

in the parameter trends at375 bpp. Table 8.3 lists the final output bit r&eand peak

signal to noise rati®* obtained. The peak signal to noise ratio expected from use of fixed
guantisation aks is also given in each case, produced by linear interpolation between points
on the associated rate-distortion performance curve. The mean improvement in peak signa
to noise ratio across the range tested i@ dB. Figure 8.7 shows each generating function
parameter plotted against output bit rate for the final ten optimal quantisation arrays.
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Desired bit rate Final bit rate Final PSNR Fixed quant. PSNR PSNR gain
Ro / bpp R¢ / bpp P /dB Prixed / dB Pr — Pixed / dB
0.1250 0124985 27058443 26398277 0160166
0.2500 0250000 30617353 3059164 0158189
0.3125 0312469 31779984 31605852 0174132
0.3750 0374969 32694618 32559680 0134938
0.4375 0437500 33481133 33353223 0127910
0.5000 0499939 34165676 34015075 0150601
0.6250 0624985 35327255 35160499 0166756
0.7500 0749878 36246910 36132822 0114088
0.8750 0874954 37032940 36395202 0137738
1.0000 0999939 3757547 37509310 0148237

Table 8.3: Comparison of objective fidelity between use of fixed quantisation and optimal
quantisation arrays.

Parameter model fitting

Empirical models were fitted piecewise to each parameter curve; model fitting was performed
using a general least squares fit program ‘fitls’, part of the ‘GLE’ data and function manipu-
lation and plotting system [66]. Between three and five models were used per parameter; the
number of models necessary for each parameter and the form of each model were determine
by inspection such that each had a maximum of one point of inflection. Most models were of
polynomial form of second and third degree. The following represent the final models used
for each parameter:

(234343 — 0.98261R -+ 5.08354 if 0< R< 0.374969
ap = (23— 0.336799 if 0374969< R< 0.749878  (8.93)
| 1.47921R® — 0.0147098 — 2.666/R+ 1.95195  if 0749878< R< 0.999939
15.67R2 — 9.1106R+ 1.81023 if 0< R< 0.374969
by 23.9867R® — 2.14246R% — 13.8641R+ 4.8298 if 0374969< R < 0.499939
—0.571642 + 1.2136 R— 0.103537 if 0499939< R < 0.749878
0.070163R® — 0.042198%? — 0.16731R+ 0.604731  if 0749878< R < 0.999939

(8.9b)
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(356708R2 + 4.6393 R+ 3.51476 if 0< R< 0.312469
n —17.701R2 + 11.2388R — 0.308662 if 0312469< R < 0.499939 (8,99
—12.6741R? + 13.0838R — 2.49439 if 0499939< R < 0.749878
—6.6159R + 1.0643%R2 + 15.0071R— 8.87221 if 0749878< R< 0.999939
16.1228R2 — 9.2143@R -+ 4.6654 if 0< R< 0.312469
28.8841R2 — 24.5005R + 8.19586 if 0312469< R < 0.437500
b, = ¢ 0.016907R -+ 2.99795 if 0437500< R < 0.624985 (8.9d)
—0.29208R+3.19114 if 0624985< R < 0.749878
0.47488° — 1.73225° — 22.0505R+ 16.4861  if 0749878< R < 0.999939
—21.8126R2 + 0.975296R+ 3.14592 if 0< R< 0.374969
o —51.8961R® 4+ 5.2470FR? 4 31.2884R — 9.32927 if 0374969< R < 0.499939 (6.9¢)
—2.3774R% + 0.4755/R + 1.49631 if 0499939< R < 0.749878
—1.2994R3 — 0.03967642 4 2.33876R— 0.667498  if 0749878< R < 0.999939
—9.013352 + 1.970R+ 1.52131 if 0< R< 0.312469
by —10.8046R2 + 7.4523/R— 0.0167603 if 0312469< R < 0.437500 (690
0.5719082 — 2.2557 R+ 2.0598 if 0437500< R < 0.749878
| 3.0230R% —0.47316R? — 6.752R+4.74726  if 0749878< R< 0.999939
rerorerseat 1.55002 if 0< R< 0.624985
Cc=< 135331R+5.21174 if 0624985< R < 0.749878 (8.99)
27.8748R3 —9.084TR? — 75.972R+65.6842 if 0.749878< R < 0.999939

This set of equations may be used in conjunction with the generating function (Equation 8.4)
to produce quantisation arrays for general use with the 3D-DCT lenticular-integral image
coding scheme.

