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ABSTRACT

Transcoding of MPEG Compressed Video

Hani Sorial

Many video services use pre-encoded video for the distribution of video pro-
grams to end users. The transmission of compressed video over channels with dif-
ferent capacities may require a reduction in bit rate if the transmission media has a
lower capacity than the capacity required by the video bitstream, or when the com-
munication network is congested. The process of converting a compressed video for-
mat into another compressed format is known as transcoding. This thesis addresses
the specific transcoding problem of bitrate reduction of a previously compressed
MPEG video.

Fully decoding a compressed video then re-encoding it at a lower bit rate, as
a second generation video, has two disadvantages. First, it is not an efficient so-
lution in terms of implementation complexity, delay and cost. Second, errors are
introduced in the repeated compression/decompression of MPEG video, known as
multigeneration. In this research, five mechanisms contributing to the continued
degradation in multigeneration of MPEG video are identified: Pixel Domain Quan-
tization (PDQ), Pixel Domain Clipping (PDC), Compression Control Parameters
Variation (CCPV), Motion Vector Re-estimation (MVR) and Error Propagation due

to Motion Compensation (EPMC). The degradation caused by each mechanism is

iii



illustrated and quantified by experiments.

Next, the research addresses transcoding of MPEG compressed video. Two
methods to reduce the requantization errors in transcoding are proposed. The first
method assumes Laplacian distributions for the original DCT coefficients. A Lapla-
cian parameter for each coefficient is estimated at the transcoder from the quantized
input DCT coefficients. These parameters are used in transcoding to improve the
quality of the transcoded video. The second method, selective requantization, is
based on avoiding critical ratios of the two cascaded quantizations (encoding versus
transcoding) that either lead to larger transcoding errors or require a higher bit
budget. The experimental results show that both methods improve the quality of
the transcoded video.

Moreover, the thesis addresses the problem of multi-program video transmis-
sion over heterogeneous networks and provides a joint transcoder for transcoding
multiple MPEG video bitstreams simultaneously. It is shown that joint transcoding
provides better picture quality than independent transcoding of each sequence at a
constant bitrate. Furthermore, joint transcoding minimizes the variation in picture
quality between the sequences, as well as within each sequence. Consequently, joint

transcoding results in a better utilization of the channel capacity.
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Introduction



1.1 Introduction

Many video services use pre-encoded video for the distribution of video programs
to end users. The transmission of compressed video over channels with different
capacities may require a reduction in bitrate if the transmission media has a lower
capacity than the capacity required by the video bitstream, or when the communi-
cation network is congested. The process of converting a compressed video format
into another compressed format is known as transcoding. This thesis addresses the
specific transcoding problem of bitrate reduction of a previously compressed MPEG
video. Thus, throughout the thesis, the word transcoding will denote rate conversion
of compressed video.

There are different approaches to bitrate reduction of compressed video includ-
ing frame dropping, reducing the spatial resolution of the video, discarding high-
frequency DCT coeflicients, requantizing the DCT coefficients, and full decoding/re-
encoding of the video. Usually, it is more advantageous to perform the rate conver-
sion in the compressed domain, using partial decompression of the video bitstream.
This reduces the computational complexity and delays as compared to fully decode
the video and re-encode it at a lower bitrate. The former approach is adopted in
this thesis.

Furthermore, in situations where a compressed MPEG video is subject to full
decoding/re-encoding cycles, known as multigeneration of the video [1, 2], and in ad-
dition to the computational complexity involved in the MPEG encoding algorithm,
the picture quality degrades at each cycle even though there is no manipulation
of the image data and the compression factor is kept the same in each cycle. Er-
rors in multigeneration of MPEG video result from different mechanisms associated

with the MPEG encoding algorithm. This thesis identifies those mechanisms and



quantifies the degradation caused by each mechanism (3, 4].

In this thesis, bit-rate conversion of MPEG compressed video is achieved by
partial decompression of the video bitstream, then requantizing the DCT coefficients.
Rate conversion of the compressed video involves two subsequent quantizations: the
first in encoding, and the second in transcoding. In general, cascaded quantizations
lead to extra degradation in the video quality as compared to direct quantization of
the original video with the second quantizer. However, it is possible to reduce the
extra errors by providing requantization methods for efficient transcoding [5, 6]. This
thesis presents two methods to reduce the requantization errors in transcoding (7, 8].

Moreover, in a multi-program video transmission environment, when several
video sequences are transmitted over a fixed communication channel, transcoding
may be necessary if the channel has a lower capacity than the bandwidth required by
these sequences. A straightforward approach would be to transcode each sequence
at a constant bitrate such that their total bitrate meet the channel capacity. How-
ever, since scene complexities among different programs usually vary significantly
with time, joint transcoding of these sequences using a joint bit-allocation between
sequences according to their relative scenes complexity is more efficient in terms
of overall output video quality than independent transcoding of each sequence at
a constant bitrate. In general, while independent coding of multiple programs at
a fixed rate may lead to large variations in picture quality between the programs,
recent studies has shown that joint encoding achieve a more uniform picture quality
and is more effective for compression of multiple video programs {9, 10, 11, 12]. This
thesis extends this approach and provides a joint transcoder for transcoding multiple

MPEG compressed sequences transmitted over a fixed communication channel (13].



1.2 Organization of the Thesis

This thesis is organized as follow:

Chapter 2 covers background material related to the work presented in this the-
sis. The chapter presents an overview of digital video compression standards and of
the common methods used by these standards to achieve compression such as trans-
form coding, motion compensated prediction, and entropy coding. Furthermore,
The chapter discusses other methods used to flexibly support different transmission
bandwidth and receivers with different display capabilities, such as layered coding.
Next, A brief discussion of object-based coding, a technique that provides an object-
layered representation allowing coding, access and manipulation of individual audio-
visual objects in the scene is provided. The chapter further presents various figures
of merit used to evaluate the performance of video compression systems including
subjective and objective measures of picture quality, and factors that influence the
video quality such as visual complexity, encoding parameters, and multigeneration
of video. Other factors that affect the performance of video compression systems
such as encoding and decoding delays, robustness and implementation complexity
are briefly discussed. Finally, various picture impairments that may occur in a video
compression system are presented.

In situations where bitrate conversion of MPEG compressed video is neces-
sary, a straightforward approach is to decompress the pre-encoded video then to
re-compress it as a second generation video at a lower bitrate using a cascaded
decoder/encoder system. In addition to complexity, this approach introduces multi-
generation errors in picture quality due to the repeated compression/decompression

of MPEG video. Chapter 3 studies the errors that result from multigeneration of



MPEG video and identifies the mechanisms that cause degradation in video qual-
ity. Experiments are provided to illustrate and quantifies the errors introduced by
each degradation mechanism. This chapter is a part of the contributions of this
thesis {3, 4].

Chapter 4 addresses the specific transcoding problem of bit-rate reduction of a
previously compressed MPEG video. The chapter starts by presenting the different
approaches to bit-rate conversion of MPEG video, contrasting transcoding to other
rate conversion approaches such as scalable coding and full decoding/re-encoding
of the video. The chapter discusses the importance of transcoding in providing
flexibility in transmission bit-rates in situations such as network congestion, or when
the transmission channel has a lower capacity than the capacity required by the pre-
encoded video. Next, the chapter presents issues related to transcoding that will be
addressed throughout the thesis such as transcoder structure, requantization and
rate control.

An important issue in bit-rate conversion of compressed video is to provide
requantization methods for efficient transcoding. Chapter 5 proposes two methods
to reduce requantization errors in transcoding. The first method. assumes Lapla-
cian distributions for the original DCT coefficients. A Laplacian parameter for each
coefficient is estimated at the transcoder from the quantized input DCT coefficients.
These parameters are used to reconstruct the original DCT coefficients prior to the
requantization process at the transcoder. The second method, selective requantiza-
tion, is based on avoiding critical ratios of the two cascaded quantizations (encoding
versus transcoding) that either lead to larger transcoding errors or require a higher
bit budget. Experiments are provided at the end of this chapter to illustrate the
improvement achieved in picture quality by using each requantization method. This

chapter is a part of the contributions of this thesis 7, 8].
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Chapter 6 discusses the problem of multi-program video transmission over a
fixed communication channel and addresses the situations where the communication
channel has a lower capacity than the capacity required by the video bitstreams.
The chapter presents a joint transcoder for transcoding multiple MPEG video bit-
streams simultaneously and shows that joint transcoding reduces the variation in
picture quality between the video sequences and within the individual sequences,
as compared to independently transcoding each sequence at a constant bitrate. An
important issue in joint transcoding is the joint bit-allocation method. The chapter
provides detailed formulation on the joint rate control used in this work. The chap-
ter also presents a joint bit-allocation method to implicitly minimize the quality
variation between the jointly transcoded sequences. Moreover. the interaction of
the joint transcoder with channel traffic is discussed. A comparison between joint
transcoding and independent transcoding concludes that joint transcoding outper-
forms independent transcoding, even in the presence of channel traffic. Experimental
results support the conclusions provided in this chapter. This chapter is a part of
the contributions of this thesis [13, 12].

Finally, Chapter 7 concludes the thesis and summarizes the contributions pro-
vided in this work. The chapter also discusses future research directions in transcod-

ing of compressed video.



Chapter 2

Digital Video Compression

Standards: An Overview



2.1 Digital Video Compression Standards

Video sequences contain a large amount of data and require large storage capacity
and transmission bandwidth. However, this data contains considerable redundancies
and therefore compression is possible. The main goal of video compression is to offer
savings in transmission and storage resources.

Digital video is compressed by reducing the redundancies in both spatial and
temporal directions [14, 15, 16]. Spatial redundancy is expressed by the existing
correlation between neighboring pixels in one frame, while temporal redundancy is
represented by the correlation between consecutive frames in the sequence.

Furthermore, the Human Visual System (HVS) is less sensitive to coding er-
rors in higher frequencies than those in lower frequencies [14, 17]. Thus compression
techniques can take advantage of this psycho-visual property so that picture infor-
mation corresponding to higher frequencies is quantized more coarsely, and therefore
a lower bitrate can be achieved.

Many standards for digital video compression exist and cover a wide range of
applications including multimedia CD-ROMs, TV broadcasting, interactive distance
education and entertainment, video conferencing, and multimedia database services.

The International Telecommunication Union (ITU) developed H.261 and H.263
standards [18, 19] for audiovisual services such as video conferencing. H.261 was de-
signed for data rates which are multiples of 64Kb/s. These data rates (64-1920 Kb/s)
suit ISDN (Integrated Services Digital Networks) lines. The H.263 was developed
for low bitrate communication, with emphasis on bitrates below 64Kb/s.

The International Organization for Standardization (ISO) established the
Moving Picture Experts Group (MPEG) in 1988 to generate standards for digi-
tal video and associated audio. MPEG developed the MPEG-1 and MPEG-2 video



coding standards in 1992 and 1994, respectively [20, 21]. MPEG-1 was intended
for coding of moving pictures and associated audio for multimedia and CD-ROM
applications at up to about 1.5 Mbit/s. MPEG-2 was designed to be backward
compatible to MPEG-1. It provides higher quzlity video (4-300 Mbit/sec) necessary
for applications such as HDTV (High Definition Television) and SDTV (Standard
Definition Television) broadcasting, TV production, and DVD (Digital Video Disc).
MPEG-2 is also known as ITU-T Recommendation H.262 [21].

MPEG has finalized the MPEG-4 standard [22, 23] in October 1998. Unlike
the above standards which deals with “frame-based video”, MPEG-4 however codes
objects separately. It is designed to provide an efficient coding of video over a wide
range of bitrates, to offer a new kind of interactivity, and to integrate objects of dif-
ferent natures (e.g. natural video, graphics and text). Its targeted applications are
mainly Internet multimedia, interactive video, video conferencing, videophone, wire-
less multimedia, and database services over ATM (Asynchronous Transfer Mode)
networks [24].

MPEG is developing another standard, MPEG-7, targeted for July 2001.
MPEG-T is concerned with the standardization of a “Multimedia Content Descrip-
tion Interface” which will allow the description, identification and access of audiovi-
sual information [25]. It is intended to provide complementary functionality to the
other MPEG standards.

This chapter presents an overview on current digital video compression tech-
nology, with emphasis on the common methods used in video compression stan-
dards. The organization of this chapter is as follows. Section 2.2 presents common
methods used in video compression standards, specifically, transform coding, motion
compensated prediction, and entropy coding. Section 2.3 discusses scalable coding,

a technique that allows for a layered representation of the coded bitstream. Scalable
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coding can be used as an alternative approach to bitrate reduction of MPEG com-
pressed video in a prioritized Transmission such as ATM networks. In the case of
network congestion, lower priority ATM cells may be discarded to reduce the bitrate
of the video. Using this approach however for transmission of MPEG-2 compressed
video can provide only a limited number of transmission bitrates as compared to
transcoding which can flexibly provide a wide range of transmission bitrates. Next,
Section 2.4 discusses various figures of merit used to evaluate the performance of
video compression systems. Section 2.5 presents various picture impairments that
may occur in a video compression system. Finally, Section 2.6 concludes this chap-

ter.

2.2 Methods Used in Video Compression Stan-
dards

All video compression standards discussed above share common methods to achieve
compression: a DCT (Discrete Cosine Transform) based method used to reduce
the spatial redundancy within a video frame, and a Motion Compensated Differ-
ential Pulse Code Modulation (MC-DPCM) method used to exploit the temporal
redundancy between frames. In addition to these lossy compression methods, run-
length coding and variable length coding (VLC) are used to achieve further lossless
compression.

Figure 2.1 shows a Motion Compensated DCT (MC-DCT) based encoder
structure used in video compression standards {18, 19, 20, 21]. The encoding pro-
cess may begin with some preprocessing which may include color conversion, format

translation (e.g., interlaced to progressive), pre-filtering and subsampling. These
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Figure 2.1: MC-DCT based encoder structure.

operations however are not specified in the standards [16].

Two types of coding are used: intraframe and interframe. In intraframe cod-
ing, the compression algorithms employ DCT coding techniques on 8 x 8 blocks
to explore the spatial correlations between neighboring pixels. In interframe cod-
ing, a hybrid motion compensated prediction followed by transform coding of the
remaining spatial information is used to achieve high data compression.

Next section describes block-based transform coding with emphasis on the

discrete cosine transform which is used in current video compression standards.

2.2.1 Transform Coding

In transform coding [17, 26], a block of dependent pels (picture elements) is trans-
formed into a set of less correlated coefficients. Usually, the transform is linear

and orthogonal. The transform coefficients are then uniformly quantized to achieve

11



compression. Further, the transformation usually provides energy compaction into
few transform coefficients, which is a desirable property for signal compression [15].
The motivation for why transform coding has relatively good capability for

bitrate reduction comes from the following:

e Not all transform coefficients need to be transmitted to maintain good image

quality.
¢ Coefficients that are coded need not be represented with full accuracy.

In addition, as the transform coefficients are generally related to the spatial fre-
quencies in the image, compression techniques can take advantage of the psycho-
visual property of the human visual system by quantizing more coarsely the higher-
frequency coefficients.

In order to illustrate transform coding, consider the linear transformation of
an N x N block of data z. Assuming a separable 2—D transformation, this can be

written as:

X=4ATzA (2.1)

where A is an IV x N transform matrix also referred to as transformation kernels or
basis functions, and X is an N x N matrix of transform coefficients. Note that 4 is
an orthogonal matrix.

Lossy transform-based compression methods usually achieve compression by
quantizing the transform coefficients and discarding those that are less important.
If X represents the NV x N matrix of quantized coefficients at the receiver, then the

reconstruction of z, denoted by Z, is given by the inverse transform:
Z=AXAT (2.2)
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The optimum transform in a mean-square sense, is one that minimizes the
mean square reconstruction error for a given number of total bits. This is the
Karhunen-Loéve Transform (KLT) [26, 27]. However, the basis functions of the KL
transform are image dependent and of relatively high computational complexity.
A solution to data dependency is to use statistical image models (e.g. first order
Autoregressive model AR(1) [26]).

The discrete cosine transform is seen to be close in performance to the KLT,
with the advantage that its basis functions are image independent. In practice, the

DCT is widely used and is the basis of all image and video compression standards.

DCT-based Coding

The choice of the DCT [17, 28, 29, 30| in video compression standards comes from

the important benefits it offers:

e The compaction efficiency of the DCT is close to that of the KLT for images
with high inter-pixels correlation coefficient. It was shown that for a first order
Autoregressive signal (AR(1)), as the correlation coefficient between adjacent
samples approaches one, the basis functions of the KLT become the basis

functions of the DCT [31].

e The DCT basis is image independent. This avoids the additional complexity
needed to determine the basis, as well as the requirement of constant updating

for non-stationary signals [15].

e Computations of the DCT can be performed using fast algorithms. This is

desirable from both hardware and software implementation viewpoint.

e The DCT is an orthogonal transform. The two-dimensional DCT of an NV x V
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data block is defined as:

X(u,v) = %C’(u)C(u) S (i, ) cos ZEVUT o I DTy 5
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where z(4, j) are the data values and X (u,v) are the transform coefficients.

The inverse DCT is given by

S 2NN R (2i + 1)ur 2j + 1)vw
z(i, j) = ¥ zgx t;) C(u)C(v)X(u,v) cos SN s ( ‘?.N) (2.4)

Note that the transformation kernels are separable. Typically, a two-
dimensional DCT is performed on 8 x 8 image blocks in two steps. by applying
a one-dimensional DCT first to the rows then to the columns. More details

on the DCT can be found in [28, 29, 30].

Next section reviews the basics of predictive coding.

2.2.2 Predictive Coding

In order to describe predictive coding, consider first Pulse Code Modulation (PCM),
the most basic compression method. PCM consists of sampling an analog signal
and quantizing each sample using a scalar quantizer of finite set of quantization
levels. PCM quantizes the data independently. However, in order to get greater
compression, the dependencies between neighboring pixels in space and time need

to be exploited. A well known method that takes advantage of data dependencies
is differential PCM (DPCM).
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DPCM

The basic idea of DPCM [26] is to estimate the present data value based on previ-
ously encoded data. The prediction error (the difference between the actual sample
and the predicted sample) is then coded and transmitted.

To illustrate DPCM, consider the simplest case where the prediction is based
on the previous M quantized samples of an input image. Assuming a linear predic-

tion, this can be expressed as:
M
£(n) = Y amE(n —m) (2.3)
m=1

where £(n) is the predicted value of z(n), am correspond to the prediction filter

coefficients, and Z(n — m) are the previous quantized samples. The prediction error

d(n) is defined as:
d(n) = z(n) — &(n) (2.6)
and the prediction gain [26] is given by:

Gr=3a (

o

.

\'
"

where o, and oy are the variances of the input signal and the prediction error signal,
respectively.
Next section presents motion compensated prediction, a main coding method

in video compression standards [14].

2.2.3 Motion Compensated Prediction

Motion compensation uses the same idea as the above, but the prediction is more
complicated. Here, a temporal prediction is formed using temporally adjacent

samples; which are determined through the process of motion estimation [16, 32].
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Motion-compensated prediction takes advantage of the strong correlations between
consecutive frames in a sequence. A current frame could be predicted from a past
reference frame (forward prediction) and/or a future reference frame (backward pre-
diction).

There are three main picture types that may be used in video compression.
Intra coded pictures (I-pictures) are coded without reference to other pictures (i.e.,
without motion compensation). They are useful to provide access points in the
coded sequence. I-pictures are coded with a relatively moderate compression. Pre-
dictive coded pictures (P-pictures) are coded more efficiently than I-pictures using
motion compensated prediction. They may be predicted from past I or P frames
and are used as references for further prediction. P-pictures can propagate coding
errors. Bidirectionally predicted pictures (B-pictures) provide the highest degree of
compression. They are coded using motion compensated prediction from either the
past and/or future I or P pictures. B-pictures do not propagate errors because they
are never used as reference pictures. They are also useful in predicting uncovered
areas that do not appear in previous pictures.

Note that in video compression standards, the organization of picture types is

flexible and depends on the application.

Motion Estimation

One of the most computationally intensive operations in video compression is the
motion estimation process involved in a motion compensated prediction coding sys-
tem [16]. In a real scene, the motion is complex. However, most motion compensa-
tion techniques use simple block-based motion estimation methods [15, 16]. These
methods assume that the motion is translationel and moves in a plane that is paral-

lel to the camera plane, therefore excluding zoom and rotational motion. They also
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Figure 2.2: Block-based motion estimation process.

assume that the illumination is spatially and temporally constant so that match-
ing can be done based on pixel intensity between frames. Further, it is assumed
that occlusion of one object by another [33], as well as self-similarity of objects are
relatively small.

