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Abstract

Frame replenishment coding techniques have reccived considerable attention as sonree coding,
techniques for image sequence transmission. Previously, most of these source coding problens
have been studied under the assumption that the communication chanuel is noiseless. But in

practice channel error may be considerably high resulting in errors in image reconstruction.

In tihis thesis, we compare the performances of three frame I‘e[)lCIliSiltll;?llt coding scliemes
for noiseless and noisy channel transmission. For the noisy channel casc, we proposl:el//;c:.'mu-
- bined source-channel coding scheme which provides error protection in order Lo improve the
performance. The three frame mplemsl{ment coding techiniques are: basic’ h.unu replenish-
ment coding (BFR) [66], label replemshmcnt coding using vector quantization (LRVQ) [JU]
and codeword replenishment coclmg using vector qu,ant.lzatlon (CWRVQ) {30]. Onr simulation
results demonstrate that for-a noiseless chanuel, the LRVQ and CWRVQ techuiques provide
better performance, an:c[t tolerance Lo motion in the picl,ure‘, compared to BFR technique,
However, in the presencé of channel noise LRVQ and CWRVQ techniques exhibit high sensi-
tivities, resulling in poor performance. \;\’e propose Lo use a combined source-channel cading
technique with three different error protection schemcs;wherc the bit rates for the source code
and channel code are adjusted so as to minimize the mean squate error. Simulation results -
~ demonstrate that the three error protéct.ioxischemes provide a significant improvement in

performance for LRVQ and CWRVQ without sacrificing Lransmission bandwidth.
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Chapter 1

Introduction

Image coding, a subfield of data compression, has as objective to reduce the bit rale for
Lransmission or storage while maintaining an acceptable image quality. It has applications in
the areas of television transmission, video conferences, transmission of remote sepsing images,
image data bases, etc. In general, image coding techniques fall into two broad categories,
intraframe coding and interframe coding. In interframe coding, both spatial and temporal re-
dundancies are exploited for data compression. Intraframe coding schemes, such as differential
pulsc~code modulation (DPCM)}, franéform coding have been extended to interframe coding
wlt.h some mod1ﬁcat.xons [ro‘, 38 79). Some coding schemes, for example frame replenishment,

\

codmg {66], motion- compensated predictive coding [68], are only applied to interframe codmg

'lhe obsel vation that in mmge sequences a majorxty of plctme elements remain \rnLuaIly
unchanged from frame to frame fonns the bas:s of frame replemshmcnt coding. The con-
ditional (basic) frame replenishment-coding technique (BFR) [GG].has received considerable.
attention as a source coding technique for image‘ sequences. In a frame replenishment coder,
the first frameof a scqucnce is stored at the coder as a reference frame and is also trausmitied )
as a 1cl'crence to the receiver. The subsequent frames are thew compaled with the reference
frame. If t.he dxﬂ'erence is sngmﬁcant the old pixel value in the fra.me memor y is replaced;

by the new value, and the new value is transmitted along with its frame addtesa There are

ac\'cra.l extensions to the BFR. Frame differences can be coded in clusters to 1mplo\'<, the ad-

dress coding cfliciency [10]. Also, further reductlions in transmission-rate can be obtained by

la‘



subsampling the frame differences in moving image arcas [74]. Note that in these technigues

the image data is coded using scalar quantization.

Shannon’s rate-distortion theory states that it is possible to achieve a better performanee
by coding vectors instead of scalars. Recently, Goldberg and Sun [30] have extended the
replenishment concept to vector quantization (VQ) where replenishiment is applicd 1o labels
(label replenishment LRVQ) and codewords (codeword replenishment CWRVQ), In vector
quantization, the image data to be coded are first processed to yield a set of vectors, Then, a
codebook of representative vectors (codewords) is generated. The vectors in the set are then
individually quantized to the closést codeword of the codebook. Compression is achicved by
replacing the representative vector (codeword) with a label. Reconstruction of the mages
can be implemented by table lookup tochniques; where the label is simpl& used as an address
for a table containing the representative vectors (codewords). In frame replenishment coding
techniques using vector quantization, the vectors corresponding to the first [rame are taken as
the training set for generating thc first codebook. Hence, in veclor quantization, cach vector
is encoded by two distincl pleces of information: the label and the corresponding codeword,
In encodmg subsequent frames, the operation of replenishment can be applicd to lnhels (l-tbc

replenishment) and codewords (codeword replenishment ).

We note that most of the research work on image coding is basec‘l on the assumptlion
that the communication channel is noiseless. But in practice, communication channels hiawve
significant error probability which may result in errors in sighal reconstruction. In such
'cases, the coding performance cannot be improved by increasing the source coding bi.t rate
(75] [63] [64]. Hence some error protection must be provided if high-quality image: scciut_ucc.
- reconstruction is to be achieved [63], [64]. The obj Jectwc of this Lthesis is to bt.udy the. codm;,
performance of three frame replemshment codmg techmqucs (BFR, LRV Q and CWRVQ) over
noiseless and noxsy_ghanne] and then design combined source-channel frame rcplcnisl"{i'ncnt.

coding schemes to minimize the distortion of reconstructed images.