Model-derived quantisation array evaluation

This procedure was carried out wigranging from 013 to Q99 in steps of @M1. The result-

ing quantisation arrays were applied to coding of the luma channels of the four test intensity
distributionsHorseman Microscope Tankand Toyplaneusing the 3D-DCT scheme. In the
tests the scheme used all-plane per-row scanning and coding and a global Huffman code ta
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Figure 8.7: Plot of final ten-point generating function parameters against output bit rate.
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ble generated for a target output bit rate d& Bpp, to allow direct comparison with the fixed
quantisation case simulated previously. Figure 8.8 shows the mean improvement in objec-
tive fidelity obtained when the quantisation arrays used have been produced from the models
developed above rather than being fixed. An improvement in rate-distortion performance
Is noted across the bit rate range tested. However, it is observed that the improvement in
performance increases as output bit rate is lowered below approxima@&lypPp, partially

compensating for the loss in performance in this region due to use of a global Huffman code
table.

Optimal model-derived quantisation arrays were also applied to coding of the chrominance
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Figure 8.8: Improvement in objective fidelity due to use of optimum model-derived quan-
tisation arrays rather than fixed quantisation arrays; all-plane scanning strategy
and code table generated fobMpp were used on the luma channel only of the
source data.

channels of the intensity distributiororsemanTankandToyplane In full colour coding a
performance loss resulted compared with use of fixed quantisation. Since the model-derived
arrays were developed based on optimisation using luma channel data only, this result in-
dicates that for full colour coding a different quantisation model is required to be applied
to the chrominance data from that applied to the luma data. Such a model would be devel-
oped using the multi-point optimisation procedure described above but providing the coder
with a small section of the chrominance-blue and chrominance-red channels of the intensity
distribution from which the luma section was taken.

Images 8.1 and 8.2 are the reconstructed luma channels of the intensity distribldisas

manandToyplanerespectively, having been coded and decoded using the 3D-DCT scheme
with optimal model-derived quantisation arrays developed above. The results of coding to
the same bit rate where fixed quantisation arrays were used are also presented to enable
comparison to be made in each case. When operating at such low bit rates, blocking arti-
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facts become highly noticeable both in the subimage and group domains. Where optimum
model-derived quantisation arrays have been used, however, the group blocking evident in
the fixed quantisation case, particularly in background areas of the images, has been reducec
This may be seen in the magnified sections of the above intensity distributions presented in
Figure 8.9. This observation demonstrates that the optimisation/model based design pro-
cess used has yielded a quantisation scheme which provides improved rate-distortion perfor:
mance over use of the scaled fixed quantisation array. The process provides the basis for :
general quantisation strategy suitable for use with the 3D-DCT scheme when compressing
lenticular-integral image data. For use in a practical implementation, its robustness should
be improved by the use of a selection of intensity distribution sections during optimisation,
and it should be extended to the case of chrominance channel quantisation for colour integral
image coding.
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Figure 8.9: Magnified 16x< 16-subimage sections of luma channeldHofrsemanand Toy-
planeresulting from coding using the 3D-DCT scheme with fixed and optimal
model-derived quantisation.

a) Horseman3D-DCT with fixed quantisation at 04 bpp.

b) Horseman3D-DCT with optimal model-derived quantisation at® bpp.
c) Toyplane 3D-DCT with fixed quantisation at 06 bpp.

d) Toyplane 3D-DCT with optimal model-derived quantisation at@ bpp.
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Summary