Figure 2.2 illustrates the block-based motion estimation process. A current
frame is divided into blocks. The location of each block is given by the (z,y)
coordinates of its left-top corner. To predict a block in a current frame. a search
region [—d, d] around the original location of the block is identified in the reference
frame. This region is then searched for the best matching block. Let (z +i.y +J)
be the location of the best match. The vector from (z,y) to (z + i,y + j) is referred
to as the motion vector associated with that block. Typically, the motion vector is
expressed in relative coordinates, that is; it is simply expressed as (4, 7)-

Note that block-based motion compensation methods assume that the mo-
tion is constant within a block. The smaller the block size is, the more valid this
model becomes, but with increasing overheads for the transmission of motion vec-
tors [15, 16]. Block-based motion compensation is implemented in all current video

compression standards [15].
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Best-match Criterion

For each block in a current frame, the corresponding best matching block in the
reference frame is calculated by minimizing a cost function. Two widely used cost
functions [34] are the Mean Square Error (MSE) defined as:

M
MSE(i,j) ——1N-ZE Sz +m,y+n)=S(z+m+iy+n+j) (28)

‘ m=1ln=1

and the Mean Absolute Difference (MAD) defined as:

M
MAD(, j) N Z Z|Sc(:z:+m,y+n) —S(z+m+i,y+n+7j) (2.9)

where S. and S, are M x N blocks in current and reference frames, respectively;
and —d <i,j <d.

The best match is given by the coordinates (3, j) for which the cost function
is minimized. These coordinates also define the motion vector. The MAD is more

attractive than the MSE due to the reduced computational complexity [13].

Search Algorithms used in Block-based Motion Estimation

In order to find the best match with a maximum displacement of d, an exhaus-
tive search would require (2d + 1)2 calculations of the cost function. Generally, a
full search is computationally expensive but guarantees finding the optimum match.
Several techniques have been proposed in order to reduce the computational com-
plexity involved in the search. Three known techniques are the 2D-logarithmic
search, the three-step search and the conjugate direction search. More details on
these techniques can be found in [34]. Note that these techniques are heuristic and

do not guarantee to find an optimum match.
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Since the true displacements between frames may not be at integer pixel reso-
lution, fractional pixel accuracy could result in a better motion compensated predic-
tion. This is achieved by interpolating the frames before applying motion compen-
sation. MPEG video compression standards permit motion vectors to be specified

at least to a half-pixel accuracy [16].

2.2.4 Quantization

In video compression standards, the DCT transform is performed on 8 x 8 blocks of
data. Equation 2.3 gives the two-dimensional DCT coefficients X (u,v). As stated
earlier, these coefficients are related to the spatial frequency content of the data
block. The coefficient .X(0,0) is known as the DC coefficient of the block and is
the average of the input block samples. Other coefficients are known as the AC
coeficients of the transform.

The 64 DCT coefficients are uniformly quantized. The quantizer step size that
is used for each coefficient is specified in a quantization table. This table is part of the
information that must be transmitted to the decoder. The quantization process [15]
is defined as a division of each DCT coefficient X(u,v) by its corresponding entry

from the quantization table Q(u,v), followed by rounding to the nearest integer.

Q(u,v)

At the decoder, inverse quantization [13] is performed as

Xo(u,v) = Round (X(u,v)) (2.10)

X (u,v) = Xo(u, v)Q(u,v) (2.11)

A set of quantization tables that are derived from psycho-visual experiments {35]
are given in MPEG-2 standards [21].

Next section presents the different coding decisions for macroblocks.
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Figure 2.3: Different macroblock structures.

2.2.5 Macroblock Coding Modes

In block-based MC-DCT coding standards, motion compensation and coding deci-
sions are performed on a macroblock basis. A macroblock is a unit (typically 16 x 16)
that contains blocks of data from the luminance component (Y component) and

from the spatially co-sited chrominance components (Cb and Cr components) {21].

4:4:4 formats. These formats are shown in Figure 2.3.

Within a single I, P, or B picture, macroblocks can be coded differently. I-
pictures are coded without motion compensation. Each macroblock may be coded
using a different quantizer scale (Mguant). In general, the encoder may decide to
change Mquant to prevent possible buffer overflows or underflows.

The encoding decision for macroblocks in P and B pictures are summarized

in the following:

e Decide if you want to code the macroblock as intra-type or inter-type mac-
roblock. In some cases it is better to code a macroblock in P and B pictures
as an I-macroblock. This may happen if motion estimation fails due to a high

temporal activity.

e Decide if a macroblock need to be coded or not. If after quantization, all

coefficients in the macroblock are zero, then the macroblock is skipped.
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e Decide if some of the blocks within a macroblock may be skipped. A coded

block pattern is used to indicate which of the blocks within a macroblock are
coded.

e Decide if the quantizer scale needs to be changed.

More details on macroblock coding can be found in [16].

2.2.6 Entropy Coding

Entropy coding is the last stage in the encoding algorithms of video compression
standards [18, 19, 20, 21]. It is a lossless compression stage following the quantization
of the DCT coefficients. Entropy coding consists of two main steps: run-length
coding (RLC) and variable-length coding (VLC).

Before entropy encoding, extra processing is applied to the DC coefficient
X(0,0). This coefficient represents the mean value of the input block. Usually there
is a high correlation between DC coefficients of adjacent transform blocks. Thus.
in order to take advantage of this correlation, the difference between the quantized
DC coefficients of adjacent blocks is computed. This value is then coded instead of

the original quantized value.

Run-length Coding

After quantization of the DCT coefficients, and since in general images tend to
have low-pass spectrum, the non-zero DCT coefficients will tend to cluster at low
frequencies and a large number of high frequency coefficients are likely to be zero.
The quantized DCT coefficients are ordered in a zig-zag scan {16, 20, 21] such that

non-zero coefficients will tend to be sent first. There will normally be a large run of
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zero coefficients at the end of the scan. An end-of-block marker is usually used to
eliminate the need to transmit these coefficients.

Each AC coefficient is represented by its value and the run-length of zero
valued coefficients that occur before it. The run/value combinations are mapped
into codewords. Usually these codewords have a peaked distribution and are further

compressed using VLC.

Variable-length Coding

Variable-length coding [17] is a lossless compression technique that can achieve a
reduction in the average number of bits per codeword by assigning shorter codes
to codewords having high probability of occurrence and longer codes to codewords
having lower probability [17].

The average codeword length will be
Cow = Z CrP: (212)
k

where Cj denotes the kth codeword length and P is its probability of occurrence.
A fundamental result due to Shannon [36] establishes the entropy H of the
source as a lower bound for the average number of bits per source symbol needed to

code a discrete source, i.e.,
Cw2H (2.13)
and
H=- Z Cilog, Py (2.14)
k

as {P.} becomes highly concentrated, the entropy becomes smaller, and a variable

length coding technique is more advantageous.
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In video compression standards, the codewords representing the run/value
combinations of the quantized DCT coefficients are usually coded using Huffman
code [37, 38]. The code satisfies the prefiz rule, which states that no code forms

the prefix of any other, that is, the code is uniquely decodable once its starting point

is known.

2.2.7 Rate Control

An important feature supported by video compression standards is the possibility
of generating both constant and variable bitrates to suit different applications such
as storage of video and real-time transmission. The rate control algorithm however
is not part of the standards and is thus left to the implementers to develop efficient
strategies.

In constant bitrate (CBR), the picture quality may vary depending on its
content. Variable bitrate (VBR) however is meant to provide constant quality cod-
ing [21].

Rate control is based mainly on a buffering technique. An output buffer control
the quantization of macroblocks depending on the buffer fullness. Many researchers
proposed algorithms for bitrate control. One well known rate control algorithm
is described in the Test Model document, version 3 (T'M3) [39]. The algorithm
consists of three main steps, a target bit allocation which estimates the number of
bits available to code the next picture, a rate control that uses a “virtual buffer”
to set the reference value of the quantization parameter for each macroblock, and
an adaptive quantization which modulates the reference value of the quantization
parameter according to the spatial activity in the macroblock in order to derive the

actual value of the quantization parameter used to quantize the macroblock. More

23



details on the T M5 rate control algorithm are available in [39].

More details on bitrate control can be found in [40, 41, 42].

2.3 Scalable Coding

Scalable coding [14, 16, 21, 43, 44, 33, 45] allows for a layered representation of the
coded bitstream. It provides interoperability between different services and flexibly
supports receivers with different display capabilities.

In scalable coding, it is also possible to assist concealment techniques by ar-
ranging the coded video information such that the most important information have
a higher priority level in transmission [21]. A loss of less important information can
then be effectively concealed. The main challenge in prioritizing the data layers is
to reliably deliver video signals in the presence of channel errors, such as cell loss in
ATM-based transmission networks [14]. In case of network congestion, scalable cod-
ing can provide a limited number of transmission bitrates. However. this approach
is not as flexible as transcoding which can provide a wide range of bitrate reductions
for MPEG compressed video.

Scalability allows a simple video decoder to decode and produce basic quality
video while an enhanced decoder may decode and produce an enhanced quality
video. This is possible because in scalable coding, the video is coded as two or
more layers, an independently coded base layer and one or more enhancement layers
coded dependently. Scalable coding offers a means of scaling the decoder complexity
if processor and memory resources are limited. Scalability is implemented in MPEG-
2 and MPEG-4.

There are four basic modes of scalable coding: data partitioning, SNR scal-

ability, spatial scalability, and temporal scalability. These basic schemes can be
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combined to form a hybrid scalability scheme [16]. In the following, a two-layers

scalable coding is assumed: a base layer and an enhancement layer.

e SNR scalability: provides two layers with the same spatial resolution but
different video quality. the highest quality video is reconstructed by decod-
ing both the base and enhancement layers. SNR scalability is based on fre-
quency (DCT-domain) scalability technique. At the base layer, the DCT
coefficients are coarsely quantized to achieve moderate image quality at re-
duced bitrate. The enhancement layer encodes the difference between the
non-quantized DCT-coefficients and the quantized coefficients from the base

layer with finer quantization stepsize.

SNR scalability has been primarily developed for video applications that sup-

port multiple quality levels in prioritized transmission media.

e Spatial scalability: has been developed to support displays with different
spatial resolutions. It provides two layers of different spatial resolutions. A
lower spatial resolution video can be reconstructed from the base layer. The
enhancement layer uses the spatially interpolated base layer to provide a video
stream at the full spatial resolution. Spatial scalability is based on a classical

pyramidal approach for progressive image coding [46. 47].

Spatial scalability is useful for many applications including embedded coding
for HDTV/SDTV systems, allowing a migration from SDTV services to higher
spatial resolution HDTV services [14].

e Temporal scalability: allows layering of video frames. The base layer is
coded by itself and provides the basic temporal rate. The enhancement layer

is coded using temporal prediction with respect to the base layer. The two
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layers combined together give the full temporal resolution of the video.

Temporal scalability can be used in stereoscopic video for receivers with stereo-
scopic display capabilities [48, 49]. Layering can be achieved by providing a
prediction of one of the images of the stereoscopic video (e.g., left view) in the
enhancement layer based on coded images from the opposite view in the base

layer [14].

Data partitioning: splits the bitstream into two layers, called partitions.
For example; the first partition may include address and control information
and low-frequency DCT coefficients, while the second partitions contains the
high-frequency DCT coefficients. The first partition may then be provided the

highest transmission error protection.

Data partitioning can be implemented with a very low complexity compared

to other scalable coding schemes [14].

More details on scalable video coding can be found in (16, 21, 43, 44].

2.4 Figures of Merit

Various figures of merit may be used to evaluate the performance of video compres-

sion systems. Subjective and objective measures are used to rate the video quality of

different video codecs (coder/decoder). Furthermore, by understanding the factors

that influence the quality of video in a compression system, higher video quality

can be achieved. Other important issues from a practical viewpoint are delays,

robustness and error concealment, implementation complexity and cost.

Detailed discussion of the various figures of merit comes next.
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2.4.1 Video Quality Measures

Video quality measures are useful in rating the performance of a video compression
scheme and in providing a certain quality of service (QoS). There are mainly two
types of quality measures: subjective and objective.

Subjective measures [17, 50, 51] are the result of human observers providing
their opinion of the video quality. These measures are the most reliable quality
evaluations since the end user is usually a human viewer. They use rating scales
such as goodness scales and impairment scales. Goodness scales rate video quality
on a scale ranging from excellent to unsatisfactory. Impairment scales rate the video
on the basis of the level of degradation in the video when compared with the original
or reference video. Although subjective measurements are the most representative
video quality measures, they are costly and time consuming.

Objective measures are performed using mathematical equations. A common
objective measure is the peak signal-to-noise ratio (PSNR) [17] given by

9Ez2 9gz=z2
PSNR = 10log,y— 200 7 = 10log,g ';[5 ; E

IR Tm=t TN [z(m,n) — Z(m,n)]

Where z(m,n) and Z(m,n) are the original picture and its reconstructed version,

(2.15)

respectively, of size M x N.

For video sequences, the PSNR is averaged over the total number of frames.
Two important measures for video sequences are the minimum PSNR (PSNRpin)
for all frames and the PSNR variation (PSN R,,.) between the frames. For a se-

quence of L frames, PSN Ryin and PSN Ry, are given by

PSNR, = min {PSNR()} V! (2.16)
and
L —_——\2
PSNRugr = %Z (PSNR() - PSNE) (2.17)
=1
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where PSNR is the average PSNR over the L frames. An efficient coding scheme
should maintain certain minimum picture quality (PSN Rnis) as well as a constant
quality (minimum PSN R,,,) throughout the total length of the sequence.

The mean-squared error (MSE) is also a common objective measure and is
given by the denominator of Equation 2.15. Another variation on the MSE is the
mean-absolute difference (MAD) (16].

Although objective measures like MAD, MSE and PSNR have many prac-
tical uses, they may not provide a good measure of the perceptual distortion of
images [52]. This is because these measures do not take into account the properties
of human perception. Thus, they can not indicate the type of artifacts presented
in degraded images, as well as the location of these impairments. Moreover, equal
values of MAD, MSE or PSNR for two degraded images do not necessary imply
similar subjective quality.

For illustration, Figures 2.4 and 2.5 show the PSNR for two degraded versions
of frame No. 11 of Susie sequence. In Figure 2.4, artificial errors have been introduced
in two adjacent 8 x 8 blocks on the same line. In Figure 2.5, low pass filtering has
been used to remove some of the high spatial frequency content of the picture.
Although the PSNR is greater in Figure 2.4, the subjective quality of Figure 2.5 is
better.

The drawback in the objective measures together with the complexity and
time consumption of the subjective tests let researchers devoting their time to study
the human visual system in order to find objective measures of subjective goodness.

More details on this can be found in [53, 54, 53, 36, 57].
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Figure 2.4: Artificial errors introduced. PSNR = 37.72 dB

Figure 2.5: Low-pass filtering. PSNR = 35.35 dB
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2.4.2 Factors Affecting the Video Quality

There are several important factors that influence the video quality in a compression
system. By understanding the impact of each of these, higher video quality can be
preserved [58]. Furthermore, a knowledge of these factors allows rating the overall

performance of compression systems. Among these factors are the following.

e Visual complexity: The number of bits required to compress sequences
to a given level of quality varies depending on the visual complexity of the
sequences. High detailed sequences with fast motion require more bits than

low detailed sequences with moderate motion.

e Luminance and Chrominance resolutions: Reducing the resolution of
the source video is one of the easiest ways to reduce the data rate in compres-
sion. MPEG-1 [20] for example scales images to SIF (Source Input Format)
resolution, with luminance resolution of 352 x 240 for NTSC (National Tele-
vision System Committee) and 352 x 288 for PAL (Phase Alternating Line)

and SECAM (Sequentiel Couleur avec Memoire).

Another common data rate reduction is to subsample the chrominance com-
ponents even more than the luminance. This takes advantage of the fact that
the human visual system is more sensitive to changes in the luminance than
changes in the chrominance. For example, MPEG-2 Main profile/Main level
(MP@ML) subsample the chrominance by a factor of 2 both in the horizontal
and vertical directions with respect to the luminance [21]. This is known as a
4:2:0 video format. While this may be appropriate for home TV viewing, it is
inadequate for post-production and editing [58, 59]. Digital video effects and

chroma keying require the preservation of more color detail.
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¢ Bitrate and GOP structure: In order to estimate the video quality of a
compression system, one must know both the bitrate and the frequency of
occurrence of the intra-pictures (I) and the non-intra pictures (B and P). In
MPEG, a group of picture (GOP) structure commonly defines these frequen-
cies. For example, MPEG-2 MP@ML typically uses a GOP structure of 15
frames as I[BBPBBPBBPBBPBB. This is commonly referred to by two
indices: N, the GOP length, and M, the distance between [ /P frames; ie.,
N =15 M =3.

P and B pictures take less bits to compress than I-pictures. Thus, for a
given bitrate longer GOP structures result in higher video quality. Table 2.1
illustrates the relation between the visual complexity of the sequence. the
GOP structure, the bitrate (or compression ratio), and the average PSNR.
The length of each sequence is 90 frames (each 704 samples/line and 480
lines/frame), with a frame rate of 30 frames/s and a 4:2:2 chroma format.
The sequences are coded using the 4:2:2 profile/Main level (4:2:2@QML). The
original test sequences are shown in Figure 2.6, Figure 2.7, and Figure 2.8
in order of visual complexity. Table Tennis has the lowest complexity, while
Mobile & Calendar has the highest visual complexity. Notice that for a given
bitrate and a GOP structure, the PSNR is higher for lower visual complexity

sequences. Furthermore, longer GOP structures result, in general, in a higher

PSNR.

e Motion estimation search range: Motion estimation also influence the
quality of the compressed video. A larger search range results in general in a
better estimation and a lower residue which will require less bits to compress.

Thus for a given bitrate, an efficient motion estimation algorithm will result, in
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Figure 2.6: Frame No. 30 of Table Tennis

Figure 2.8: Frame No. 15 of Mobile
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Table 2.1: PSNR (in dB) of the 4:2:2 profile/Main level for different visual complex-
ity sequences (Y-component) at various bitrates.

Bitrate | Compression factor | GOP structure PSNR (dB)
Tennis Flowers Mobile
40 Mb/s 4.06 I-only 41.75 40.23  37.66
IBB 44.57 43.75  40.28
30 Mb/s 5.41 I-only 39.11 3726  33.86
IBB 42.03 4094 37.42
20 Mb/s 8.11 I-only 35.34 33.63  29.87
IBB 38.91 37.26  33.98

general, in a higher video quality. However, a larger motion estimation search

range requires more computational power, hence, a more complex encoder.

e Multigeneration: [n some applications, such as a studio environment or an
image/video distribution network, it is necessary to compress and decompress
images many times. This process is known as maultigeneration [4. 3, 1, 2].
In a motion-compensated DCT compression scheme like MPEG. multigener-
ation result in further degradation of the pictures, even though there is no
manipulation of the image data and the compression factor is the same in

each cycle.

Shorter GOP structures reduce the degradation in multigeneration. However.
higher bitrates are needed to maintain a certain level of video quality. MPEG2
4:2:2 profile/Main level (4:2:2@ML) provides bitrate up to 50 Mb/s which al-
lows the use of short GOPs (e.g. I-only, IB), thus retaining editing flexibility
and quality sufficient for multiple generation of post-production and distribu-

tion [21, 60].

Although longer GOP structure result in higher video quality, they usually

suffer more degradation when the video goes through multiple generations.
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Figure 2.9: Multigeneration of Flowers at 40Mb/s (compression ratio of 4.06) for
two different GOP structures.

This is illustrated in Figure 2.9 which shows the relation between the GOP
structures and the degradation caused in multigeneration of the video. The
PSNR of the sequence Flowers (Y-component) is shown for two GOP struc-
tures: [-only, and IBB. The sequence is coded at 40Mb/s, 4:2:2 profile/Main
level. Notice that longer GOP structures result, in general, in a higher PSNR
at the first generation. However, their degradation through multigeneration is

higher.

More details on the degradation mechanisms in multigeneration of MPEG

video can be found in [4, 3].