<

. . ! : R | .
The rest of the thesis is organized as follows. Chapter 2 presents a review of image coding

"

[C]



and interframe coding techniques, particularly the three frame replenishment coding schemes
[BIFR, LRVQ and CWRVQ)]. Chapter 3 presents a review on noise effects and crror protection
techniques for intraframe coding. Chapter 4 compares the performance of the three frame
replenishment coding techniques BFR, LRVQ and CWRVQ over noiseless channel. The re-
sults of the first set of experiments demonstrate the superior coding performance of LRVQ
and CWRVQ techniques in a noiseless channel. Chapter 5 presents the performances of BFR,
LRVQ and CWRVQ) as regards crror propagation and noise effects over noisy channels. The
results of this szcond set of experime;{ts show serious error propagation and noise effects for
LRVQ and CWRVQ in a noisy channel. A combined source-channel frame replenishment
coding scheme for BFR, LRVQ and CWRVQ with three error protections follows in chapter
6. The results of this third set of experiments demonstrate significant improvement in perfor-
mance by using combined source-channel coding to LRVQ and CWRVQ. Finally, chapter 7

_ brielly summarizes the main results, and provides some suggestions lor further investigation.

o



Chapter 2

Review of Image Coding

In this chapter, a short review of digital communication systems is first presented. Distortion
measures used in image data compression are then discussed in section 2.2. This is followed
by a review of image coding techniques and vector quantizalion in sections 2.3 and 2.4. ‘Then
a review of interframe image coding and three [rame rcplcnislm‘lcm. coding techniques used
in our thesis ave presented in section 2.5 and 2.6 respectively. Finally, a summary is given in

section 2.7.

2.1 Model of A Digital Commiunication System -

The basic elements of a digital communications system [58] are illustrated by the block diagraumn
shown in Fig. 2.1. The information source generates messages which are to be transmibted
to the receiver. The message can be either analog or digital signals. In a digital communi-
cation system, the messages produced by the source are usually converied inlo a sequence
of binary digits. The source encoder or data compressor transforms the informalion source
into information sequence u, a sequence of binary digits (bits). It is necessary lor the design
of the source encoder (1) that the number of bits per unit‘ tlime required to represent the
source output be minimized, and (2) that the source output can be reconstructed from Lllé |
Jinformation sequence u without ambiguity. The channel encoder transforms Lhe informalion.

sequence u into.a discrete encoded sequence v. Discrete symbols are nol suilable for trans-
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Figure 2.1: Block diagram of a typical digital communications system.

mission over a physical channel, {or example a pair of wires, a coaxial cable, an optical fibre

channel, a vadio __channel, a satellite channel, or some combination of these media. Hence, the

modulator is used to _trar"i"s:ﬁi"nl each output bit of the channel encoder into a waveform of

duration T suitable fqr transmission. The channel may be subject to various types of noise

disturbances and introduce error into the transmitted waveform. The demodulator processes
N

each received waveform of duration T and the sequence of demodulator outputs is called the

! : ! L) - -
received sequence r. The channel decoder transforms the received sequence r into a binary

scquenﬁ:e.ﬁ called the estimated sequence. The strategy for channel decoding depends upon

‘the channel encoding and the noise characteristics of the cha.nnel. Ideally, G will be the same

as the information sequence u, 1'owever the noise may result in some decodmg errors in chan-

nel clecodmg As a final step, when an analog out.put is desired, the source decoder accepts '

the output sequence [roi the channel decoder i and, from knowledge of the source cncodmg

\\‘

method used, attcmpts to reconstluct the orlglual signal from the source. Due to channel

'clcc.odmg errors and possﬁ:le dlst.ort.lon introduced by the source encoder, the sxgna.l at the

out put of the source clccoclel Is an applo\lmatlon of the original source output



2.2 Rate Distortion Function
2.2.1 Shanncn’s rate distortion theory

Shannon’s rate distortion function R(D) is a lower bound on the transmission rate required
to achieve an average distortion D. The N-block rate distortion function is defined as the

minimum of the average mutual information, In(X,Y"), per pixel:

1

Bv(D7) =, min &

In(X,Y) (2.1)

where X is the source input, and Y is the output of the decoder. The limiting value of the

N-block rate distortion function is called the rate distortion funtion,

R(D-) = P}:!_l:l;) R‘\r(D-) (‘l N

| O
I
e

A typical rate distortion function is shown in Fig. 2.2. It is a mouotonically non-increasing
function. That is, the higher infornniitimvrate representations lead to smaller (strictly, non-
increasing) average distortion. In practice, the function potentially gives a measure for judging
the performance of a coding system. However, this vaiue has not been completely realized lor

image transmission. ' o
5

2.2.2 - Distortion measures for image coding
Objective distortion measures =

The average mean-square error is widely used as a distortion measure of image coding. For

an NxM size image, it is defined as

9 1 N M ' .
€y = NI Z z E(.?,"j - 8;5) - (2.3)

i=1 =1
where s;; and 3§;; represent thewVxAM original and the reproduced images, respectively. In

practice, the average mean-square error is often estimated by the average sample mean-square
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Figure 2.2: Rate distortion function.
error defined by -
i — i) 24
NM ;g(s $is) (24)
The corresponding signal-to-noise ratio SNR is then defined as,
SNR = 1010gm (dB) ' . (2.5)

ms

where ¢? is the variance of the original image. .