This chapter has described the development of quantisation arrays for the 3D-DCT based
coding scheme which are more closely suited to the statistical characteristics of transformed
lenticular-integral 3D image data than the fixed quantisation arrays used previously. A statis-
tical evaluation led to the conclusion that the spatial significance of 3D-DCT coefficients in
the intra-subimage vertical dimension is generally lower than that in the intra-subimage hor-
izontal dimension. The method of simulated annealing was employed, together with model
fitting techniques, to design a method for applying quantisation which is optimal in a rate-
distortion sense at any point within a continuous range of output bit rate values. The form of
the resulting optimal quantisation arrays confirmed the earlier statistical observations, with
the comparatively low significance intra-subimage vertical 3D-DCT coefficients being quan-
tised with larger step sizes than corresponding intra-subimage horizontal coefficients. The
general procedure developed requires only the evaluation of a set of equations to produce ¢
guantisation array for direct use by the encoder. Simulations using the luma channels of four
intensity distributions resulted in improved rate-distortion performance compared with use
of fixed quantisation arrays. An increase in objective fidelity, using the peak signal to noise
ratio metric, of between.05 and 02 dB was achieved using optimal model-derived quan-
tisation arrays, and subimage group orientated blocking artifacts, particularly noticeable in
image backgrounds, were substantially reduced. The investigation indicates that improved
performance results if the quantisation arrays used by the 3D-DCT scheme are tailored to
lenticular-integral 3D image data, taking account of the unique spectral characteristics of
their intensity distributions.



9. CONCLUSIONS

9.1 Research Undertaken

9.1.1 Acaquisition and Pre-processing of Integral 3D Image Data

For digital domain processing to be possible, a photographically recorded integral three di-
mensional image must first be scanned electronically. The resulting data, in the form of
anR' G'B’-space pixel map, is subjected to processing operations for correction of geometric
distortions introduced on the photographic/electronic interface at the scanner, and in order
to scale the resulting data to a common pixel resolution for compression. A filtering pro-
cess, based on a one dimensional median filter, has been developed to reject any high spati
frequency noise which may be introduced at the scanning stage. For final display of the im-
age, the data reconstructed at the receiver’s decoder are scaled to the display system’s outpi
resolution.

9.1.2 The Nature of the Digital Integral 3D Image Representation

Although the captured integral 3D image data are in the standard formatRyGHs{-space

pixel map, it is inappropriate to refer to the data as an image. Since they result from a
complex mapping of three dimensional space to a planar form carried out by a lenticular or
microlens array, the pixel map is referred to as an integral intensity distribution. The inten-
sity distribution possesses a structure unique to the integral imaging method, giving rise to
statistical characteristics unlike those typical to a conventional two dimensional natural im-
age. Significant cross-correlation is present between corresponding pixels from neighbour-
ing lenticular bands or microlenses. Additionally, significant correlation is present between
pixels from each lenticular band or microlens due to low spatial frequencies being dominant.
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9.1.3 Coding Techniques Developed for Use with Integral 3D Image Data

Two coding scheme classes have been developed which exploit the unique statistical prop-
erties of electronically captured integral 3D image intensity distributions. The first scheme
uses a hybrid DPCM/DCT mapping structure and the second a 3D-DCT based mapping
structure. Both use scalar uniform symmetric quantisation stages and run-length/Huffman
entropy coders. The results of simulations using fixed quantisation arrays indicate that trans-
mission of up to three standard definition resolution pictures is possible using the hybrid
DPCM/DCT scheme, and up to four standard definition or one high definition picture using
the 3D-DCT scheme, such that the reconstructed decoded image forms a high quality 3D
display indistinguishable from the source image. These values assume a channel using 64
QAM modulation, a baseband shaping filter with a roll-off factor df®and an analogue
transmission bandwidth of 8 MHz. Such a channel is practicable within a cable transmission
system. Additionally, since the base coding schemes have been developed for still image
compression, the significant inter-frame correlation present in motion video sequences is not
exploited, leading to underestimation in the performance of the schemes for video coding;
see subsection 9.2.3.