2.4.3 Encoding and Decoding Delays

Most of the computational delays at the encoder depend on the motion compensation
algorithms used. On the other hand, an all I-frame coder eliminates the need for
motion compensation at the expense of the reduced compression. Large encoding

delays may not support real-time applications such as video conferencing.
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Decoding delays are also important in real-time video applications. For exam-
ple, B-frames impose a decoding delay as their prediction depend on future frames.
This dependency affects the decoding order of the frames {15]. The decoder must
first decode the future frame on which a current B-frame depends on. This also
requires additional memory to store the future frame.

In H.261 video compression standard [18] used in video conferencing, B-type

macroblocks are not allowed.

2.4.4 Robustness and Error Concealment

Error concealment is an important component of any error robust video codec. The
effectiveness of an error concealment strategy highly depends on the concealment
method used as well as the ability of the decoder to detect and localize the error,
and to resynchronize after an error detection. The goal of error concealment is to
recover the missing data at the decoder by utilizing the remaining redundancies in
the compressed video bitstream.

In a prioritized Transmission such as ATM networks [24], scalable coding may
be used to assist concealment techniques. For example, encoded video data may be
partitioned into low-priority data such as high-frequency DCT coefficients, and high-
priority data such as addresses, motion vectors and low-frequency DCT coefficients.
In the case of network congestion, lower priority ATM cells may be discarded. At the
decoder, Lost data can be reconstructed using temporal and spatial interpolation
techniques (61, 62].

Error concealment is an area of active research. More details can be found

in [61, 62, 63, 64, 63, 66].
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2.4.5 Complexity Issues

In addition to providing high perceptual quality, video codecs must also be com-
petitive in terms of implementation and cost. Video compression standards are by
nature asymmetric, where the encoder is more complex than the decoder. Further,
these standards specify only the decoder and the bitstream, allowing for enhanced
encoders as long as they produce a compliant bitstream.

Complexity is reflected by the number of words of memory and combinational
logic required to implement the compression algorithm {15]. A common complexity
measure is the total number of operations per second and is expressed in MOPS
(million operations per second). This measure is an important factor in designing
of architectures of video processors [16].

Many applications, such as SDTV/HDTYV require real-time video compres-
sion. The ability of compression algorithms to make significant use of parallelism is
an important factor in improving the process speed, especially when the coding al-
gorithms are computationally intensive. Parallel video compression algorithms can
be implemented using either hardware or software approaches [67]. Hardware ap-
proaches include the design of special architectures to accelerate computations (68|,

while software approaches may use parallel supercomputers (69, 70].

2.5 Video Compression Impairments

There are several types of picture impairments that may occur in a video compression

system. Among these are:

e Blocking: is a typical artifact in a block-based DCT compression system

which is characterized by the appearance of block edge effects and a visible

36



discontinuity between adjacent blocks, especially in low detail areas of the
image [17]. Blocking (or tiling) is usually caused by quantization error in

lower DCT coefficients, especially at coarse quantization levels.
Two Approaches to reduce the effect of blocking artifacts are given in [71, 72].
Blurring: is characterized by the loss of sharpness in regions of rapid lumi-

nance variation (high detailed regions). It may result when a large percentage

of the high-frequency DCT coefficients is set to zero and not transmitted [17].

Smearing;: is a localized distortion over a sub-region of the image, character-

ized by reduced sharpness of edges and spatial detail.

Edge busyness: is characterized by spatial distortion concentrated near the

edge of objects.

Jerkiness: is the perception of a nonuniform motion of objects in a scene due
to the loss of temporal resolution. That is, smooth and continuous motion is

perceived as a series of distinct images.

Mosquito noise: is a distortion characterized by moving artifacts around

edges (edge busyness associated with movement).

For illustration, Figure 2.10 shows a zoomed image from frame No. 11 of

Susie sequence. Blocking and blurring artifacts for this image are shown in Fig-

ures 2.11 and 2.12, respectively.

2.6 Summary of Chapter 2

In this chapter, an overview of different methods used in video compression standards

has been presented. The main stages in the coding algorithms of these standards
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Figure 2.10: Original Image

Figure 2.11: Blocking artifact

Figure 2.12: Blurring artifact
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include an MC-DCT based coding followed by entropy coding of the quantized DCT
coefficients. Scalable coding has been also presented as a mean of providing a layered
representation of the coded bitstream. This allows interoperability between different
services and may assist concealment techniques. In case of network congestion,
scalable coding can provide a limited number of bitrates in transmission of MPEG-2
compressed video. However, transcoding is a more reliable approach that provides
flexibility in transmission bitrates.

As evaluating the performance of video compression systems is an important
factor from a practical viewpoint, it was necessary to discuss various figures of
merit including subjective and objective measures, factors affecting the video quality.
delays, robustness and error concealment, implementation complexity and cost. The
discussion also included different types of picture impairments which may occur in

a video compression system.
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Chapter 3

Multigeneration of MPEG

Compressed Video
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3.1 Introduction

In some applications, such as a studio environment or an image/video dis-
tribution network, it is necessary to compress and decompress images many
times. This process of repeated compression-decompression of images is known
as multigeneration [3, 4, 1, 2]. In a video postproduction and distribution net-
work, multigeneration maybe unavoidable. In common practice, the video may pass
through 3 to 5 generations [58]. Under a compression scheme like MPEG, recon-
structed images suffer further degradation at each generation, even though there is
no manipulation of the image data and the compression factor is the same in each
cycle.

Erdem and Sezan [1] studied the degradation in image quality caused by mul-
tiple generations. They used the theory of generalized projections to explain why
multigenerations of I, P, and B pictures in MPEG video saturate. Horne et al. [2]
have presented multigeneration of MPEG-2 4:2:2 profile for studio environment.
They concluded from experiments that the profile is robust in multigeneration, pro-
viding a good quality in professional studio and post-production applications. Such
applications usually use high bitrates and short group of pictures (GOP) structures
(e.g. I-only, IB, etc.) to maintain an image quality sufficient for multiple genera-
tions.

In situations where bitrate conversion of MPEG compressed video is neces-
sary, a straightforward approach is to decompress the pre-encoded video then to
re-compress it as a second generation video at a lower bitrate using a cascaded de-
coder/encoder system. This approach however is not an efficient solution in terms
of implementation complexity and delay, as the MPEG encoding algorithm is com-

putationally extensive. Moreover, multigeneration errors are introduced from the
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repeated compression/decompression of MPEG video. Multigeneration errors result
from different mechanisms in the MPEG algorithm. However, these mechanisms
have not been widely explored. This chapter studies the mechanisms that cause
degradation in video quality in a multigeneration environment and quantifies the
degradation caused by each mechanism.

A more efficient solution to the problem of bitrate conversion is to transcode
the compressed video to the desired bitrate by partially decoding the video then
performing the rate conversion by requantizing the DCT coefficients. This is the

topic of this thesis and is addressed in detail in subsequent chapters.

3.2 Mechanisms that cause Continuous Degrada-
tion in Multigeneration

This chapter presents five mechanisms that contribute to the continued degrada-
tion in multigeneration: Pixel Domain Quantization (PDQ). Pixel Domain Clipping
(PDC), Compression Control Parameters Variation (CCPV), Motion Vector Re-
estimation (MVR) and Error Propagation due to Motion Compensation (EPMC).
The chapter also presents other factors that affect the video quality in multigenera-
tion such as group-of-pictures (GOP) structures, changes in picture types between
generations, and type or visual complexity of the sequence. Another problem that
contributes to the degradation in quality in multigeneration of video is the finite
precision of hardware components in real codecs. This precision usually depends on
many factors such as registers length, speed, chip area and cost. In a multigenera-
tion environment, finite precision may introduce errors at each generation. However,

the study of this problem is beyond the scope of the thesis.



The study of the above degradation mechanisms in multigeneration of MPEG

compressed video is a part of the contributions of this thesis (3, 4].

3.2.1 Pixel Domain Quantization (PDQ)

The MPEG compression algorithm uses a DCT coding techniques on 8 x 8 image
blocks to explore the spatial correlation between neighboring pixels. To study the
effect of Pixel Domain Quantization (round-off) on multigeneration loss, each 8 x 8
block of data is thought of as a vector in R®'. The block is transformed into the DCT
domain. If finite precision arithmetic effects are neglected, the vector represented
by the DCT coefficients and the one represented by the original data are precisely
the same, albeit represented in different co-ordinate systems. The DCT coefficients
are then independently quantized. In the following, it is assumed a flat quantizer
(i.e., all coefficients are quantized with the same step size).

Quantization may be thought of as partitioning R into hypercubes aligned in
the direction of the length 64 DCT basis functions. All data vectors that pointed to a
point in a particular hypercube are moved to the center of the cube by quantization.
In decompression, the quantized DCT coefficients are passed through an inverse
DCT. At this point the only degradation is that done by the quantizer in the DCT
domain. However, in decompression another quantization takes place, this time in
the pixel domain (due to round-off). Normally this quantization is much finer than
that in the DCT domain and it is ignored. However in high quality compression the
ratios of these two quantizations may become comparable.

In this second quantization the R® space is partitioned into a second set of
hypercubes, distinct from the first, perhaps by their size but certainly by their

orientation. Quantization moves the data vector from where it was after DCT
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quantization to the center of the particular hypercube it is in, in this second set of
hypercubes (see Figure 3.1).

In multigeneration, this second quantization (in the pixel domain) is critical:
it moves the data vector again. In the next generation, in the DCT domain the data
vector will not start out at the center of one of the DCT hypercubes but will be
somewhere else, possibly out of the hypercube that it was at the center of after the
last DCT quantization.

The interaction of these two quantizers contributes to the progressive degra-
dation of the image. This degradation will stop when one of the two types of
quantization moves the vector but not enough to take it out of the hypercube it was
at the center of, in the other domain. Among the two overlaid grids of hypercubes.
there will occasionally be pairs (one center from each grid) that lie in each others
obliquely aligned hypercubes. When the vector lands on one of these “trapping”
pairs it will remain there forever. Until it encounters one of the trapping pairs the

block will wander around R®%.

Distance Moved by Quantization

To evaluate the distance moved by quantization, consider a 64-dimensional hyper-
cube centered at the origin of size Q in each dimension. Quantization moves the
data vector to the center of the hypercube. The maximum distance moved is one
from a corner of the hypercube to the reconstruction point (i.e., the origin). Thus,

in R%, a flat quantizer with step size @ will move the vector at most a distance

64
,iz(%z =1Q
=1

It will take as little as Q/2 to move into an adjacent hypercube.

Let Q; and Q, denote the step sizes of the finer quantizer (i.e., in pixel domain)
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Figure 3.1: Pixel Domain Quantization (PDQ): Two dimensional quantization grids
are shown for illustration purposes. V;: Original data vector in the pixel domain.
Vi: Quantized data vector in the DCT domain (compression). V3: Quantized data
vector in the pixel domain (decompression).
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and the coarser quantizer (i.e., in DCT domain), respectively. If (Q./2) > 4 G,
i.e., if the coarser quantizer has a step size 8 times or greater than the step size of
the finer quantizer, then it will not be possible for the finer quantizer to move the
data vector far enough to exit the coarser quantizer’s hypercubes. Thus, there will
be a trapping pair for every hypercube in the coarser quantization grid.

In order to evaluate the distance moved in the first DCT quantization, consider
again a 64-dimensional hypercube centered at the origin of size Q in each dimension.
Let £ = (€1, &, ..., E4) be a random vector, representing the quantization error
of the DCT coefficients in each direction, uniformly distributed in this hypercube.
Here &, &, ..., &gy are i.i.d. with a uniform distribution on [-Q/2.Q/2]. If D is

the distance of £ from the origin, i.e., the distance moved by quantization, then
64
D*=%" ¢} (3.1)
i=1

The Summation of i.i.d. random variables tend to a Gaussian distribution as the

number of terms increases (> 30). The mean value of D? is

64
pp: = E{D*} =) E{&}} (3.2)

i=1

The value of E{£?} can be evaluated from

)
E{&l} = /;'Q ef f(ei)de: (3.3)

where f(g;) = % for -2 <&; < 2. This leads to

1R

E{&} = for i=1,2,...,64 (3.4)

1

[V}

ppr = —3 ~ 5.33Q° (3.5)



Next, the standard deviation of D? is evaluated.
64 64
Var{D?} = 3 Var{€?} = Y (E{&}} - E*{£7})
=t i=1
The term E{£}} can be evaluated as

2
(e} = [getflede:

Q-&
80

Equations 3.4, 3.6 and 3.7 lead to
Var{D?} = )sf(.Qi _9,
~'30 144
vielding
16Q*
45

Var{D?*} =

Thus the standard deviation of D? is op2 =/ 1%21 ~ 0.6Q°.

Thus, a 95% confidence interval for the value up2 gives

ﬁD'z = uDZﬁ:I.gﬁO’Dz

= (5.33=1.17)@*

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

Thus, there is a 95% chance that D? would lie in the range from 1.2Q% 10 6.5Q>.

Note that D? represents the squared error introduced by quantization. Clearly from

the analysis above, D (Euclidean distance) lies in the range from 2.05Q to 2.33Q

with 95% confidence. This is supported by experiments. Next, the distance moved

in second and subsequent quantizations is considered.

The vector representing the original data starts out at the center of a hypercube

in the pixel domain. This vector is denoted by V. The first quantization moves

the vector to the center of a hypercube in the DCT domain. Let this vector be
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V;. Going back to the pixel domain in the next decompression, the vector is moved
again (due to PDQ) to the center of a hypercube in the pixel domain. This vector
is denoted by V; (See Figure 3.2). The amount moved by the first quantization
is D, £ IVi — V4|l and was evaluated above using statistical arguments. Let the
distance moved by the second quantization D £ IIVa — Vill. Since quantization
selects the nearest reconstruction point, the second quantization moves V1 to the
closest hypercube center in the pixel domain. Since it chose V, over 1} it is clear
that D, < D, (See Figure 3.2). Note that equality holds when Vg = 15, ie., In the
case of a trapping pair.

Subsequent quantizations will result in non-increasing distortions by similar
arguments. Thus PDQ distortion is non-increasing. As the distance moved by quan-
tization is getting smaller in each generation, the chances that a vector moves out of
the hvpercube it was at the center of in the last generation is smaller, thus leading
the data vector to a trapping pair. This accelerates the saturation of degradation
in multigeneration.

Ezample 3.2.1.1: Distance Moved by Quantization

In this example, 30 frames (each 704 x 480) from the sequence Table Tennis
(Figure 3.3) are used to illustrate the average distance moved by quantization in
multigeneration. In each generation, each 8 x 8 block of data is transformed to
the DCT domain. The block is then quantized/inverse quantized and transformed
back to the pixel domain using an inverse DCT transform. The distance moved
by quantization is evaluated for each block through 12 generation. The average
distance is then computed by summing all distances and dividing them by the total
number of image blocks. Figure 3.4 shows this average distance versus number of
generations when both quantizers, in the DCT and pixel domains, are flat and have

a quantization step sizes of unity.
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Figure 3.2: Distance moved by quantization. Two dimensional quantization grids
are shown for illustration.
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Figure 3.3: Table Tennis sequence.

Note that the average distance moved in the first DCT quantization agrees with
the result obtained above using statistical arguments, and that the distance moved
bv quantization through multigeneration is non-increasing. These experiments have
been also repeated using different DCT quantization step sizes and results agree with
the above. As the square of the distance represents the squared error introduced
by quantization, the non-increasing property of that distance contributes to the
saturation of degradation in multigeneration.

Ezample 3.2.1.2: Profile of how long blocks take to saturate

This example uses 30 frames (each 704 x 480) of the Table Tennis sequence
(Figure 3.3) to illustrate the effect of PDQ on multigeneration saturation. Both
quantizers, in the DCT and pixel domains, are flat and have Q@ = 1. Each frame
is divided into 8 x 8 blocks. Multigeneration is achieved by compressing and de-
compressing each block until saturation is reached. Figure 3.5 shows the number
of blocks (in percentage) and the corresponding number of generations at which
multigeneration saturates. All the blocks saturate at less than 13 generations.

In this experiment, multigeneration saturation is slower than in the case where
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Figure 3.4: Average distance moved by quantization for 12 generations of Table
Tennis using a flat-1 DCT quantizer.

the two quantizer step sizes are unequal. This can be seen in Table 3.1 where the
same experiment were repeated for a DCT quantizer's step size of 2 and 8. Note
that when the ratio of the DCT to the pixel domain quantizers is greater or equal to
8, multigeneration saturates at the second generation. This result is consistent with
the previous discussion in this chapter (in this example however. multigeneration
also saturates at the second generation for the quantizers ratios 4 and 6). Note that
it is not the size of the step size of each quantizer which determines the saturation
behaviour; but instead the ratio of the DCT quantizer to the pixel domain quantizer.
The worst case is when the two quantizers have equal size. This is illustrated in
Table 3.2 using equal step size of 8 for both quantizers and comparing the results to

the case of @ =1 in Table 3.1. The saturation behaviour is similar in both cases.
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Figure 3.5: PDQ: Percentage of blocks that saturate versus generations for 30 I
frames of Table Tennis. Both DCT domain and pixel domain quantizers have Q = 1.

Table 3.1: PDQ: Percentage of blocks that saturate versus generations for 30 I
frames of Table Tennis, for different DCT quantizer step sizes.

Number Number of blocks (%)
of Q=1 Q=2 Q=28
generations

1 1.05 0.001 0
2 17.51 97.172 100
3 35.45 2.817 0
4 27.80 0.01 .
3 12.81 0

6 4.21 -

7 0.98

8 0.17

9 0.019

10 0.001

11 0 0 0
12 0 0 0




Table 3.2: Effect of DCT domain to pixel domain quantizers ratio on multigeneration
saturation. For illustration purposes, both DCT and pixel domain quantizers are
flat-8. Results are compared to the case of @ =1 in Table 3.1.

Number of ! l
generations 1 2 3 4 3 6 7 8 9 10 | 11| 12
Number of

blocks (%) | 0.18 | 12.13 | 34.65 | 30.928 | 15.43 | 5.17 | 1.24 | 0.23 | 0.04 | 0.002 | 0 | 0 !

3.2.2 Pixel Domain Clipping (PDC)

In practice, data values are clipped in both pixel domain and DCT domain to a
specified precision limit. For example, in MPEG-2 standard {21], data are clipped
to the range [—2048 : +2047] in the DCT domain, and to the range {0 : +253] in
the pixel domain. To study the effect of PDC on multigeneration. PDQ is ignored
in the analysis.

Consider the quantization of the DCT coefficients. The quantizer step size
of the (i, 7)th DCT coefficient includes two terms: a quantization coefficient ¢(i. j)
(from the quantization matrix) which defines a minimum step size for the particular
DCT coefficient, and a quantization scaling parameter gscale used to control the
output bitrate. Let V" be a 64-dimensional vector representing the reconstructed
data in the pixel domain at the current generation, and let V© be the data values
after clipping. Let B;; be the (i, j)th DCT basis vector. Define the clipping error
as the difference V — V¢. Thus, the term B,-E- - (V' = V) represents the change in the
(i, j)th DCT coefficient, at the next generation, due to clipping in the pixel domain
at the current generation. Let gscale x g(i,j) be the quantizer step size for the

(i,7)th DCT coefficient. Thus, if

> qscaleg(ilz (3.11)

|BL (V- V) 5

then in the next generation the quantized DCT coefficient will move (depending
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on the value of the left term in equation 3.11) an integral multiple of the step size
gscale x q(3, 7).
Ezample 3.2.2.1: Pizel Domain Clipping

Figure 3.6: Original Lena. Figure 3.7: Original Peppers.

The effect of PDC on the DC coefficient is illustrated in this example. The test
image Lena shown in Figure 3.6 is used. Multigeneration of an 8 x 8 data block of
Lena (line 321 to 328, samples 177 to 184) is presented in Figures 3.8 and 3.9 for the
first and second generations, respectively. The DCT coefficients of the data block
are quantized with the default intra quantization matrix specified in MPEG2 video
standard [21] and with gscale = 2. In Reconstruction, an inverse DCT is performed
followed by a quantization (rounding) in the pixel domain. The reconstructed block
contains negative values which are then clipped to zero. PDC error in the first
generation is shown in Figure 3.8.(d). Note that the sum of the clipping error
equals —73, and with ¢(0,0) = 8 and gscale = 2 for this example, the condition in
Equation 3.11 is satisfied for ¢, = 0. Thus in the next generation, the quantized
DC coefficient will move an amount that is integral multiple of 16. In this example,

as =1 = —9.125, the DC coefficient will move to the adjacent higher quantization
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cell.

The generation error due to PDC is evaluated by subtracting the reconstructed
data block in the second generation from its corresponding block in the first gener-
ation. This is shown in Figure 3.9. Note that the data values in Figure 3.9.(b). are
shifted from their corresponding values in Figure 3.8.(c). by a constant value of 2
as only the DC coefficient has changed between the two generations. As the sum of
clipping error in the second generation (Figure 3.9.(c).) is —54, Equation 3.11 does
not hold and there will be no further changes in the value of the DC coefficient. In
fact, the block saturates after the second generation.

Pizel Domain Clipping: Ezample 3.2.2.2

An 8 x 8 data block (line 169 to 176, samples 49 to 56) of Peppers image
(Figure 3.7) is used, with flat-16 quantization matrix and gscale = 1. In the first
generation, the left-hand-side of Equation 3.11 equals 8.86 for i = 0,5 =1, and the
inequality is satisfied. In the next generation, the corresponding lower-frequency AC
coefficient moves to the next quantization cell. Further, Equation 3.11 is satisfied
for the DC coefficient. This results in a generation error shown in Figure 3.10.(b).
The loss in PSNR for the 8 x 8 block is evaluated as PSNR(!) — PSN R®?) where the
subscripts 1 and 2 denote first and second generations. This loss is 2.6 dB. Here,
the PSNR is evaluated over the 8 x 8 block and not over the entire image. Note
that in Examples 3.2.2.a. and 3.2.2.b. the DCT domain to pixel domain quantizers
ratios are greater than 8. Hence PDQ does not contribute to the generation loss.

Clipping has a tendency to affect lower-frequency DCT coefficients. Clipping
error is impulsive, meaning that the error energy is spread out among all frequencies.
However, when multiple pixels are clipped in the same block, they are usually all
clipped in the same direction. Thus clipping error will have a DC bias. This coupled

with the smaller quantization step sizes of low frequency coefficients, results in-most
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clipping error affecting only the DC coefficient.

3.2.3 Compression Control Parameters Variation (CCPYV)

In multigeneration, rate control algorithms may use different quantization scaling
parameters at subsequent generations (due to a change in the picture activity) for
the same data block. A change in gscale can be thought of as resizing the 64-
dimensional hypercube of the DCT quantizer. Thus data vectors which already
were in trapping pairs at a given generation may escape from their trap, hence slow-
ing down multigeneration saturation and causing more degradation in the picture

quality. This is illustrated in Section 3.3.

3.2.4 Motion Vector Re-estimation (MVR)

If motion vectors are re-estimated at each generation, they may differ from the
motion vectors used in the first generation. Different motion vectors will result
in different reference blocks for predicted data blocks. The re-estimated motion
vectors may be optimum in some sense (for instance they may minimize the size
of the residue as measured by absolute error for the current generation); however.
the first generation motion vectors probably more closelyv represent the true motion
of the objects in the video. Moreover, minimizing the residue may not always lead
to fewer bits in picture coding if the residue contains high frequency spikes due to
non-smoothness of motion vectors.

Experiments show that using motion vectors of the first generation reduces
multigeneration loss. This requires that picture types as well as macroblock types
not be altered between generations. Although using the same motion vectors re-

quires storing them for subsequent generations, it has the advantage of reducing the
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complexity at the encoder, as well as the generation loss. However, motion vectors
may need to be updated when multigeneration involves production manipulations
between generations. Erdem and Sezan also suggested that motion vectors should

not be altered from generation to generation [1].

3.2.5 Error Propagation due to Motion Compensation

(EPMC)

Consider a sequence represented as
IoB\By,P;ByBsPgB;Bgly . . .

In this section, the predicted frame P; will be examined through two generations.
Here subscripts refer to the frame number, superscripts refer to the generation,
hats refer to estimated frames, and tildas refer to reconstructed quantities. Motion
estimation of P; from the reference frame Iy results in motion vectors M VY. Let
’((,1) be the reconstructed frame of I; at the first generation. Using M "'3,(01) and I-él),
an estimate Pél) of frame P; is formed. The residue Rgl) resulting from Motion

Compensated Differential Pulse Code Modulation (MC-DPCM) is
R{P = p; — PV (3.12)

Rgl) is then transformed (DCT) and quantized. Let Rgl) be the reconstruction of

R{" at the decoder. The decoder will reconstruct PV as
PV = R{M + PV (3.13)

In the second generation, Pél) is predicted from I.g"), the reconstructed version
of the reference frame I-él). If I.éz)is different than I.él) due to PDQ, PDC or CCPV;

orif M V3(02) is different from MV},((}) because of motion vector re-estimation (MVR);
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or if different modes are chosen: then the estimated frame Pf") will be different from

133(1), This will result in different residues R
Rgg) _ pél) _ P:§2) (3.14)

Consequently, the reconstructed frame 15§2) at the second generation will be different
from the reconstructed frame -él) at the first generation, even if no PDQ, PDC or
CCPYV error is introduced in the transform coding of the residue Rg?”. 15352) is given
by

PP = Ry + B (3.13)

Moreover, even if [§> is identical to fél), and the motion vectors MV’ and
M Vs((;”) are the same, the residue Rgz) will still be different from RS". as the frame
P3 is not available at the second generation, but only its reconstructed version
-351) (refer to Equation 3.12 and 3.14). This will vield a reconstructed frame 2
(Equation 3.15) different from Pé”. This problem recurs in subsequent generations.
Note that this error propagation between predicted frames is more of a problem
for higher bitrates as the DCT quantizer is finer, possibly leading the residue data
vector to a different quantization hypercube in the next generation, in the DCT
domain. Similar analysis can be done for B frames.

Thus, the above concludes that in multigeneration, EPMC propagates the
degradation, caused by other mechanisms, from reference frames to frames that are
predicted from them. Furthermore, even if there was no degradation in reference
frames, EPMC still introduces errors at each generation. This is because a predicted
frame at a current generation is a reconstruction version of a corresponding predicted

frame from the previous generation.
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3.3 Experiments

The test sequences used in this section are Table Tennis and Flowers. The sequence
consists of 60 frames with a frame rate of 30 frames/s and a color sampling ratio of
4:2:0. The coding bitrates are 3, 10 and 15 Mb/s. The number of frames in a group
of pictures (GOP) is 15, with a structure IBBPBBPBBPBBPBB. The default intra
and non-intra quantization matrices specified in MPEG-2 Video standard 21, 39;
are used. The PSNR is used as an objective measure to quantify the amount of
degradation caused by each mechanism.

The strategy used in the following experiment is to “turn off” each degrada-
tion mechanism and evaluate its effect. Thus, to evaluate the effect of PDQ on
multigeneration degradation, the quantization in the pixel domain is turned off and
the average PSNR is computed for 20 generations. For PDC. values less than 0 or
greater than 2335 in the pixel domain are allowed. CCPV and MVR mechanisms are
evaluated by using motion vectors and quantization scaling parameters of the first
generation for each subsequent generation. As for EPMC., it is tested by turning off
PDQ, PDC, CCPV, and MVR mechanisms.

The organization of the subsequent sections is as follows. Section 3.3.1 test
PDQ mechanism. Section 3.3.2 illustrates MVR mechanism. The effect of both
CCPV and MVR mechanisms on multigeneration loss is tested in Section 3.3.3.
Next, EPMC is illustrated in Section 3.3.4. The simultaneous effect of PDQ. PDC.
CCPV, MVR, and EPMC mechanisms is provided in Section 3.3.5.

Other experiments that address different factors affecting multigeneration loss
are presented in Section 3.3.6. This section provides results that were presented
in a technical report to the Canadian Broadcasting Corporation (CBC) which was

supporting me during my NSERC Industrial Postgraduate Scholarship program.
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3.3.1 PDQ Mechanism

Figure 3.11 shows the average PSNR of Table Tennis at bitrates 15 and 5 Mb/s for
20 generations. In (a) and (c) all the mechanisms that contribute to the continued
degradation in multigeneration are included, while (b) and (d) show the PSNR with
no PDQ. Notice that multigeneration average PSNR increases when PDQ mecha-
nism is disabled. The difference in PSNR after 20 generations is 6.77 dB at 15 Mb /s
and 0.66 dB at 5 Mb/s. Further, this difference is greater for higher bitrates (lower
compression ratios) as the ratio between the DCT domain and the pixel domain
quantizers becomes comparable, leading to more interaction between them, and
hence further degradation at each generation. This result agrees with Section 3.2.1.
Notice the crossover of the 15Mb/s and 5Mb/s curves where all degradation mech-
anisms are included (curves (a) and (c)). While the bit budget spent on the coded
video of curve (a) is 3 times higher than the bit budget spent on the video of curve
(c), the quality of both sequences after 20 generation is very close due to multigen-

eration loss.

3.3.2 MVR Mechanism

Figure 3.12 shows multigeneration average PSNR of Table Tennis at bitrates 15 and 3
Mb/s. In (a) and (c) all mechanisms that cause degradation in the picture quality
are included, while (b) and (d) use the motion vectors of the first generation for each
subsequent generation. Motion vector re-estimation (cases (a) and (c)) results in a
PSNR loss of 0.77 dB and 0.42 dB at the 20th generation, for the bitrates 15 and 5

Mb/s, respectively.
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3.3.3 CCPV and MVR Mechanisms

In this experiment, CCPV and MVR mechanisms are combined. The average PSNR
is shown in Figure 3.13 for 20 generations of Table Tennis at 5 Mb/s. In (a) all
mechanisms contributing to multigeneration loss are included. Case (b) uses mo-
tion vectors of the first generation for subsequent generations. In (c) motion vectors
and quantization scaling parameters of the first generation are used through multi-
generation. It was observed that using the quantization scaling parameters of the
first generation (case (c)) results in an increase in the average PSNR of lower bit-
rate video (compression ratio > 6:1) while maintaining the target bitrate relatively
constant.

Because the amount of degradation in Figure 3.13.(c). is small, this suggests
that CCPV and MVR are the most important mechanisms for the above video
compression ratios.

The above experiment were also repeated at 15 Mb/s, however the coding
bitrate could not be controlled through multigeneration. as using the quantization
scaling parameters of the first generation, the rate control algorithm is disabled at

subsequent generations.

3.3.4 EPMC Mechanism

Figure 3.14 show multigeneration average PSNR of Table Tennis at 15 and 5 Mb/s.
Curves (a) and (c) show the PSNR when all mechanisms contributing to multigen-
eration degradation are included, while (b) and (d) show the PSNR when PDQ,
PDC, CCPV and MVR mechanisms are disabled (i.e., only EPMC mechanism is in
effect).

Although CCPV mechanism is disabled in (b) and (d), the coding bitrates
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Figure 3.13: Multigeneration of Table Tennis at 5Mb/s (Y-component). (a) All
mechanisms. (b) No MVR. (¢) No MVR, gscale of the first generation.

is found constant through multigeneration. Note that the loss in PSNR after 20
generations (i.e., PSVR®Y) — PSNR®) due to EPMC is 4.5 dB and 0.1 dB for
the bitrates 15 and 5 Mb/s, respectively. This leads us to conclude that EPMC
results in more degradation for higher bitrates. This result is consistent with the
discussion in Section 3.2.3, that is, the degradation caused by EPMC when all other
mechanisms are disabled (curves (b) and (d)) results from the fact that the predicted
frames at a current generation is the reconstruction versions of their corresponding
predicted frames from the previous generation. Moreover, For the curves (a) and (c)
in Figure 3.14, All mechanisms, including EPMC, contribute to the multigeneration
loss. In this case, in addition to the degradation mentioned above, EPMC also
propagates the errors from reference frames to the frames that are predicted from

them, thus, acting as an amplifier.
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3.3.5 Simultaneous Effect of All Mechanisms

In this experiment, Table Tennis and Flowers sequences are used. The sequence
were compressed and decompressed through 20 generations at bitrates (R) of 15. 10
and 5 Mb/s.

Tables 3.3 and 3.4 show the average PSNR when all mechanisms that con-
tribute to multigeneration degradation are included. Note that the loss after 20
generations (defined as L(® = PSNR® — PSNR®)) increases in general with
bitrates, that is, higher bit-rates video suffer more degradation through multigener-
ation.

Although the difference in video quality (measured in PSNR) of the luminance
component (Y-component) in Table 3.3 is significant at the first generation for the
above bitrates, the quality at the 20th generation is comparable. Further, the PSNR

of the chrominance components (Cb and Cr components) in Table 3.3 after 20
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generations at 5 Mb/s is higher than the corresponding PSNR at 10 and 15 Mb/s.

This behavior however is image dependent and differs for different sequences.

3.3.6 Other Factors Affecting Multigeneration Loss

This section addresses factors affecting the video quality in multigeneration of the
MPEG-2 4:2:2 profile. This profile is used in the professional studio and post pro-
duction environment, and in distribution between TV networks and their affili-
ates [2, 59].

In the experiments, parameters such as bitrate, GOP structure. quantization
matrices and picture types (I, P, or B) are changed, and the multigeneration average
peak signal-to-noise ratio (PSNR) is evaluated for 8 generations. Multigeneration

characteristics for different visual complexity sequences were also addressed.

GOP Structures and Multigeneration

The shorter the GOP structure is, the lower are the errors introduced by multiple
generation of the video. The degradation mechanisms that are affected most by the
GOP structures are EPMC (Error Propagation due to Motion Compensation) and
MVR (Motion Vector Re-estimation) {4, 3].

In practice, a nonlinear editing system may use MPEG-2 4:2:2 profile with only
Intra coded pictures at bitrates 20 to 40 Mb/s [58]. Using only I-frames avoids some
of the mechanisms that contribute to the degradation in video quality during mul-
tiple generations. Specifically. EPMC and MVR mechanisms. EPMC mechanism
dominates the multigeneration loss for higher bitrate video as previously discussed
in this chapter. I-frame structure also avoids changes in picture types which results

whenever a temporal shift occurs between two generations.



Table 3.3: Effect of all mechanisms on multigeneration average PSNR (in dB) of
Table Tennis. The term R denotes the bitrate, and L% = PSNR(!) — PSNRC0,

Y-component
R | PSNRD PSNR® PSNR® PSNR® PSNRZ | L0
15 49.91 47.80 46.36 45.23 39.03 10.88
10 46.00 44.53 43.58 42.83 39.03 6.97
3 40.36 39.73 39.49 39.38 38.95 1.41
Cb-component
R | PSNRU PSNR® PSNR® PSNR® PSNRCY | LP0
15 50.33 48.68 47.53 46.60 41.11 9.22
10 46.98 45.82 45.05 44.42 40.71 6.27
5 43.39 43.06 42.93 42.87 42.61 0.78
Cr-component
R | PSNRY PSNR® PSNR® PSNR® PSNR®YO | L0
15 50.63 49.00 47.86 46.95 41.37 9.26
10| 47.36 46.17 45.39 44.76 41.00 6.36 |
5 43.66 43.27 43.12 43.05 42.76 0.90

Table 3.4: Effect of all mechanisms on multigeneration average PSNR (in dB) of
Flowers. The term R denotes the bitrate, and L9 = PSNR(}) — PSNR(0),

Y-component !
R | PSNRTD PSNR® PSNR® PSNR®W PSNR?Y | L0 ]
15 45.87 44.66 43.83 43.19 38.26 7.61
10 41.41 40.66 40.29 40.02 37.83 3.58
3 34.92 34.39 34.51 34.48 34.35 0.57 !

Cb-component
R | PSNRD PSNR® PSNR® PSNRW PSNR?0 | L0
15 45.69 44.76 44.12 43.66 39.58 6.11
10| 41.61 41.01 40.74 40.56 38.86 2.75 |
3 36.25 36.07 36.04 36.03 35.94 0.31 |

Cr-component
R | PSNRY PSNR® PSNR® PSNRW PSNRGE [ L0
15| 45.63 44.75 44.14 43.65 39.60 6.03
10| 41.80 41.30 41.06 40.89 39.32 2.48
5 37.05 36.93 36.92 36.91 36.85 0.20
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Figure 3.15: Multigeneration of the MPEG-2 4:2:2 profile for different GOP struc-
tures. Flowers at 40Mb/s (Y-component).

Figure 3.15 shows multigeneration average PSNR of Flowers sequence at
10Mb/s Notice that longer GOP structures result. in general. in a higher PSNR
at the first generation. However, multigeneration loss is higher due to EPMC mech-

anism.

Temporal Shifts

Temporal shifts is the change in picture types between generations. this may occur
for example after a video editing. In the experiments, temporal shifts are performed
after the first and the fourth generations, using a one-frame shift.

Figure 3.16 shows the effect of temporal shifts on multigeneration average
PSNR (Y-component) of Table Tennis for GOP structures IBB and N=15. M=3
at bitrate of 30Mb/s. Notice that temporal shifts result in more degradation in

multigeneration of the video.



squase: 188, no shifts

49 crcie: 188, temooral shifts
rtangie: N=15, MsJ, no snifts
x—mark Nu15, Ma3, temporat shfls

[RUTY RO N .

I S

Figure 3.16: Effect of temporal shifts on multigeneration of the MPEG-2 1:2:2 pro-
file. Table Tennis at 30Mb/s (Y-component). Temporal shifts occur after the first
and fourth generations.

Flat and Non-flat Quantization Tables

Experiments show that flat quantization matrices perform. in general. better than
non-flat quantization matrices in terms of multigeneration average PSNR. This is
not surprising, as flat quantization matrices are known to statistically minimize
the mean square error. However., the default non-flat quantization matrix given
in the MPEG-2 standard is known to be subjectively optimized for the human
visual system. As human subjective perception is less sensitive to errors in higher
frequencies than those in lower frequencies, the default non-flat quantization matrix
quantizes more coarsely the higher frequency DCT coefficients. This may result in
better subjective quality of the picture even if flat quantization matrices are superior
in terms of peak signal-to-noise ratio.

Table 3.5 compares between flat and non-flat quantization tables. Results are

shown for Table Tennis with a GOP structure IBB and for bitrates 20, 30, and 40



Table 3.5: A comparison between flat and non-flat quantization tables. Multigener-
ation PSNR (Y-component) of Table Tennis using an IBB GOP structure.

Generation 20Mb/s 30Mb/s 40Mb/s
number flat non-flat | flat non-flat | flat non-flac
1 3891 38.19 | 42.03 40.98 | 44.57 43.87
2 38.72 38.01 41.88 40.74 | 44.03  43.27
3 38.68 3799 |41.81 40.70 |43.66 42.95
4 38.65 37.97 |41.70 40.67 | 43.44 42,74
3 38.62 3796 |41.61 40.66 |43.25 42.61
6 38.60 37.95 |41.47 40.65 |43.09 4252
7 38.58 37.95 |41.39 40.65 | 4297 4245
8 38.56 37.95 |41.34 40.64 |42.88 42.40

Mb/s.

Type of Sequence

Multigeneration loss is sequence dependent and may differ significantly depending on
the type of sequence. Results show that sequences which are harder to code due to
their higher visual complexity suffer less degradation in multigeneration. or alterna-
tively, sequences which start out at a relatively higher PSNR at the first generation,
for a given bitrate. experience more degradation through multigeneration.

Table 3.6 shows the loss L® at the 8th generation for three types of sequences
arranged from lower (left) to higher (right) complexity: Table Tennis, Flowers. and
\[obile. Results are shown for a bitrate of 40Mb/s and for three GOP structures

(I-only, IBB, and N=15, M=3). The loss is defined as
L® = PSNR® — PSNR®

where PSNRW and PSNR® are the peak signal-to-noise ratios at the first and
8th generation, respectively. In the experiments, the same motion vectors of the

first generation are used for each subsequent generations.

72



Table 3.6: Multigeneration loss (in dB) at 40Mb/s for different type of sequences
(Y-component).

GOP structure | Multigeneration loss L)
Tennis Flowers Mobile

T-only 159 035  0.30
IBB 1.69 123 047
N=15, M=3 341 257  0.62

Lower visual complexity video usually require less bits than high detailed se-
quences, for the same coding quality. Thus, for a given bitrate, blocks of low detailed
video are quantized less coarsely than those of high detailed video. This is equivalent
to having a smaller ratio between the DCT domain and the pixel domain quantiz-
ers for lower visual complexity video. which results in more PDQ (Pixel Domain

Quantization) degradation [4. 3].