9.1.4 Coding Scheme Quantisation Stage Optimisation

Improved rate-distortion performance is possible in the 3D-DCT scheme by making use of
guantisation arrays which are tailored specifically to the characteristics of lenticular-integral
3D image intensity distributions. An optimisation process has been used to derive a model for
quantisation within a continuous range of output bit rate values. Animprovementin objective
fidelity over use of fixed quantisation has been observed. Measured by the peak signal to
noise ratio of the reconstructed intensity distribution, this is betwd@ém&nd 02 dB where

the luma channel only of the source is taken into account. Examinations of reconstructed
intensity distributions were carried out where the quantisation array was designed in this
way. A reduction in group domain blocking artifacts was noted when compared with the
use of fixed quantisation, particularly when coding to low bit rate values, giving rise to
improved reconstructed image fidelity. The optimisation and modelling technique provides
a general design methodology for quantisation strategies suitable for use with the 3D-DCT
based integral image coding scheme. In general, the use of such a tailored quantisation arra:
IS important in achieving optimal rate-distortion performance.

Figures 9.1 and 9.2 present summary performance data for the various schemes develope
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in the form of staged bar charts, for luma only and full colour cases respectively. In both
the luma and full colour cases, the greatest rate-distortion performance increase occurs ir
moving from baseline sequential-DCT JPEG to the base hybrid DPCM/DCT scheme. This
demonstrates the importance of including processes to exploit the inter-subimage correla-
tion which occurs in integral intensity distribution data. The enhanced hybrid DPCM/DCT
scheme provides a further minimal performance increase without further distortion for a
given output bit rate. The second most significant improvement occurs when the 3D-DCT
scheme is applied, particularly at low bit rates. This occurs due to the improved decorre-
lation effectiveness of the DCT over the differencing of neighbouring subimages as is used
in the hybrid DPCM/DCT schemes. The use of the all-plane scanning strategy, matched
closely to the statistical characteristics of lenticular-integral image data, provides a further
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Figure 9.1: Staged performance data for six coding schemes applied to lenticular-integral
intensity distribution data (luma channel only).
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Figure 9.2: Staged performance data for five coding schemes applied to lenticular-integral
intensity distribution data (full colour coding).

reduction in bit rate for a given fidelity level. Finally, a small improvement is seen when
the quantisation stage is optimised for a bit rate.@6its per pixel and a model derived to
produce near-optimal rate-distortion performance across the bit rate range. Note that optimal
model-derived quantisation arrays have been produced and tested only for the case of lumz
channel only coding.

In summary, the highest performance scheme developed, that is the 3D-DCT based schem
with optimal model-derived quantisation and tailored coefficient scanning order, has a per-
formance level allowing high quality reconstruction of encoded integral three dimensional
images, and transmission of four such images at standard definition or one such image at
high definition resolution. This performance level is not possible using conventional coding
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schemes such as JPEG.

9.2 Suggestions for Further Work

9.2.1 Use of Microlens Captured Full Integral Image Data

The research carried out for this thesis has made use of integral 3D images captured using
lenticular sheet materialgnticular-integralimages). Images of this type possess continu-
ous parallax in replay only in the horizontal dimension. Use of two-dimensional microlens
arrays, which allow display with continuous parallax in all directions, has been found in
laboratory trials to lead to an improved sense of depth and realism to the viewer. An inten-
sity distribution which represents an integral 3D image captured using a microlens array as
the encoding element (termedudl integral image) consists of a two dimensional array of
subimages. This arrangement may be envisaged as one in which a lenticular encoding shee
has been overlaid with a second rotated by @89ative to the first. The resulting intensity
distribution is expected to possess significant inter-subimage correlation in both axes rather
than in the horizontal axis only as is the case for a lenticular-integral intensity distribution.

The 3D-DCT based coding scheme could be applied to such data, exploiting inter-subimage
correlation in both dimensions of the microlens array. Figure 9.3 shows a possible strategy
for assembly of a subimage group of length 4. An additional consideration arises in the
group assembly problem where a full integral intensity distribution is concerned, that is the
arrangement of source subimages into the transform group. For example, in the figure as-
sembly takes place in a clockwise sense beginning at subimage ‘A, that is in order ‘ABCD’".
In this case, inter-subimage correlation between subimages ‘A’ and ‘D’ is not exploited in
the transform computation. If this were higher than that between, for example ‘A’ and ‘B’,
more effective decorrelation may be obtained by beginning the assembly at subimage ‘B’,
resulting in order ‘BCDA. Additionally the sense of rotation in assembly may be reversed.
For the 3D-DCT to provide maximally efficient decorrelation of a group, the group assembly
strategy must be chosen based on the statistical characteristics of the source data.