3.4 Summary of Chapter 3

This chapter presented five mechanisms that cause the continued degradation of
picture quality in a multigeneration environment. Multigeneration error introduced
by PDQ is larger for higher bit-rate video. It was observed that PDC mainly affects
the DC of the DCT coefficients. For CCPV, it was noticed that using the quantiza-
tion scaling parameters of the first generation results in an increase in the average
peak signal-to-noise ratio (PSNR) of lower bit-rate video. For MVR. multigenera-
tion error is reduced when the motion vectors of the first generation are used for
each subsequent generation. For Er MC, multigeneration errors in reference pictures
propagate to frames that are predicted from them. Consequently, EPMC multiplies
the effect of other mechanisms. It also results in error propagation between predicted

frames from generation to generation.



The experiments showed that PDQ and EPMC are the most important mech-
anisms for higher bitrates (lower compression ratios) while CCPV and MVR are
more important for lower bitrates. The effect of PDC on multigeneration loss, for
the sequences used in experiments, is very small. Other factors that affect multi-
generation loss such as GOP structure, temporal shifts (changes in picture type),
and visual complexity of sequences were also presented. It was observed that while
long GOP structures have a higher PSNR at the first generation, they suffer how-
ever larger degradation throughout multigeneration than shorter GOP structures.
Experiments showed that changes in pictures type during multigeneration introduce
more errors and should be avoided if possible. Furthermore, it was also observerd
that multigeneration loss is sequence dependent and that higher visual complexity
sequences usually suffer less degradation in multigeneration.

Moreover, subjective evaluations were conducted by looking at the multigen-
erated video. High spatial frequency noise are introduced by multigeneration, espe-
cially in flat areas. The noise in B frames is higher than in P frames, while [ frames

are the least affected.
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Chapter 4

Transcoding of MPEG

Compressed Video
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4.1 Introduction

The transmission of MPEG compressed video is an important issue in many of
todays digital video services. While these services may use pre-encoded video, a
lack of flexibility in transmission bit rates may arise due to changes in channel
capacity or network demands. In situations such as network congestion, or when
the transmission media has a lower capacity than the capacity required by the video
bitstream, bit-rate reduction of the pre-encoded video is necessary. The process
of converting a compressed video format into another compressed format is known
as transcoding. This thesis addresses the specific transcoding problem of bit-rate
reduction of a previously compressed MPEG video.

There are different approaches to the problem of bit rate conversion of MPEG
compressed video. A straightforward approach is to fully decode the video, then
to re-encode it at a lower bit rate. This approach has two disadvantages. First,
the MPEG encoding algorithm usually requires high computational power. Thus,
this approach is not an efficient solution in terms of implementation complex-
ity, delay and cost. Second, errors are introduced due to the repeated compres-
sion/decompression of video [1, 4].

Another approach to bit rate conversion is to use scalable coding tech-
niques [14, 21] where the video is coded as two or more layers, a base layer and
one or more enhancement layers. The coded video information can be arranged
such that the most important information is included in the base layer. In the case
of network congestion, data from the lower priority layer maybe dropped to reduce
the bitrate of the video. There are two disadvantages to this approach. First, scala-
bility in MPEG-2 provides only a limited number of possible transmission bit rates.

Second, in order to control transmission rates using layered coding, the encoder must
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Figure 4.1: A basic video coding system including a transcoder.

take into account the congestion control policy of the network when a connection
is set. This however may not be known when the video was first compressed for
storage.

A more reliable approach is to transcode the compressed video to the desired
bit rate. This is achieved by partial decoding of the bitstream, then performing the
rate conversion by requantizing the DCT coefficients. This approach has two advan-
tages over full decompression followed by re-compression of the video. First, since
motion estimation is the most computationally intensive operation in the MPEG en-
coding algorithm, the complexity is significantly reduced by using the same motion
vectors in transcoding. Second, this approach avoids some of the errors introduced
when the video is fully decompressed and then compressed in a second genera-
tion [1, 4]. Figure 4.1 shows a basic block diagram of a video coding system that
includes a transcoder. The encoder compresses an input video at a bit rate R1, then
subject to certain constraints, the transcoder converts this compressed video at a
bit rate R2 < R1. Next, the decoder decompresses the transcoded video bitstream
for display.

The problem of transcoding has been studied by many researchers (73, 74, 75,
6, 76, 77, 5]. In [73], a two-stage coder for distribution of video at different bit
rates is proposed. The first stage of the encoding is computationally intensive. All
motion analysis are done in the first stage. The intermediate format resulting from

the first stage is then stored and used as the source for distribution through diverse
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channels. While transcoding from the intermediate format to a desired bitstream
is simpler and more efficient than the single-pass encoding, the intermediate format
has a large overhead in storage capacity. In [74], a simple open loop transcoder
architecture is presented. Rate-conversion of the compressed video is achieved by
requantizing the DCT coefficients. The quantization step required for requantization
is determined using the local and global quantization step of a picture. While the
proposed requantization method is simple, it does not however take into account
the propagation of errors (drift errors) which results from requantizing a motion-
compensated compressed video. Another approach for high-quality transcoding is to
use a closed loop technique that compensates for drift errors, as proposed in {73, 6,
76, 77]. Compensation for drift errors is performed either in the DCT domain (73, 6]
or in the spatial domain (76, 77].

An important issue in bitrate conversion of compressed video is the optimiza-
tion of the transcoder to improve picture quality. In (6], a Lagrangian rate-distortion
optimization algorithm for bit reallocation in transcoding is presented. While the
rate-distortion method improves the quality of the transcoded pictures, the optimiza-
tion algorithm has added computational complexity and may impose extra delay in
transcoding. The paper addresses this problem by using one-slice delay instead of
one frame delay for a faster transcoder response to network demand. In [77], a
detailed discussion of transcoding complexity and performance, including an anal-
ysis of the extra distortion introduced by requantization, is provided. It is shown
that the complexity of the transcoder may be significantly less than a cascaded
decoder/encoder system as several components in the cascaded decoder/encoder
system may be combined such as motion vectors. The paper also provides exper-
iments on the extra distortion introduced in transcoding due to the two cascaded

quantizations: once in encoding, and once in transcoding. In [5], a study of the
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requantization problem in transcoding of MPEG-2 Intra frames with emphasis on
designing the quantizer of the transcoder is presented. The paper provides two ap-
proaches for adjusting the decision levels of the transcoder’s quantizer to improve
picture quality. The first uses a mean-squared error (MSE) cost function, and the
second uses a maximum a posteriori (MAP) cost function. Both MSE and MAP
quantizers result in a higher picture quality in transcoding than the TMS5 quan-
tizer [39] In {78], a motion-vector refinement scheme to improve the quality of the
transcoded pictures is presented. This paper also extends the motion-vector refine-
ment scheme to cover the case when a frame-rate conversion is needed and proposes
a motion vector composition method to compose an outgoing motion vector from

the incoming motion vectors of the dropped frames.

4.2 Issues Related to Transcoding

In this thesis, two types of transcoders were used. The first type of transcoder uses a
straightforward requantization method, without compensating for drift errors. The
basic structure of a transcoder with no drift correction is shown in Figure 4.2. The
advantages of this structure are its lower complexity and smaller memory require-
ments. This type of transcoder does not require any frame buffer. It is more suitable
for low delay and low cost applications, and for video bitstreams having small group
of pictures (GOP) structures, which reduce the effects of drift.

The second type of transcoder uses a feedback loop to compensate for drift
errors. This method provides a higher quality transcoding, but with more complexity
and memory requirements. The extra complexity added is due to the operations
required for drift correction, while the increase in memory requirements is due to

the frame buffers needed for drift compensation. Figure 4.3 shows the block diagram
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Figure 4.3: Transcoder structure with drift correction in the spatial domain.

of a transcoder with drift correction in the spatial domain. If drift correction is used
for P and B picture coding types, then two frame buffers are needed. Memory
requirements can be reduced to one frame buffer by performing drift correction only
on P pictures, since requantization errors in B pictures do not propagate.

For both transcoding types, the requantization process is done on a mac-
roblock basis. This reduces delay. Furthermore, the motion vectors of the input
bitstreams are re-used. This avoids motion estimation, the most computationally

intensive operation of the MPEG encoding algorithm. As expected, this significantly
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reduces the complexity of the system, as compared to a cascaded decoder-encoder
system. Macroblock types may change after requantization. However, changes are
limited. For example, a motion-compensated coded macroblock may be changed
to a motion-compensated not coded macroblock if all the DCT coefficients are zero
after requantization.

A brief discussion of requantization and rate control operations follows.

4.2.1 Requantization and Bit-rate Conversion

In MPEG standards, the DCT transform is performed on 8 x 8 blocks of data. The
64 DCT coefficients are uniformly quantized. the quantizer step size that is used
for each DCT coefficient includes two components, a quantization coefficient which
specifies a minimum step size for the particular DCT coefficient, and a quantization
scaling parameter gscale used for bit-rate control. As gscale increases, the quan-
tization of the DCT coefficients is coarser and consequently, the output bit rate

decreases. In it’s simplest case, The quantization process [75] can be expressed as

z4(u,v) = Round ( z(u, v) ) (4.1)

gscale x w(u, v)

where z(u,v) is the input DCT coefficient and w(u,v) is its corresponding entry
from the quantization table, z,(u,v) is the quantized DCT coefficient, and Round
denotes integer division with rounding.

At the decoder, inverse quantization [75] may be performed as
y(u, v) = z4(u,v) x gscale x w(u,v) (4.2)

where y(u, v) is the inverse quantized DCT coefficient.
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Bit rate conversion can be performed in the compressed domain by requanti-

zation of the DCT coefficients. In its simplest case, this can be represented by

_ Zq, (u,v) X gscale; x wy(u,v)
Tq,(u,v) = Round ( zscales X wa(a,v) (4.3)

where z4,(u,v) is the input quantized DCT coefficient and zg,(u, v) is its requan-
tized version, gscale, is the input quantization scaling parameter and gscale; is the
value required to meet the target bit rate. Usually, the quantization coefficients
wy (u, v) (encoder) and ws(u,v) (transcoder) are the same and can be omitted from
Equation 4.3. However, in some cases, the transcoder’s quantization tables may be
scaled in order to allow a suitable range for gscale; such that the target bit rate
can be met. Note however that the above equation does not take into account the

propagation of requantization errors (drift) due to motion compensation.

4.2.2 Rate Control

The rate control algorithm is not part of the standards and is thus left to the
implementer to develop an efficient strategy. In (6], an approach to transcoding
optimization and rate control by minimizing a Lagrangian cost has been proposed.
This technique allows the selection of a trade-off point between rate and distortion
subject to a rate constraint R < Rp,.. However, this method is computationally
expensive and can not be easily implemented on a macroblock by macroblock basis.
One well known rate control algorithm is described in the Test Model document,
version 5 (TM5) [39]. The advantage of this algorithm is that the operations can
be easily implemented on a macroblock basis, and therefore is more convenient for
real time and low delay transcoding.

In this thesis, the bit rate control is based on the TM5. The algorithm consists

of three steps, a target bit allocation which estimates the number of bits available

82



to encode the next picture, a rate control that uses a “virtual buffer” to set the
reference value of the quantization parameter for each macroblock, and an adaptive
quantization which modulates the reference value of the quantization parameter
according to the spatial activity in the macroblock and the average activity in the
picture in order to derive the value of the quantization scaling parameter gscale
used to quantize the macroblock.

Usually, the activity is computed in the pixel domain and is an important pa-
rameter in quantization, as it reflects the relative complexity of different macroblocks
within the picture. Since the Human Visual System (HVS) is more sensitive to cod-
ing errors in the low-frequency regions of the picture (i.e., low-activity regions), these
regions are usually quantized with a finer quantization step size. However, since local
activity (over a macroblock) and average activity (over the picture) are not included
in the encoded bitstream, they are estimated from local and average quantization
parameters, respectively, as proposed in [74]. Specifically, the quantization scaling

parameter for transcoding is expressed as:

gscale,(j, k)

gscale; (7, k) = gscale,es(J, k) (4.4)

gscale, (k)
where gscale, (j, k) is the old quantization scaling parameter of the jth macroblock
in the kth picture, gscalez(j,k) is its corresponding parameter for requantiza-
tion, gscaleqf(j, k) is the reference requantization parameter determined by the
transcoder rate control algorithm, and gscale (k) is the average quantization pa-
rameter over the kth picture. The ratio gscale,(j, k) /qscale (k) is the estimate of
the normalized activity for the jth macroblock in the kth picture. In the experi-
ments, the average quantization parameter of the last decoded picture of the same

type is used for gscale; (k).
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4.2.3 Performance of Cascaded Quantization

Bit-rate conversion of compressed video involves two subsequent quantizations: the
first in encoding, and the second in transcoding. In general, cascaded quantizations
lead to an extra distortion as compared to direct quantization with the coarser
quantizer. However, it is possible to use information available in the compressed
video to reduce the requantization errors and achieve a higher transcoding quality.

In the following chapter, two methods for reducing requatization errors in
transcoding are proposed (7, 8]. The methods are simple to implement and do not

require side information.

4.3 Summary of Chapter 4

This chapter addressed the specific transcoding problem of bit-rate reduction of
MPEG compressed video. The chapter discussed the importance of transcoding in
providing flexibility in transmission bit-rates in situations such as network conges-
tion, or when the transmission channel has a lower capacity than the capacity re-
quired by the pre-encoded video. Two types of transcoders with different complexity
and memory requirements were discussed. The transcoder with no drift correction
has a lower complexity and does not require frame buffers. It is more suitable for
low delay applications and for video bitstreams having small GOP structures. The
second type of transcoder has drift correction. It provides a higher quality, but with
more complexity. In both transcoder structures, requantization is performed on a
macroblock-by-macroblock basis. Moreover, the motion vectors pre-encoded in the
compressed video are re-used. These reduces the delay and complexity of transcod-
ing. The chapter also discussed issues related to transcoding such as requantizatiod

and bit-rate conversion of MPEG compressed video, and bit-rate control.
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Chapter 5

Requantization for Transcoding of

MPEG Compressed Video
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5.1 Introduction

An important issue in bit-rate conversion is to provide requantization methods for
efficient transcoding [5, 6]. In [3], two approaches for adjusting the decision levels
of the transcoder’s quantizer to improve transcoding quality are proposed. The first
uses a mean-squared error (MSE) cost function, and the second uses a maximum
a posteriori (MAP) cost function. Both methods uses a Laplacian pdf (probability
density function) to model the distribution of the original DCT coefficients. The
Laplacian parameter for each AC coefficient may be estimated from either the first
generation coefficients or the original coefficients. In the latter case, the parameters
have to be transmitted as additional side information. However, no algorithm was
provided in [5] for estimating the Laplacian parameters from the first generation coef-
ficients. In [6], a rate-distortion method is proposed using a Lagrangian optimization
algorithm to derive the quantizer step size for transcoding each macroblock. This
method improves picture quality. However, the optimization algorithm has added
computational complexity and may impose extra delay in transcoding.

This chapter propose two methods to reduce the requantization errors in
transcoding {7, 8]. The first method [7], presented in Section 5.2, assumes Laplacian
distributions for the original AC coefficients of the DCT. A Laplacian 'pa.rameter
for each coefficient is estimated at the transcoder from the quantized input DCT
coefficients. These parameters are then used in requantization to improve the qual-
ity of the transcoded video. The algorithm provided in this work to estimate the
Laplacian parameters of the original DCT coefficients is simple to implement and
may be adapted to other DCT-based coding schemes.

Section 5.3 presents selective requantization, a second method for improving

the transcoding of MPEG compressed video [8]. The proposed method is based on
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avoiding critical ratios of the two cascaded quantizations (encoding versus transcod-
ing) that either lead to larger transcoding errors or require a higher bit budget.

Both requantization methods are parts of the contributions of this thesis {7, 8].

5.2 Estimating Laplacian Parameters of DCT Co-
efficients in Transcoding of MPEG-2 Video

MPEG standards define how quantized DCT coefficients are reconstructed at the
decoder, that is, the uniform reconstruction levels of the quantizer. A transcoder
however may choose how to map the input DCT values onto a given set of recon-
struction levels. Because the distribution of the AC coefficients of the DCT is not
uniform, the uniform reconstruction of the input DCT coefficient at the transcoder,
before requantization, may not be optimal. The requantization error may be re-
duced if the uniform reconstruction levels are replaced by the local centroid of the
distribution of the DCT coefficients in the appropriate quantization interval. In
general, while the DC coefficient has a uniform distribution {33] and is separately
quantized using a uniform quantizer, the distribution of the AC coefficients may be
represented by a two-sided Laplacian distribution [5, 33, 79]. The pdf f(z) of the

original AC coefficients z may be expressed as
o _, .
f@) = S (5.1)

A pdf can be described for each AC coefficient once the corresponding Laplacian
parameter « is known. This parameter may be estimated from the distribution
of original DCT coefficients at the encoder, or from quantized DCT coefficients at
the transcoder. The former however requires transmitting the set of parameters o

with the compressed video and consequently introduces additional overhead. In this
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Figure 5.1: Decision and reconstruction levels of the midstep quantizer.

work, the Laplacian parameter a of the original distribution is estimated from the
input DCT coefficients at the transcoder using maximum-likelihood estimation [80].
In the analysis, it is assumed that the encoder uses uniform quantization.

To develop the analysis for transcoding Intra macroblocks, consider a uniform
midstep quantizer with no dead zone as shown in Figure 3.1. Quantization takes
an input z and generates a level k. Assuming that the distribution of the DCT
coefficients is symmetric around zero, only the magnitude value of the coefficient is
considered. Thus, without loss of generality, k is positive. Let y be the reconstructed

input DCT coefficients at the transcoder, i.e.,

v =kQ (3

N
N
—

where Q, is the quantizer step size of the encoder. Note that @; and k are trans-
mitted in the encoded bitstream.

Let P, and P; be the probability that |z| lies in the intervals [0, Q. /2] for k =0
and (Q1(k —1/2),Qi(k +1/2)] for k = 1,2,..., respectively. Thus, P, and P are

given by
Q1/2
P = 2/ ' ge""”d:):
0 2
= 1—e @@/ (5.3)
- and
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Qu(k+1/2) ¢
/ —e *dzx
Qu(k-1/2) 2

= e aQu(k-1/2) (1 _ e-OQ:)

= e oW/ (1 - gmo) (5.4)

Let p(y) = P(y1,¥2,---,yn) be the joint probability distribution of NV ob-
served values of the sample y of the same frequency index over .V input DCT blocks.
In order to proceed with the analysis, independence assumption is needed. It is as-
sumed that in a single frame of the same sequence the AC coefficients of the DCT,
with the same frequency index, are independent samples of one realization. This
is a reasonable assumption for high frequency DCT coefficients of different blocks
in the picture. The independence assumption also increases the tractability of this
model and is supported by the results presented in this chapter. Future work may
also consider splitting frames into blocks and estimating the Laplacian parameters
for each block, as well as addressing the Laplacian parameter estimation method in
an object based coding context.

Assuming independent samples, p(y) can be expressed as

p(y) = (1 - e'“Q‘/z)No ﬁ e y—Q1/2) (1 - e"°Q‘) (5.5)
=1y %0
where N, is the number of zero DCT coefficients. A necessary condition for

maximume-likelihood estimate [80] is

a -
g 0P(Y) la=a =0 (5.6)
This leads to
NoQre89/2 MQ e 5 N o
(1o T Aoy o WA/ =0 (5.7)
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where M is the number of non-zero DCT coefficients. Let

N
A= Y (m-@/2), B=NoQi/2, C=MQ

=1,y #0

and

z= e"(d%’“)

Equation 5.7 can be written as

[No(Q1/2)e739/?] [1 + e7894/2] + MQ e

(1 —e—aQ)
Bz(1 +z) +C2z? .
( a __)32) (3.8)
The above yields
(A+B+C)z*+Bz—-4=0 (5.9)

Note that the terms A, B, and C are computed from quantized DCT coefficients at
the transcoder’s input. Solving Equation 5.9, the maximum-likelihood estimate of

the Laplacian parameter « for the midstep uniform quantizer is

2
G=-—Inz (5.10)

Q.
Clearly, & can be determined using only information available in the encoded bit-
stream. For illustration, the DCT coefficients of the original first frame of Table
Tennis are quantized with a quantization step size Q; = 16 and the parameter &
is estimated for the the original DCT coefficient X (0,2). The maximum-likelihood
estimation yields & = 0.06. Figure 5.2 shows the actual histogram and the Laplacian
distribution model (using &) of the DCT coefficient X (0, 2). Moreover, an empirical
distribution function is obtained from the observations by sorting the data values

in an increasing order and creating pairs (X;(0,2),7/N) where i is the index of the
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Figure 5.2: Actual histogram and Laplacian pdf model for the DCT coefficient
X (0, 2) of the first frame (Y-component) of Table Tennis sequence, with an estimated
parameter & = 0.06.
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Figure 5.3: Empirical distribution and Laplacian CDF model of of the DCT coef-
ficient X(0,2) of the first frame (Y-component) of Table Tennis sequence, with an

estimated parameter & = 0.06.
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data value X;(0,2) in the sorted list. The empirical distribution is plotted versus
the theoretical Cumulative Distribution Function (CDF) and is shown in Figure 5.3.

To develop similar analysis for transcoding non-Intra macroblocks, consider
a uniform midriser quantizer with no dead-zone. Note however that the analysis
can be easily extended to include quantization with a dead zone around zero. The

reconstructed input DCT coefficients at the transcoder can be expressed as

y=(k+ %)Ql (5.11)

Let P. be the probability that the magnitude of the DCT coefficient lies in the
intervals (kQ:, (k + 1)@,] for k =0,1,2,..., therefore;

(k+1)Q1 ¢y
Pk = 2/ e **dzx
kQy 2
= e—aly-Qi/2) (1 - e—an) (5.12)

Analogous to Equation 5.5, the joint probability distribution p(y) of N observed
sample values of y for the midriser quantizer is
N
p(y) = H [e-a(yn—Ql/'-’) (1 - e-an)] (5.13)
n=1
Applying the condition for maximum-likelihood estimation given by Equation 5.6
yields:
.’VQIC_dQ" N -
A—e5a) ~ D> (yn—@1/2) =0 (3.14)

n=1

Let

N
A=) (yn - 99—1) ., B=NQ,, and z=¢%%

n=1

Equation 5.14 can be written as
(A+B)z—A=0 (5.15)
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Solving for z, the maximum-likelihood estimate of the Laplacian parameter for the
midriser quantizer is computed from
a= L lnz (5.16)
@

Note that the parameter & has to be estimated for each AC coefficient and for
each of the luminance (Y) and chrominance (Cb and Cr) components as they have
different distributions. Once & is known, and prior to requantization with a coarser
step size Q,, the transcoder reconstructs the input DCT coefficients at the local
centroid of the distribution instead of the uniform reconstruction of Equation 5.20.

If d is the kth decision level of the encoder quantizer, then for a given AC

coefficients z in the interval (dg, dx+}, the local centroid [26] is defined as

Jikt z f(z)dz

i+ f(z)dz

f::“ r5e ™ dr

Jart ge—azdy

(dk + ﬁ) eodk (d,,,l + 5) e—0dk+t
(e"adk —_ e—adk+l)

Ck

(5.17)

Note that the above equation is one of the Lloyd-Max quantizer design rules {26].
The stepsize of the encoder’s uniform quantizer can be expressed in terms of its

decision levels as

Q1 =di+1 — dk (5.18)

From Equations 5.17 and 5.18, the local centroid of the DCT coeflicients is computed

at the transcoder as

(de+2) = (de+ Q1+ %) e

(1 — e—aQu)
_ 1 Qe % -
= dp+ 3 "1 —eaar (5.19)
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Clearly, ¢ depends on the step size and decision level di of the encoder’s quantizer,

and on the estimated Laplacian parameter &.

5.2.1 Experiments

Transcoding is achieved by requantizing the input DCT coefficients. The following
experiments use transcoding with drift correction. The transcoder structure is shown
in Figure 4.3. For constant bit-rate (CBR) transcoding, the TM35 rate control
algorithm [39) is used, while for variable bit-rate (VBR) transcoding, the rate control
is disconnected. Since estimating the Laplacian parameters & for a current frame
imposes a delay of one frame, this requirement is removed by using the estimated
parameters of the most recently transcoded frame of the same type, since usually
image statistics do not vary much over a short period of time. In CBR transcoding,
the average step size over the frame is used instead of Q. for the terms B, C, and
z (Equations 5.9 and 5.15). Moreover, in quantization of non-intra macroblocks, a
uniform quantizer with a dead-zone around zero is used similar to MPEG-2 standard.
For VBR and CBR Intra-frame transcoding, two experiments were performed using
150 frames (each 352 x 240) of Flower Garden sequence. Figure 3.4 shows the PSNR
(Y-component) and bits versus frame number for VBR transcoding of Flower Garden
for quantization step sizes @, = 16 and Q. = 30. In normal transcoding, input
DCT coefficients are uniformly reconstructed before requantization, following the
MPEG-2 uniform reconstruction equation. Notice the improvement in PSNR and
bits achieved by using the Laplacian model in transcoding. The average increase in
PSNR in this example is respectively 0.3,0.9, and 1.7 dB per frame for the Y, Cb,
and Cr components. Furthermore, the number of bits spent by using this model

is reduced by 26% as compared to normal transcoding. The equivalent bit rate for
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Table 5.1: Intra-frame transcoding of Flower Garden and Football. PSNR for

transcoding using a Laplacian pdf model (PSNR.) and for normal transcoding
(PSNRy). The input bit rate is 8Mb/s.

Bit Rate | PSNR, (dB) | PSNRy (dB) | A (dB)
Flower Garden
7 29.7 27.3 2.4
6 28.0 26.7 1.3
5 26.9 26.6 0.3
4 26.5 26.2 0.3
Football
7 35.8 34.1 1.7
6 34.4 33.6 0.8
5 33.9 33.5 0.4
4 33.5 33.4 0.1

the input bitstream is 8.5Mb/s. Likewise, the equivalent output bit rate for normal
transcoding and transcoding using Laplacian pdf model is 7.3Mb/s and 5.4Mb/s,
respectively.

Figure 5.5 shows the PSNR (Y-component) versus frame number for CBR
transcoding of Flower Garden for input and output bit rates of 8Mb/s and TMb/s,
respectively. The average increase in PSNR by using the Laplacian model is respec-
tively 2.4,2.5, and 2.8 dB per frame for the Y, Cb, and Cr components. Table 5.1
shows average PSNR of Intra-frame transcoding of Flower Garden and Football
for an input bit rate of 8Mb/s and for different output bit rates. Two cases are
shown: transcoding using a Laplacian pdf model (PSNR.) and normal transcoding
(PSNRy). The parameter A denotes the difference between PSNR. and PSNRy.
Note that the improvement achieved using the Laplacian model differs from sequence
to sequence and for different bit rates.

For both Intra-frame and Inter-frame CBR transcoding, Table 5.2 shows the
PSNR of normal transcoding and of transcoding using a Laplacian pdf model. The
sequences Flower Garden (Flr.), Football (Ftb.), Table Tennis (Ten.), Miss America
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Figure 5.4: VBR Intra-frame transcoding using a Laplacian pdf for the DCT coef-
ficients. PSNR (top) and bits (bottom) versus frame number of Flower Garden for
Q. = 16 and Q, = 30.
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Figure 5.5: CBR Intra-frame transcoding using a Laplacian pdf for the DCT coef-
ficients. PSNR versus frame number for Flower Garden for input and output bit
rates of 8Mb/s and 7Mb/s, respectively.

(Mis.), and Salesman (Slm.) are used, with a group of pictures (GOP) structure
N=15, M=3. The input and output bit rates for transcoding are respectively 2Mb/s
and 1.5Mb/s. Notice that transcoding using the Laplacian pdf model outperforms
normal transcoding.

Next section presents selective requantization [8], a simple method for reducing

requantization errors in transcoding.

Table 5.2: PSNR for transcoding using a Laplacian pdf model (PSNR.) and for
normal transcoding (PSNRy) of five video bitstreams with a GOP structure N=15,
M=3.

Transcoding PSNR (dB)
Case | Fir. Ftb. Ten. Slm. Mis.
PSNR, | 26.1 300 338 383 413
PSNRy [ 25.8 29.6 33.4 38.0 409
A 03 04 04 03 04
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5.3 Selective Requantization

As stated earlier, bit-rate conversion of compressed video involves two subsequent
quantizations: the first in encoding, and the second in transcoding. In general,
cascaded quantizations lead to an extra distortion as compared to direct quantization
with the coarser quantizer. This extra distortion is denoted as “cascading error”.
The cascading error depends on the ratio between the finer quantizer (encoder) and
the coarser quantizer (transcoder). Thus, as the step size of the finer quantizer is
encoded in the bitstream and is available to the transcoder, it is possible to use this
information to reduce the requantization errors and achieve a higher transcoding
quality.

For simplicity, consider the quantization of a non-negative input data value
T using a uniform midstep quantizer (suitable for Intra macroblocks) with no dead
zone, as shown in Figure 5.6. Input-output characteristics of the quantizer are mir-
rored for negative z. The quantizer is completely specified by a set of reconstruction
levels, ¢, and a set of decision levels, di, given by

T+ Te—1

re=kQ, and dp = 2Tk = (- -;-)Q (5.20)

where Q is the step size of the quantizer and k is an integer representing the level.
Thus, given a value z and its reconstruction q(z) = kQ, The quantization error, 2,

can be expressed as
e=z—q(z) (3.21)

Let @, and Q3, where Q; < Q2, be the step sizes of the finer quantizer (en-
coder) and coarser quantizer (transcoder), respectively. To illustrate the idea of se-
lective quantization, an experiment is performed using 150 frames (each 352 x 240)

of Flower Garden. and only Intra frames coding. Figures 5.7.(a)., 5.7.(b)., and
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Figure 5.6: Decision and reconstruction levels of the midstep quantizer.

5.7.(c). show the rate-distortion (R-D) curves for transcoding of Flower Garden,
originally encoded at @, = 4, Q; = 8 and Q; = 24, respectively. Clearly, from the
set of operating R-D points, some of these points (and their corresponding Q) will
not fall on the convex hull of the overall R-D characteristic and therefore they are
not optimal in the rate-distortion sense.

Let €, be the total quantization error that results from quantizing with step
size Q, followed by step size @2, and let 2 be the error resulting from direct quan-

tization with step size Q.. The cascading error &, is defined as
Ec=¢&12— &2 (5.22)

In general, the cascading error increases, on average, when many reconstruction
levels from the finer quantizer are aligned with decision levels from the coarser
quantizer. The maximum cascading error ..o, depends on the ratio @-/Q;. The
upper bound of €cmes is equal to the step size of the finer quantizer @Q;. This
corresponds to the special case illustrated in Figure 5.8 where the original data value
lies on a decision boundary of the finer quantizer, and the respective reconstruction
level of the finer quantizer lineup with a decision level of the coarser quantizer. Thus,

the magnitude of maximum cascading error is bounded by

0 < |€cmaz| < Q1 (5.23)

If the finer quantizer’s cell, corresponding to the original data value, is totally con-

tained in a cell of the coarser quantizer, then cascaded quantization gives the same
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Figure 5.7: Rate-distortion curves of Flower Garden (Intra-frame coding). The
sequence is originally encoded at the following values of Q;: (a) Q1 = 4. (b) @1 =8.
(c) Q=24
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Figure 5.8: A situation where maximum cascading error equals Q;.

result as direct quantization with @2, i.e., no cascading error is introduced by re-
quantization (Figure 5.9.(a}). However, if the finer quantizer’s cell overlap with two
cells of the coarser quantizer, then cascading error is introduced by requantization if
the reconstructed data value after the first quantization and the original data value
each fall into a different quantization cell in the coarser quantizer (Figure 5.9.(b)).

To study how the ratio Q./Q, affects requantization, for a uniform midstep
quantizer, let ry, = k1@ be the reconstruction levels of the finer quantizer, and let
di, = (k2 — 1/2) Q2 be the decision levels of the coarser quantizer. The condition
that a reconstruction level from the finer quantizer is aligned with a decision level
from the coarser quantizer is given by

w= (2 & (5:24)

Equation 5.24 is satisfied if there exists a ratio Q2/Q: and an integer k; that result
in an integer k;. Clearly, an even integer ratio of Q2/Q; satisfies this condition.
This is illustrated in Figure 5.11.(a). The magnitude of maximum cascading error
usually reaches its highest bound (Equation 5.23) when the ratio Q@>/Q, is an even
integer. Notice that Equation 5.24 may be also satisfied for non-integer ratios of
Q2/Q:. An example of that is the ratio Q2/Q: = 8/6. Furthermore, the percentage

of reconstruction levels from the finer quantizer that are aligned with decision levels
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Figure 5.9: Cascaded quantizations (dashed arrows) and direct quantization (solid
arrow). (a) Cascaded quantizations yield the same results as direct quantization.
(b) Cascaded quantizations introduce extra distortion, as compared to direct quan-
tization.

from the coarser quantizer depends on the ratio Q»/Q:. This percentage may be
computed off-line. For example, if Q2/Q1 = 2, then half of the reconstruction levels
from the finer quantizer are aligned with decision levels from the coarser quantizer.
This can be seen in Figure 5.10 for @, = 6 and the case when Q. = 12. The
experiments show that a ratio of 2 for Q;/Q; usually yields larger transcoding
errors. Moreover, large drops in bits usually occur at values of @ that are integer

multiple of 2Q;. This is because more requantized DCT coefficients are mapped to
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Figure 5.10: Number of reconstruction levels (in percentage) from the finer quantizer
that lineup with decision levels from the coarser quantizer, for @, = 6 and @, ranging
from 8 to 62 with intervals of 2.

lower quantization levels, and consequently, they are coded with fewer bits. This is
illustrated in Section 5.3.1.

Equation 5.24 is not satisfied for all integers k; and an odd integer ratio for
Q@2/Q,. In this case, the cells of the finer quantizer are totally contained inside
the coarser quantizer cells and consequently, the cascading error is zero. This is
illustrated in Figure 5.11.(b). Thus, given a ratio Q;/Q2, the value of |z¢mq| for
that ratio can be determined from the position of decision levels of the finer quantizer
relative to the coarser quantizer. For example, Figure 5.12 shows the absolute value
of the maximum cascading error that may occur for @, = 6 and Q- ranging from 8
to 62 with intervals 2. Notice that the values of |e.mqz| satisfy Equation 5.23.

Using similar analysis for a midriser quantizer (suitable for non-Intra Mac-
roblocks), let rx, = (ki + 1/2) Q; be the reconstruction levels of the finer quantizer,

and let dy, = k,Q, be the decision levels of the coarser quantizer. The equation
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analogous to Equation 5.24 is given by

2k +1) = 26,22 (5.25)
Q1

Clearly, Equation 5.25 is satisfied for any odd integer ratio of 2Q2/Q1 and odd inte-
gers ky. In this case, additional loss is usually introduced by cascading quantizations.
For example, if Q; = 4 and @, = 6, then one-third of the reconstruction levels of
the finer quantizer are aligned with decision levels from the coarser quantizer. The
experiments show that a ratio of 3 for 2 Q,/Q; may lead to larger transcoding er-
rors. On the other hand, Equation 5.25 is not satisfied for even integer ratios of
2Q,/Q: and all integers k,. In this case, direct quantization with @, and cascaded
quantizations with @, followed by Q. yield the same quantization error.

In this thesis, the selective requantization method is applied to CBR transcod-
ing of MPEG-2 compressed video. A linear mapping for gscale (i.e.. g-scale_type =
0) was used in the experiments, however, the algorithm maybe extended to cover
non-linear mapping for gscale. For simplicity, it is assumed that the transcoder
is using the same quantization matrices that are encoded in the bitstream. The

algorithm for selective requantization includes in its code the following conditions

1. Intra macroblock

(a) if((gscale;%(2 = gscale,)) == 0)
gscales = gscalea + 2;

(b) if(((gscales + 2)%gscale;) == 0)
if ((((gscalez + 2)/gqscale;)%2)! = 0)

gscale; = gscales + 2;

(c) if(((gscalex +2)%(2 * gscale;)) == 0)

gscales = gscale; + 4;
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2. Non-Intra macroblock

(a) if(((gscale + 2)%gscale;) == 0)

gscale; = gscaley + 2;

(b) if(((2 * gscalez)%gscale;) == 0)
if ((((2 * gscaley) /qscale;)%2)! = 0)

gscale, = gscale; + 2;

where the above mathematical operators are similar to those used in the C program-
ming language. In summary, the above items are the result of the previous analysis
for midstep (Intra) and midriser (Non-Intra) quantizers. For Intra macroblocks,
Item 1.(a) avoids even integer ratios of Q2/Q;. These ratios usually lead to larger
transcoding errors. Item 1.(b) selects the next higher gscale; if it results in an odd
integer ratio of Q2/Q;. The new value for Q- yields zero cascading error. Item 1.(c)
reduces the number of bits needed to code Intra macroblocks in an MPEG-like cod-
ing scheme without a significant increase in errors (see Section 5.3.1). For Non-Intra
macroblocks, Item 2.(a) selects the next higher gscale, if it results in an even in-
teger ratio of 2Q;/Q;. This ratio has zero cascading error. Item 2.(b) avoids odd
integer ratios of 2Q2/Q;. These ratios usually leads to larger transcoding errors.
The experiments show that Items 1.(c) and 2.(e) are the most important for Intra
and non-Intra macroblocks, respectively, and for the sequences used in this thesis.
A practical example that illustrates the above conditions is shown in Table 5.3. The
initial values of Q2 set by the rate control are shown against the values of @2 in

selective quantization for both midstep and midriser quantizers and for @, = 8.
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Table 5.3: Practical example to illustrate Selective Requantization.

Midstep Quantizer, Q; = 8

Q> (initial) 1071214116 18] 202224262830 3234 36
Q. (Selective) | 8 110 |12 |18 |18 |18 (20|24 24|26 |28 |34 (34|34 36

0o

Midriser Quantizer, @; = 8

Q- (initial) 101214161820 22|24 26|28 |30 |32 |34 36
Q> (Selective) | 8 |10 |14 {16 | 16 | 18 |22 |24 |24 |26 | 30 | 32 32| 34| 38

oo

5.3.1 Experiments

The following experiments use transcoding with drift correction. The transcoder
structure is shown in Figure 4.3. For constant bit-rate (CBR) transcoding, the TM5
rate control algorithm [39] is used, while for variable bit-rate (VBR) transcoding,
the rate control is disconnected.

For VBR Intra-frames transcoding, 130 frames (each 352 x 240) of Flower
Garden were used. The sequence is first encoded with an MPEG-2 software encoder
and a constant step size @, = 16. The resulting bitstream is then transcoded at
different values of Q, ranging from 18 to 40, with intervals of 2. In direct encoding,
the sequence is encoded directly with Q.. The peak signal-to-noise ratio (PSNR)
is used as an objective measure of the video quality, with the original sequence
as reference. Figure 5.13 shows transcoding average PSNR and bit budget versus
Q.. Notice the PSNR and bit budget for Q; = 32 and Q. = 34. The former
results in a ratio Q2/Q; = 2, which usually leads to larger requantization errors.
The PSNR for Q, = 34 is higher by 0.3 dB with 0.01% bits lower than in the
case of Q, = 32. Furthermore, notice the PSNR and bit budget for Q; = 30 and
Q> = 34. Both values of Q; yield almost the same PSNR. However, the reduction
in bits by choosing Q2 = 34 over Q, = 30 is about 39%. This is important in CBR
transcoding where the saving in bits can be used on coding other macroblocks such

that the overall video quality is improved.
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Figure 5.13: Intra-frame Transcoding average PSNR (top) and bit budget (bottom)
of Flower Garden for Q, = 16 and @, ranging from 18 to 40 with intervals of 2.
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For CBR Intra-frame transcoding, 150 frames (each 352 x 240) of the sequences
Flower Garden and Football were used. The sequences are initially encoded at a
high quality with a bit-rate of 8Mb/s. Table 5.4 shows the average PSNR for
different transcoding output bit rates. Two cases are shown: transcoding using
selective requantization (PSNRs) and normal transcoding (PSNRy). Here, A is
the difference between PSNRs and PSNRy. In normal transcoding, the value Q2
determined by the rate control algorithm is directly used for requantization. Notice
the improvement achieved using selective requantization. For example, the increase
in PSNR of Flower Garden is 1.8 dB at a transcoding output bit rate of 7Mb/s,
and 1.3 dB at a bit rate of 6Mb/s. Note that the performance of this method
differs for different transcoding bit rates. For CBR transcoding of Intra and Inter
frames, Table 5.5 shows the PSNR of normal transcoding and of transcoding using
selective requantization for five sequences: Flower Garden (Flr.), Football (Ftb.),
Table Tennis (Ten.), Miss America (Mis.), and Salesman (Slm.) with a group of
pictures (GOP) structure N=15, M=3. Transcoding input and output bit rates
are respectively 2Mb/s and 1.5Mb/s. It can be seen that selective requantization
outperforms normal transcoding.