Modifications to the quantisation step size array, quantised coefficient scanning order and
entropy coder Huffman code table will be necessary to suit the horizontal/vertical symmetri-
cal statistical characteristics associated with microlens array-encoded integral images. Thes
will also be influenced by the group assembly arrangement chosen.
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Microlens subimages

Source intensity distribution —_— Assembled subimage group

Figure 9.3: Assembly of a subimage group for 3D-DCT based full integral 3D image coding.

9.2.2 Addition of Local Image-Adaptive Features

The inclusion of methods to allow the 3D-DCT coding scheme to exploit the local statisti-
cal features of a given intensity distribution more efficiently would be expected to lead to
improved rate-distortion performance. This could be achieved by adaptively modifying pa-
rameters of the scheme based on measurements made on the source intensity distribution. C
chief importance is the group assembly strategy, since this determines the effectiveness o
decorrelation performed by the transform stage. For individual regions of the source intensity
distribution, it is suggested that group length, assembly start point and order of subimage as-
sembly are chosen independently by an adaptive algorithm using information obtained from
a segmentation of mean image The mean image is a pixel map comprised of the mean
value of each subimage in the source data, and effectively forms a low resolution image of
the object scene. The quantisation and entropy coding stage parameters will require adapta
tion to the group assembly structure in use in a particular region of the intensity distribution.

9.2.3 Extension to Motion Video Integral Image Data

For application of the 3D-DCT based coding scheme to integral 3D motion video, methods
should be developed to take account of the inter-frame cross-correlation existing between
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corresponding pixels and also to encode the inter-frame movement of regions of the object
scene efficiently. It is suggested that a DPCM loop be used for inter-frame decorrelation, the
resulting differential frame data then being input to the 3D-DCT based still integral image
coding scheme. A motion estimation scheme suitable for use with integral intensity distribu-
tions and the 3D-DCT scheme could be based on a full search within the mean images formec
from each frame (described in the previous subsection). Use of the two-dimensional mean
images reduces the computational complexity of the motion estimation algorithm, though it
will be necessary to assess fully the implications of making use of the relationship between
source frames and their associated mean images in this fashion.

9.2.4 Design Prototyping of the 3D-DCT based Scheme

For evaluation of the computational complexity of the 3D-DCT coding scheme, a design
prototyping operation should be carried out. This will facilitate broad assessment of the
hardware requirements and implementation issues associated with the scheme for compres
sion of integral 3D motion video streams.

9.2.5 Integration of Application-Orientated Data Structures and Syntax

Application of the 3D-DCT integral 3D image and video coding schemes as an element of
a broadcast system will require the development of a formal syntax for the encoded data
stream and formats for transmission of ancillary data such as quantisation arrays and Huff-
man code tables. This is necessary for correct operation of a receiver/decoder unit in terms
of synchronisation of both the incoming stream and the decoding mode with the encoder.
Full specification of the format will also enable straightforward integration of error correc-
tion coding processes which are essential for correct operation in the broadcast environment
To facilitate this, redundancy will inevitably be introduced into the final broadcast stream
due to the requirement for signalling code words. The effect of this on transmitted bit rate
will necessitate re-evaluation of the rate-distortion performance of the coding schemes. It is
anticipated that the syntax and organisation of the data stream and ancillary information will
be based on that used by the MPEG-2 video coding system.
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A. TEST INTEGRAL IMAGE INTENSITY DISTRIBUTIONS

The intensity distributions presented in this appendix are those which have been used in
simulations of the compression schemes described in this thesis. They have been reproduce
at the correct scale for three dimensional replay using the lenticular sheets provided. The
appropriate lenticular sheet for each intensity distribution is given in its caption.
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A. Test Integral Image Intensity Distributions
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B. CONVENTIONAL TEST IMAGES FOR STATISTICAL
COMPARISONS

The following conventional two dimensional luma channel images were used for comparison
purposes as part of the statistical evaluations of lenticular-integral intensity distribution data
described in chapter 5.

Figure B.1: Lena
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Figure B.3: Peppers
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Figure B.4: Sailboat
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