In summary, results show that selective requantization improve the quality of
the transcoded sequence. The proposed method is more advantageous for Intra-

frame transcoding.

5.4 Combining Both Requantization Techniques

In general, both requantization methods presented in this chapter are best suited for
Intra-frame transcoding. In terms of complexity, selective requantization is simpler

than the Laplacian parameter estimation method. The advantage of using one
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Table 5.4: Average PSNR for Intra-frame transcoding of Flower Garden and Football.
Selective requantization (PSNRg) versus normal transcoding (PSNRy). The input
bit rate is 8Mb/s.

Bit Rate | PSNRs (dB) | PSNRy (dB) | A (dB)
Flower Garden
7 29.1 27.3 1.8
6 28.0 26.7 1.3
5 27.3 26.6 0.7
4 26.6 26.2 0.4
Football
7 36.0 34.1 1.9
6 35.1 33.6 1.5
5 34.4 33.5 0.9
4 33.7 33.4 0.3

Table 5.5: Average PSNR for transcoding of five sequences with a GOP struc-

tures N=15, M=3. Selective requantization (PSNRgs) versus normal transcoding
(PSNRy).

Transcoding PSNR (dB)
Case | Fir. Ftb. Ten. Slm. Mis.
PSNRs | 259 29.8 339 386 41.5
PSNRy | 25.8 296 33.4 38.0 40.9
A 01 02 05 06 06
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Table 5.6: Average PSNR for Intra-frame transcoding of Flower Garden and Football.
Combined requantization methods (PSNR.s) versus normal transcoding (PSNRy).
The input bit rate is 8Mb/s.

Bit Rate | PSNR.s (dB) | PSNRy (dB) | A (dB)
Flower Garden
7 29.7 27.3 2.4
6 28.1 26.7 1.4
5 27.3 26.6 0.7
4 26.6 26.2 0.4
Football
7 36.3 34.1 2.2
6 35.3 33.6 1.7
5 34.6 33.5 1.1
4 33.8 33.4 0.4

method over the other may depend on various factors such as the nature of the video
and the GOP coding structure. For instance, because the estimated parameters from
the last frame are used for the next frame of the same type, longer GOP structures,
rapid scene changes and scene cuts may affect the performance of the Laplacian
parameter estimation method. However, combining both methods will improve the
performance of requantization especially in the above situations.

In this section, selective requantization is combined with the Laplacian pa-
rameter estimation method and results are shown in Table 5.6 for CBR Intra-frame
transcoding. Note that combining both requantization techniques results in a bet-
ter PSNR than in each individual method. While the improvement of the combined

requantization techniques is small, it may vary for different sequences.

5.5 Summary of Chapter 5

In this chapter, two requantization methods for transcoding of MPEG compressed

video were proposed. These methods use information available in the compressed
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video to achieve a higher transcoding quality. The first method, assumes Laplacian
distributions for the original DCT coefficients. A Laplacian parameter for each co-
efficient is estimated at the transcoder from the quantized input DCT coefficients.
This information is then used to reconstruct the input DCT coefficients before re-
quantization. The second method, selective requantization, is based on avoiding
critical ratios of the two cascaded quantizations (encoding versus transcoding) that
either lead to larger transcoding errors or require a higher bit budget. Both pre-
sented methods are simple to implement and do not require side information. The
chapter also presented experimental results that illustrate the improvement achieved

in the transcoding quality by using the above requantization methods.
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Chapter 6

Joint Transcoding of Multiple
MPEG Video Bitstreams
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6.1 Multi-program Video Transmission

In a multi-program video distribution environment, several video sequences are
transmitted over a single communication channel. In situations where the commu-
nication channel has a lower capacity than that required by the video bitstreams,
transcoding of these sequences may be necessary. A straightforward approach for
transcoding these sequences would be to transcode each sequence independently at a
constant bit-rate (CBR) such that their combined bit-rates meet the channel capac-
ity. However, since scene complexities of different sequences usually vary with time,
variable bit-rate (VBR) transcoding with joint bit allocation to meet the channel
bandwidth is more efficient in allocating the available bits among sequences accord-
ing to their scene complexities [13]. Consequently, joint transcoding reduces the
variation in picture quality between the video sequences and within the individual

sequences, as compared to independent transcoding.

6.2 Joint Transcoding

Many researchers addressed the problem of transmitting multiple VBR video over a
shared communications channel [9, 81, 82]. In [9], a joint bit allocation strategy for
joint coding of multiple video programs is presented. It is shown that joint encoding
results in a uniform picture quality among programs as well as within a program.
The paper also discusses further constraints on bit allocation to prevent the en-
coder and decoder buffers from overflowing and underflowing. In [81], a method
to transmit multiplexed VBR. video to improve video quality and/or transmission
capacity is presented. The proposed method uses a multichannel rate control algo-

rithm that allows statistical multiplexing of VBR video to regulate encoders during
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buffer congestion periods. The joint rate control algorithm is engaged when chan-
nel bandwidth overflow is predicted. The available bandwidth is then distributed
among the video programs depending on their relative complexity. In [82], lossless
aggregation, a scheme for the delivery of VBR video streams from a video server to a
group of users over a shared CBR channel is presented. The transmission schedules
of the individual video streams are determined dynamically depending on their rel-
ative traffic characteristics. It is shown that the aggregation method achieves buffer
reduction compared to independent transmission of individual video streams over
separate channels.

This chapter presents a joint transcoder for transcoding multiple MPEG bit-
streams simultaneously. Joint transcoding is a part of the contributions of this the-
sis [13]. It is shown that joint transcoding reduces the variation in picture quality
between the video sequences as well as within each sequence, compared to indepen-
dent transcoding. Figures 6.1 and 6.2 show respectively independent transcoding
and joint transcoding of NV video sequences, as described in this work. In contrast
to independent transcoding where each rate control works independently, in joint
transcoding, all transcoders share the same rate control. The joint rate control
uses updated information every frame to distribute the bits between the sequences
depending on their relative coding complexities. Once the number of bits for a
sequence frame is determined, a virtual buffer similar to that of the test model doc-
ument version 5 (T'M5) [39] is used in the transcoder to distribute the bits between
the macroblocks of this frame. Note that in joint transcoding, each transcoder pro-
duces a variable bit-rate stream. Multiplexing the resulting .V bitstreams yields a

constant bit-rate stream that meets the channel bandwidth.
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Figure 6.2: Joint transcoding of multiple video bitstreams.
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6.3 Joint Bit-Allocation

In (83], a bit allocation for joint encoding of multiple video programs was presented.
In this thesis, the joint bit-allocation algorithm used in joint transcoding is imple-
mented as described in [83] with a few modifications. In [83], a binary tree search
algorithm was used to determine a global quantization parameter for all program
frames at any given time instant. This required five trials, each involved quantiza-
tion and variable-length coding of every program frame, in order to choose a global
quantization parameter that results in a bitrate closest to the target bitrate. The
complexity associated with this approach will impose extra delays in transcoding
and can be crucial especially for real-time applications. Furthermore, controlling
the target bitrate for transcoding using a global quantization parameter may be
hard to achieve. In this thesis, the joint bit-allocation algorithm presented in [83]
has been modified such that bit allocation at the program frame level is performed
similar to the test model document version 3 (TM5) [39] where a virtual buffer is
used in transcoding to distribute the bits between the macroblocks of a program
frame. An average quantization parameter is then computed after coding the frame
and is used in determining the coding complexity of the next program frame of the
same picture-type. Furthermore, the joint bit-allocation algorithm presented in [83]
has been modified to include the activity measure (Equation 4.4) for requantization
of macroblocks. The activity reflects the relative complexity of different macroblocks
within a program frame. Since the Human Visual System is more sensitive to coding
errors in the low-frequency regions of the picture (i.e., low-activity regions), these
regions are usually requantized with a finer quantization step size. This section
illustrates the joint bit-allocation algorithm used in joint transcoding.

Assuming joint transcoding of NV video bitstreams, define a super frame as a
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group of N frames, one frame from each sequence, taken at the same time instant.
The super frames are organized into super GOPs (group of pictures) where each

super GOP contains M super frames, with M given by
M=LCM(M,,M,,...,My) (6.1)

where M,, n=1,2,..., N is the GOP length of sequence n and LCM denotes the
least common multiple operation. The above equation ensures that all super GOPs
are identical and contain the same number of I, P, and B pictures. Thus, each super
GOP contains N x M frames and may be assigned a target number of bits G given

by

o

G =N x Mx -rate 6.2)
frame_rate

6.3.1 Bit Allocation at the Super Frame Level

Let T, be the target number of bits for a super frame m and let T(n,m,t) be
the target bits for frame m of sequence n and with picture type ¢. Moreover, let
S(n, m,t) be the number of bits generated by coding this frame. Clearly, the sum
of T(n,m,t) over all sequences in super frame m should equal T,,. Furthermore,
in order to control the bit rate, S(n,m,t) should be close to T(n,m,t). Thus, to
derive the target number of bits for a sequence frame, it is assumed that S(n,m,t)

equals T'(n,m,t). Thus,

i T(n,m,t) =Tn (6.3)
n=1
and
S(n,m,t) =T(n,m,t) (6.4)
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Moreover, the sum of T}, over a super GOP should satisfy

M
S Tn=G (6.5)

m=l

Similar to the test model TM5 [39], let X(n,m,t) be the global complexity
measure of frame m of program n and with a picture type t. Thus, X(n,m,t) can

be expressed as
X(n,m,t) = S(n,m,t)Q(n, m,t) (6.6)

where S(n,m,t) is the number of bits generated by coding frame m of program n,
and Q(n,m,t) is the respective average quantization parameter used in coding this
frame.

Ideally, it is desired a constant quality (PSNR) between the different video
sequences as well as within each sequence. This maybe achieved by using a constant
quantization parameter for all sequence macroblocks. However, it is difficult to con-
trol the bit-rate using a constant quantization parameter for all the macroblocks.
To ease this, the average quantization parameter Q(n, m,t) over the frame is consid-
ered. Thus, in order to achieve a constant quality between the video sequences, an
equal average quantization parameter for all sequences in a super frame is desired,

ie.,

QLm,t) =Q2m.1)... = Qmt)... = QN,m.1) (6.7)

From Equation 6.6, this requirement translates into

S(1,m,t) _ S(2,m,t) _ S(z,m,t) S(N.m,t)

XL,mt)  Xemt) T XGmt) T X(N,mit) (6.8)
It follows from Equations 6.3 and 6.4,
S(1,m,t) +S(2,m,t)+...+S@E,m,t)+...+ S(N,m,t) =Tn (6.9)
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To obtain an equation for the target number of bits for sequence 7 in super frame

m, the left-hand side of the above equation may be expressed in terms of S(i,m,t).

Thus,

X(1,m,t)
X(i,m,t)

X(N,m,t)

S@GE,m,t)+...+S@Em,t)+...+ Xm0

S(i,m,t) =T (6.10)

From Equations 6.4 and 6.10, the target number of bits for sequence ¢ in super frame
m can be written as

X (i,m,t)

T(i,m,t) = T
(m.8) = S T X miD

(6.11)

where similar to the test Model TM3, K, is a constant factor introduced to com-
pensate for different picture types (I, P, or B). Clearly, T(i, m, t) depends on the

global comrlexities of all sequence frames in super frame m.

6.3.2 Bit Allocation at the Frame Level

Once a target bit is allocated for a frame m of sequence ¢, a buffer is used to
distribute the bits on between the macroblocks of this frame. The buffer fullness is
computed and is used to control the bit rate. The fullness of the buffer is measured
each macroblock and the quantization stepsize is increased or decreased accordingly
to prevent buffer overflows and underflows. Before encoding macroblock { of frame

m, the buffer fullness b;(i, m,t) is computed as

T@E,m,t) x (I —1)
L

bi(i, m,t) = bo(i,m,t) + Bi—1(i, m,t) — (6.12)

where b (i, m, t) is the initial buffer fullness for this frame, B;_.(i.m, t) is the num-
ber of bits spent by encoding all macroblocks in this frame up to, and including,
macroblock [ — 1, T(i, m, t) is the target number of bits assigned to frame m, and L

is the total number of macroblocks in this frame. After encoding all L macroblocks
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in a frame, the final buffer fullness value, b (i, m,t), is used as the initial buffer

fullness for the next frame of the same type.

6.3.3 Bit Allocation at the Super GOP Level

At the start of transcoding, the super GOP is assigned the target bits, G, given
by Equation 6.2. Let T be the remaining number of bits for a super GOP. Before

transcoding the first super frame in the next super GOP, T¢ is updated as
Te=Tc+G (6.13)
Within a super GOP, and after coding a super frame j — 1, T is updated as follows

N
Te =Tc— Y S(n,j—1,t) (6.14)
n=1
The target number of bits for the next super frame in the super GOP is given by

T = East K(t(na))x (n.j.¢) -
J = M N
m=j n=1 R, m))X(n m,t)

(6.15)

Clearly, the target number of bits for super frame j is proportional to its complexity.
Note that the above equation depends on the global complexities of current and
future frames. This requirement is removed in the experiments by using the most
recent complexity measures for each sequence and for each picture type.

Ilustrative Experiments on joint transcoding are presented in the next section.

6.4 Experiments on Joint Transcoding

To illustrate the performance of joint transcoding of multiple MPEG bitstreams,
150 frames (each 352 x 240) of the sequences Flower Garden, Football, Table Tennis,

Salesman and Miss America were used with a color sampling ratio of 4:2:0. The
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Figure 6.4: Frame No. 15 of Football

GOP length is 15, with a structure IBBPBBPBBPBBPBB. The original sequences
are shown in Figures 6.3— 6.7 .

Figures 6.8 and 6.9 show the PSNR (Y-component) versus frame number for
independent transcoding and joint transcoding of the above sequences, respectively.
Both transcoding cases use drift correction. Each sequence was originally coded at
2Mb/s. The total input and output bit rates for joint transcoding are 10Mb/s and
7.5Mb/s, respectively. In independent transcoding, each sequence is transcoded sep-
arately at a constant bit rate of 1.5Mb/s. Notice that joint transcoding reduces the
quality (PSNR) variation between the video sequences, as compared to independent

transcoding. Variation is reduced more at higher bit rates and higher transcoding

123



Figure 6.5: Frame No. 15 of Table Tennis

Figure 6.6: Frame No. 15 of Salesman

Figure 6.7: Frame No. 15 of Miss America |
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Table 6.1: PSNR of joint and independent transcoding. The total input and output
bit rates of the five sequences are 10Mb/s and 7.5Mb/s, respectively.
Transcoding with drift correction

Case PSNR (dB)

Fir. Ftb. Ten. Slm. Mis. | Mean Min Var

Joint | 28.7 325 343 36.2 40.0| 343 256 16.9

Indep. | 25.8 29.6 33.4 38.0 409 335 23.5 325
A 29 29 09 -18 -09| 08 2.1 -15.6

Transcoding with no drift correction
Case PSNR (dB)
FIr. Ftb. Ten. Slm. Mis. | Mean Min Var
Joint | 28.7 32.4 33.8 349 39.3| 33.8 256 13.6
Indep. | 249 29.0 32.7 37.2 400 328 224 339

A 38 34 11 -23 -07| 1.0 32 -183

Table 6.2: Transcoding output bit rates.
Case Bit Rate in Mb/s
Flr. Ftb. Ten. Slm. Mis.
Joint (drift correct.) 20 20 18 11 06
Joint (no drift correct.) | 20 2.0 18 1.0 0.7
Independent 1.5 15 15 15 15

ratios.

Table 6.1 shows the average PSNR (Y-component) in both independent and
joint transcoding of the above sequences. Results are shown for transcoding with
drift correction and with no drift correction. Here, A denotes the difference in
PSNR between joint and independent transcoding. The bit rates for both joint and
independent transcoding are shown in Table 6.2.

Note that joint transcoding results in an increase in PSNR of higher complexity
sequences, as compared to independent transcoding. For example, the PSNR of
Flower Garden is increased by 2.9 dB and 3.8 dB for joint transcoding with drift
correction and joint transcoding with no drift correction, respectively. Furthermore,

the average gain achieved by using drift correction is 0.5 dB and 0.7 dB for joint
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Figure 6.8: Independent transcoding (with drift correction) of five bitstreams. The
input and output bit rates for each bitstream are 2Mb/s and 1.5Mb/s, respectively.
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Figure 6.9: Joint transcoding (with drift correction) of five bitstreams. The total
input and output bit rates are 10Mb/s and 7.5Mb/s, respectively.
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transcoding and independent transcoding, respectively. In general, this gain is higher
for larger transcoding ratios.

Notice that the average gain achieved by using joint transcoding with no drift
correction is higher than independent transcoding with drift correction. This may
be important in real-time and low delay applications where joint transcoding with
no drift correction can be used and still provides a better average PSNR than inde-

pendent transcoding with drift correction.

6.5 Minimizing the Quality-Variation between
the Jointly Transcoded sequences

In multi-program video transmission such as video on demand (VOD) services and
digital TV broadcasting, an important concern for a video service provider may be
to maintain a certain minimum picture quality as well as a constant quality be-
tween the video programs. In order to minimize the quality-variation between the
jointly transcoded sequences and to achieve a better minimum picture quality {12,
the picture complexity measure used in this section is different than the complexity
measure given by Equation 6.6. The presented method uses a picture-complexity
measure based on the actual coding distortion in the transcoded frames, then al-
locates accordingly the available bits to explicitly reduce the variation in quality
between the transcoded sequences.

In this work, the PSNR is used as an objective measure of the picture quality.
However, the idea presented in this section can be generalized, i.e., any other objec-
tive video quality metric that may capture the subjective information in the video

could be substituted for the PSNR. The performance of joint transcoding using the
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new picture complexity measure is compared to independent transcoding of the se-
quences at constant bit rates and to transcoding with a joint bit-allocation scheme
that uses a TM5-like picture-complexity measure. Results show that the proposed
bit-allocation method is superior in terms of minimizing the quality variation be-
tween the video sequences and within the individual sequences, while maintaining
a better minimum picture quality than the other transcoding schemes presented in
this section.

Using a similar concept of super frame and super GOP discussed in Section 6.3,
consider joint transcoding of N video sequences. let X(n,m,t) be the global com-
plexity measure of frame m of sequence n and with picture type ¢t. In a TM3
topology, X(n,m,t) is defined as the product S(n, m,t)Q(n,m,t) where Q(n,m,t)
is the average quantization parameter used in coding frame m of sequence n and

with picture type ¢t (Equation 6.6). However, in this section, X(n, m,t) is defined as
X(n,m,t) = S(n,m,t)e(n, m,t) (6.16)

where e(n, m, t) is the root mean-square error (RMSE), or quantization error, used

as an objective measure of the transcoding quality of this picture and defined as

L 7 7 o
e(n,m, t) = \J S 3 3 [Khmel ) = Ve )] (6.17)

{=1 u=0 v=0

where L is the number of 8 x 8 DCT blocks in the picture, X} , .(u,v) is the inverse
quantized coefficient of the [th DCT block at the transcoder’s input, and Vi me(u,v)
is the reconstructed DCT coefficient after requantization. Note that Equation 6.17
can be applied to both Intra-frames and Inter-frames, as the error in P and B
pictures is only due to the quantization of the residue. However, in the case of
P and B pictures, a compensation for drift errors that result from requantizing a
motion-compensated compressed video has to be added to the input DCT coefficients

X mt(u,v) prior to requantization.
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Ideally, in order to minimize the quality variation (PSNR) between the dif-
ferent video sequences, it is desired equal quantization errors for all sequences in a

super frame, i.e.,
e(l,m,t) =e(2,m,t)... =e(N,m,t) (6.18)

Similar to the analysis given in Section 6.3, the target number of bits at the frame
level and at the super frame level are given by Equations 6.11 and 6.15, respectively.
Clearly, the target number of bits T'(i,m, t) for a program i depends on the global
complexities of all sequence frames in super frame m, or alternatively, T(i,m,t)
depends on e(n,m,t), i.e., the quantization errors of all sequences in this super
frame.

This experiment was performed using 150 frames (each 352 x 240) of the se-
quences Football (Ftb.), Table Tennis (Ten.), Salesman (Slm.) and Miss America
(Mis.). Only Intra-frame coding was used and a total coding bit rate of 20 Mb/s. In
independent transcoding, the T M3 rate control algorithm was used and each individ-
ual sequence was transcoded at a fixed bit rate of 5 Mb/s. Figures 6.10, 6.11 and 6.12
show respectively the PSNR versus frame number of independent transcoding, joint
transcoding using a T M 5-like global picture complexity, and joint transcoding using
the proposed global picture complexity given by Equation 6.16. The corresponding
number of coding bits per frame are shown in Figures 6.13, 6.14 and 6.15, respec-
tively.

Notice from the figures that both joint transcoding methods reduce the quality
variation between the video sequences, when compared to independent transcoding.
However, quality variation is minimized when using the proposed complexity mea-
sure of Equation 6.16.

Figures 6.16, 6.17, and 6.18 show the total bits per frame unit (or 1/30 of a
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second) after multiplexing the transcoded sequences. The Minimum and maximum
bits per frame are shown on each plot. The average total bitrate for the three above
cases are close. The fluctuations of the total bit rate above and below the average are
respectively in the range of +4%, +5%, and £5% for independent transcoding, joint
transcoding using a T M5-like global picture complexity, and for joint transcoding
using the proposed global picture complexity. It can be seen that the fluctuation
in the total bit rate of the multiplexed transcoded sequences is comparable for the
above three cases.

Tables 6.3 and 6.4 show respectively the average PSNR and bit rates of in-
dependent transcoding (Indep.), joint transcoding with a T M3-like picture com-
plexity (Joint,) and joint transcoding using the new picture complexity given by
Equation 6.16 (Jointg). The first thirty frames were not included in the PSNR calcu-
lations. Furthermore, as it is more important to maintain a minimum picture quality
rather than an average picture quality, the minimum PSNR (PSN Rpin) for all se-
quences was computed. Furthermore, the variance of PSNR values (PSN Ry.r) was
calculated to demonstrate how the proposed method minimizes the quality varia-
tion between the frames of one sequence and among the sequences (smaller variance
means less quality variation). For N sequences of L frames each, PSNR,in and

PSN R, are given by

PSNRpin = min {PSNR(n, 1)} vn, ! (6.19)
and
PSNRysr = N z Z 2 (PSNR(n,l) ~PS PSNR)’ (6.20)
n=11{=1

where PSNR is the average PSNR over the N x L frames.

The best scenario in coding of multiple video programs may be one that
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Figure 6.10: Independent transcoding of four sequences.
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Figure 6.11: Joint transcoding of four sequences using a T M 3-like picture complex-
ity.
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Figure 6.12: Joint transcoding of four sequences using the proposed method.
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Figure 6.13: Number of bits per frame for independent transcoding (Figure 6.10).
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Figure 6.14: Number of bits per frame for joint transcoding using a T M 5-like picture
complexity (Figure 6.11).
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Figure 6.15: Number of bits per frame for joint transcoding using the proposed
picture complexity method (Figure 6.12).
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Figure 6.16: Total bits per frame of the multiplexed sequences for independent
transcoding (Figure 6.10).
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Figure 6.17: Total bits per frame of the multiplexed sequences for joint transcoding
using a T M35-like picture complexity (Figure 6.11).
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Figure 6.18: Total bits per frame of the multiplexed sequences for joint transcoding
using the proposed picture complexity nigtéhod (Figure 6.12).



achieves the smallest PSNR,,, and the maximum PSNR,. and PSNR. Al-
though it may not be always possible to minimize the PSNR variance (PSN Ryq,)
and maximize the average PSNR (-ITS'_N—R), an important concern for a video service
provider may be to maintain a certain minimum picture quality (PSN R;s) as well
as a constant quality between the video programs (minimum PSNR,,,). Following
this concept, it can be seen from Table 6.3 that the proposed picture complexity
method has the smallest variance and the highest PSNR,,;, (the notations Mean,
Min, and Var in Table 6.3 correspond to PSNR, PSNR;n, and PSNR,,,, re-
spectively). Notice also that the proposed method has the highest average PSNR.

(PSNR), when compared to the other presented methods.

Table 6.3: Transcoding average PSNR for four sequences (Intra-frame coding). The
total coding bit rate is 20Mb/s.

Coding PSNR (dB)

FlIr. Ftb. ten. Slm.| Mean Min Var
Indep. | 25.7 33.9 34.7 376 | 33.0 247 223
Joint4 | 32.1 33.0 329 334 | 329 314 0.7
Jointg {33.5 33.7 336 33.7] 336 325 03

Table 6.4: Encoding bit rates of the sequences in Table 6.3.
Coding Bit Rate in Mb/s

Fir. Ftb. Ten. Slm. | Total
Indep. | 5 5 5 5 20
Jointy | 74 43 42 41 20
Jointg | 8.1 46 42 3.1 20
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6.6 Interaction of the Joint Transcoder with

Channel Traffic

This section studies the interaction of the joint transcoder with channel traffic when
multiple MPEG video sequences are transmitted over a fixed communication channel
that is partially occupied by another MPEG traffic. In the experiments, the test
sequences Flowers (Flr.), Football (Ftb.), Table Tennis (Ten.), Salesman (Slm.) and
Miss America (Mis.) were used. Each of these sequences has 150 frames (each
352 x 240) and contains scenes with different motion and texture. In order to
simulate a variable bit-rate (VBR) video traffic, 30 frames were taken from each of
the above sequences and concatenate them to form a new sequence of 150 frames.
This sequence is then MPEG encoded at a fixed quantizer scale. The resulting
number of bits per frame are scaled down to any desired average bit rate and is used
to represent the channel traffic. Figure 6.19 illustrates the traffic profile in bits per

frame for an average bit rate of 2Mb/s.

6.6.1 Experiment 1

In the first experiment, the five sequences are initially encoded each at 2Mb/s, with
a total bit rate of 10Mb/s. It is assumed that these sequences are transmitted over
a 10Mb/s channel bandwidth. The channel also carries a VBR video traffic. The
transcoder is placed at channel node to perform bit-rate conversion on the encoded
sequences such that the total bit-rate of transcoded sequences and traffic meet the
channel bandwidth. The transcoder receive information about the traffic at the
frame level. The experiment is repeated using traffic with different average bit-rate.

The performance of joint transcoding [13] was compared to independent
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Figure 6.19: Real video traffic profile. Traffic is composed of the sequences Ftb.,
Flr., Slm., Ten., and Mis. in the same order (30 frames from each sequence).

transcoding, in the presence of channel traffic. The bit-rate control in transcod-
ing is based on the Test Model document, version 5 (TM3) {39]. Tables 6.5 and 6.6
show respectively the average PSNR for joint transcoding and independent transcod-
ing of the sequences for various average bit-rate traffic (shown in the first column).
The transcoding bit-rates are shown in the second column. Moreover, the average
PSNR (Mean), the minimum PSNR (Min), and the standard deviation (Std) were
evaluated over all sequence frames.

As discussed earlier in this chapter, The best scenario in transcoding of mul-
tiple video programs may be one that achieves the smallest variation between the
pictures quality (Std) while maintaining a higher minimum picture quality (Min)
and average picture quality (Mean). Thus, it can be seen from Tables 6.5 and 6.6

that joint transcoding outperforms independent transcoding, even in the presence
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Table 6.5: Joint transcoding of five sequences in the presence of channel traffic. The
sequences are initially coded each at 2Mb/s. The channel has 10Mb/s bandwidth
and carries VBR video traffic.

Traffic | Coding Joint transcoding
PSNR (dB)

(Mb/s) | (Mb/s) | Flr. Ftb. Ten. Slm. Mis. | Mean Min Std
0.0 10 285 32.4 359 40.6 424 | 36.0 255 5.5
1.0 9.0 |282 318 352 399 41.5| 353 254 53
2.0 80 |278 31.0 347 394 414 | 349 248 56
3.0 70 272 30.2 340 385 409 342 231 5.7
4.0 6.0 |264 295 331 372 402 333 224 5.7
5.0 50 |25.4 28.7 322 358 39.8| 324 221 5.9

Table 6.6: Independent transcoding of five sequences in the presence of channel
traffic. The sequences are initially coded each at 2Mb/s. The channel has 10Mb/s
bandwidth and carries VBR video traffic.

Traffic | Coding Independent transcoding
PSNR (dB)

(Mb/s) | (Mb/s) | Flr. Ftb. Ten. Slm. Mis. | Mean Min Std
0.0 10 28.5 324 359 406 4241 36.0 255 5.5
1.0 9.0 |27.7 313 352 40.2 421 353 247 3.8
2.0 8.0 27.1 30.7 346 39.5 41.9| 347 23.7 6.0
3.0 7.0 26.2 30.0 339 38.6 416 341 225 6.2
4.0 6.0 25.2 292 330 376 409 | 332 221 63
5.0 5.0 24.0 283 322 365 404} 323 21.8 6.5

of channel traffic.

6.6.2 Experiment 2

In this experiment, the sequences of Section 6.6.1 were used. The sequences are
originally coded each at 2Mb/s. The purpose of this experiment is to find the
effect of the traffic variance on the performance of the transcoder. The same traffic
characteristics is used for all simulations. However, in each simulation, the variance
of the traffic is changed by multiplying the traffic by a constant. In order to keep

the target bit rate for transcoding the same throughout the experiment, the total
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allowable bandwidth for both traffic and video varies on average with traffic such
that the average bit-rate for transcoding is kept constant. As in Section 6.6.1, the
average PSNR, the minimum PSNR, and the standard deviation of the PSNR were
evaluated for all sequence frames.

Table 6.7 shows the PSNR results for an average coding bit rates of 7.5 Mb/s
and various average bit-rate traffic (shown in first column). The variance of the traf-
fic is shown in the second column. Notice that the performance of joint transcoding
improves as the traffic variance decreases. This was expected as the transcoder has
more flexibility in allocating the bits between sequences and within the individual
sequences.

Table 6.7: Transcoder’s performance different traffic characteristics. Joint transcod-

ing of five sequences initially coded each at 2Mb/s. The output bit-rate for transcod-
ing is 7.5 Mb/s.

Traffic Joint transcoding
PSNR (dB)
Mean (bits/frame) Var FlIr. Ftb. Ten. Slm. Mis. | Mean Min Std

1.0019e+05 9.9836e+09 | 27.2 30.2 34.0 38.5 409 342 23.1 5.7
1.3359e+05 1.7749e+10 | 26.9 30.1 340 385 409 | 34.1 225 5.9
1.6699e+05 2.7732e+10 | 26.7 299 339 383 409 | 340 223 6.0
2.0038e+05 3.9934e+10 | 26.6 29.7 33.7 380 409 33.8 223 6.0

6.7 Summary of Chapter 6

This chapter discussed the problem of multi-program video transmission over a fixed
communication channel and presented a joint transcoder for transcoding multiple
MPEG video bitstreams simultaneously. The joint bit allocation algorithm used in
transcoding was further discussed and formulated. Results showed that the joint
transcoder increases the PSNR of higher complexity sequences, and results in an

overall gain in average PSNR and minimum PSNR when compared to independent
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transcoding of each sequence at a constant bit-rate. Joint transcoding also results
in a smaller PSNR variance (minimize the variation in quality) as compared to
independent transcoding.

The chapter also presented a joint bit-allocation method to implicitly minimize
the quality variation (PSNR) between the jointly transcoded sequences. The scheme
used a picture-complexity measure based on the actual coding errors in transcoded
frames. The presented method was compared to joint transcoding using a T M 5-like
picture-complexity measure, and to independent transcoding. Results showed that
the proposed method is superior in terms of minimizing the variation in quality
between the video sequences as well as within the individual sequences. It also
provides a better minimum quality (PSNR) within the transcoded sequences.

Finally, the interaction of the joint transcoder with channel traffic was studied.
The performance of joint transcoding was compared to independent transcoding in
the presence of channel traffic. Experiments showed that joint transcoding outper-
forms independent transcoding, even in the presence of channel traffic. However,

the performance of joint transcoding improves as the traffic variance decreases.
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Chapter 7

Conclusions and Future Directions

140



7.1 Remarks and Conclusions

With the increasing number of applications using compressed digital video for trans-
mission over heterogeneous networks, transcoding is becoming an important issue
for bitrate reduction to meet channels capacities. Transcoding provides flexibility
in transmission bitrate especially if the bitrate is only known at transmission time.
This flexibility is very important when the coded video is multicasted over channels
with different capacities such as cable networks and satellite networks. Moreover, in
situations such as network congestion, transcoding is a key technology for provid-
ing dynamic adaptation of the bitrate of compressed video to the available channel
bandwidth.

Motivated by the importance of transcoding in current video technologies, this
thesis investigated different issues related to transcoding. First, Chapter 3 addressed
the degradations in picture quality which result from the repeated compression-
decompression of video, known as multigeneration errors. These errors are intro-
duced at each compression-decompression cycle, even if no bitrate reduction occurs
between generations. Five mechanisms that cause continuous degradation in multi-
generation of MPEG compressed video were identified, specifically, Pixel Domain
Quantization (PDQ), Pixel Domain Clipping (PDC), Compression Control Parame-
ters Variation (CCPV), Motion Vector Re-estimation (MVR) and Error Propagation
due to Motion Compensation (EPMC). Experiments were presented to quantify the
errors introduced by each of these mechanism. It was shown that PDQ and EPMC
insert larger errors for higher bitrate video, while CCPV and MVR are more impor-
tant at lower bitrates. The effect of PDC on multigeneration loss, for the sequences
used in experiments, was very small.

The main focus of this thesis was on the problem of transcoding of MPEG
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compressed video. Two requantization methods were proposed to improve the qual-
ity of the transcoded video [7, 8]. The first method used Laplacian distributions
to estimate the original DCT coefficients at the transcoder input (7]. A Laplacian
parameter for each coefficient was estimated from the quantized input DCT coef-
ficients. The Laplacian parameters were then used to reconstruct the input DCT
coefficients at the local centroid of the distribution before requantization to reduce
the errors in the rate conversion process. An algorithm was provided to estimate the
Laplacian parameters at the transcoder for beth midstep and midriser quantizers.
Experiments showed that transcoding using the Laplacian pdf model outperforms
normal transcoding, where the input DCT coefficients are uniformly reconstructed
before requantization following the MPEG-2 uniform reconstruction equation. In
VBR transcoding, the number of bits for the sequence used in Section 5.2.1 was re-
duced by a factor of 26% by using the proposed method. For CBR transcoding, the
PSNR improvement for Intra-frame transcoding of FlowerGarden (Section 5.2.1)
ranged from 2.4 to 0.3 dB depending on the output bitrate. In CBR Inter-frame
transcoding, about 0.4 dB improvement was achieved for input and output bitrates
of 2Mb/s and 1.5Mb/s, respectively.

Selective requantization [8], a second method for improving the transcoding
of MPEG compressed video, was provided in this thesis. The proposed method is
based on avoiding critical ratios between the two cascaded quantizations (encoding
versus transcoding) that either lead to larger transcoding errors or require a higher
bit budget. It was shown in Section 5.3 that the extra distortion introduced by
two cascaded quantizations depends on the ratio between the stepsize of the two
quantizers. For CBR Intra-frame transcoding, the improvement achieved using se-
lective requantization (Section 5.3.1) ranged from 1.8 to 0.4 dB depending on the

transcoding ratio. In CBR Inter-frame transcoding, the improvement was 0.4 dB,
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on average, for input and output bitrates of 2Mb/s and 1.5Mb/s, respectively.
Next, the thesis addressed the problem of multi-program video transmis-
sion over heterogeneous networks and provided a joint transcoder for transcoding
multiple MPEG video bitstreams simultaneously [13]. In contrast to independent
transcoding where each rate control works independently, in the presented technique
a joint bit-allocation was used to distribute the bits between the sequences depending
on their relative scenes complexities. It was shown that joint transcoding results in a
more constant quality between the video sequences as well as within each sequence.
This allowed for a better utilization of the available channel bandwidth. The joint
bit-allocation algorithm was presented in details in Section 6.3. The experiments
were conducted for two transcoding structures with different complexity and memory
requirements: a trancoder with drift correction, and a transcoder that uses a direct
requantization, i.e., with no drift compensation. A comparison between the output
picture quality of joint transcoding versus independent transcoding was shown in
Section 6.4. The PSNR improvement achieved in joint transcoding versus indepen-
dent transcoding of five sequences was about 0.8 dB on average. For transcoding
with drift correction. Moreover, joint transcoding achieved about 2.1 dB improve-
ment in the minimum picture-quality measure. This measure is important for many
video applications, such as video on demand (VOD) services, in maintaining an
acceptable picture-quality level during a worst case transmission scenario.
Furthermore, Section 6.5 presented a joint bit-allocation method to implicitly
minimize the quality variation between the jointly transcoded sequences [12]. In this
method, a new picture complexity measure based on the actual coding distortion in
the transcoded pictures was used. The method was compared to joint transcoding
using a T M5-like picture-complexity measure. The new complexity measure method

was tested for intra-frame joint transcoding of four sequences. The PSNR variance
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was reduced by 0.4 by using this method. Moreover, the method achieved an increase
in the average PSNR and minimum PSNR of 0.7 dB and 1.1 dB, respectively.
Section 6.6 studied the interaction of the joint transcoder with channel traffic
in the case of multi-program video transmission over a fixed communication channel.
The Joint transcoder was tested in the presence of channel traffic. It was shown that
joint transcoding outperforms independent transcoding and that this performance

improves as the traffic variance decreases.

7.2 Future Directions

Chapter 3 addressed the problem of multigeneration and degradation in picture
quality that results from the repeated compression and decompression of MPEG
video. A challenging problem in multigeneration of MPEG video is watermark-
ing, where hidden data such as owner’s copyright protection and other security
related issues are embedded in the compressed video. Many watermarking tech-
niques use the visual masking effects based on the human visual system. In these
techniques, a DCT coefficient can be modified to carry hidden information without
causing visible changes in the picture. Future research may address robustness of
video watermarking in a multigeneration environment. Chapter 3 showed that each
compression/decompression cycle may alter the value of a DCT coefficient due to
the interaction between the DCT-domain quantizer and the pixel-domain quantizer.
This consequently may affect any watermarking information embedded in that DCT
coefficient. It was shown however in Chapter 3 that an 8 x 8 DCT block of data
will remain unchanged between generations if there exists a “trapping” pair in R&
between the DCT-domain and the pixel-domain quantizers. Thus, any watermark

associated with that DCT block will survive multiple compression/decompression
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cycles. This is an important attribute of a successful watermarking scheme. Future
research may include finding these trapping pairs and using their respective DCT
blocks to do watermarking. Research also may investigate how much precision for
data values in the pixel domain is needed to avoid the PDQ degradation mechanism.

Moreover, in a video distribution network, multigeneration of video typically
involves image manipulation and editing. Future work may investigate the degrada-
tion caused by the compression/decompression cycles in a production manipulation
environment. Multigeneration experiments may include image manipulation such
as scene cuts, dissolves and fades, zooming, filtering, slow motion, screen splitting
with two different video, and adding text to the original video.

The thesis mainly focused on the problem of transcoding of MPEG compressed
video. Video transcoding is an important area of research and is increasingly finding
wide varieties of applications. While this thesis addressed the specific transcoding
problem of bitrate conversion of MPEG compressed video, this research is not limited
to MPEG compression and can be extended to cover other compression standards
such as JPEG and H.263. Moreover, other techniques such as frame dropping or
changing the spatial resolution of the video may be combined to the requantization
techniques used in this thesis to improve transcoding performance and to cover a
wider area of applications. For example, a change in the spatial resolution of a pre-
encoded video may be necessary in video transcoding in order to support receivers
with different display capabilities.

Another transcoding problem is changing a compressed video format into an-
other compressed format. For example, if a studio quality video is compressed and
stored at a high bitrate using a small GOP structure or only intra-frame pictures
for editing purposes, a change in picture type combined with a reduction in bitrate

may be necessary for video distribution to end users.
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For multi-program video transmission over a fixed communication channel, it
was shown that joint transcoding provided a more constant quality between the
sequences than independent transcoding. While Section 6.5 provided a technique to
implicitly minimize the PSNR, it was observed in the experiments that low detailed
sequences with large flat areas were subject to blocking artifacts when their bitrates
were reduced implicitly to minimize the variation in PSNR between the sequences.
This is because the PSNR may not always reflect the subjective quality of the
video. Future research may include a modification of the picture complexity measure
(Equation 6.16) to include an objective video-quality metric that captures subjective
information in the video such as blocking or blurring artifacts. This measure can be
used in transcoding to maintain a desired subjective quality between video programs

and to reduce blocking artifacts.
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