In this thesis, the SNR ( in Eq. 2.5 )} is adopted as the distortion measure for image

[N .
coding.

Subjective distortion measures

.When the images are to be viewed by people, it is more appropriate to use a subjective dis-
tortion measure corresponding to how good the images look to observers. Since the human

visual system has peculi;'tx" characteristics, for example its logarithmic sensitivity to light in-



tensity, two pictures having the same average mean-square crror may have ditferent visual
qualitics. The subjective quality of an image can be rated by showing the nnage to a winber

of observers and averaging their evaluations {31].

2.3 Image Coding

Image coding is a specialization of data compression. The goal ol image coding is to reduce
the bit rate for transmission while maintaining an acceptable fidelity or tmage quality, Bit
compression is achieved by reducing the statistical redundancy and psychophysical redundaney
of the image source [75]. A number of image data compression techniques have been developed

and they can be broadly classified as lossless and lossy coding techniques,

2.3.1 Lossless coding

The two lossless coding techniques are Huffman coding [13] and run-length coding 10, 62j.
In lossless coding, the statistical redundancy of the image is exploited reversely; Lhat is,
the original im#gc can-be recovered exactly. | In Huffman coding, the number of bils for a
source sample varies approximate]y‘inversely with the corresponding source prohability and
the coding technique results in a variable length code [47}. In run-length coding, a run, [or
example, is defined as 2 sequence of consecutive pixels of identical values along a specified
direction. Reclundaﬁcy reduction is achieved by transmilting the start and length ol the run

[47].

2.3.2 Lossy coding

The two major lossy coding techniques are predictive coding and transform coding. [31, 75,

37, 80, 47, 68, 46]. In lossy coding, the statistical redundancy of the image is exploited subject

‘

lo some image quality constraint.

[



Predictive coding is a technique which has been widely employed for efficient coding of an
iimage [16]. In predictive coding systems, waveform redundancies is utilized in time-domain
operations Lo realize reductions in bit rate. Differential PCM (DPCM) coders, which are based
on the notion of quantizing a prediction error signal, are important examples of predictive
coding systems [75]. In predictive coding, the pixel value is predicted from the previous pixel

s{n — 1). The predicted estimate §(n) is then subtracted from the actual pixel s(n),
d(n) = s(n) — §(n) (2.6)

and the corresponding difference is quantized, coded, and transmitted. At the decoder, the
quantized dilference is used to form the reconstructed image. Thus, a predictive coder has

three basic components: (1) prediction, (2) quantization, and (3) code assignment.

Transform coding is a popular coding technique for images {3, 77, 79]. In transform coding,
the linear dependencies are utilized for efficient digitization, where the image vector V is first

linearly transformed using an orthogonal transform A(A' = A™1),
T =AV . (2.7)

and the transform coefficients T3;,7,7 = 0,...,/N — 1 are then quantized, @, with a variable
number of bits. At the receiver, the vector, V, of quantized coefficients is inverse transformed

'to recover the coded image I, that is,
I=AU = AQ(T) = AQ(AV) - (2.8)

The most popular transforms used in transform coding are discrete cosine transform (DCT)
[79), Fourier transform (FT) [3] and Hadamard transform (HT) [77]. In designing a transform .
* coder the system block size, the type of transformation, the coefficients to be transmitted, the

bit assignment and the quantization strategy must be selected.

3 X .

* The performance of transform coding schemes can be improved by adapting them to ,
H . ! . Y.

changes in image statistics. Three types of adaptation have been developed: namely, (a)

adaptation of the transform [91], (b) adaptation of the bit allocation [14] and (c) adaptation



B

of the quantizer levels [3]. Adaptation of the bit assigniment to changes in statistics is the most
practical method. By using this method, an image block can be classitied into one of several
categories and a larger number of bits is allocated to the blocks with larger activity and fewer
bits to the blocks with lower activity. Adaptations of this type have been considerad by Chen

[13] for two dimensional transform coding,

2.4 Vector Quantization

We recall from Shannon’s rate-distortion theory that il is possible to obtain a better perlor-
mance using vector coders instead of scalar coders. Extensive studies of vector quantizers
have been performed by many researchers [29, 28, 1, 13, 60]. Reviews of vector quantization

are given by Gray [34] and Nasrabadi et al. [49).

A block diagram of the various steps involved in vector quantization, as applied to image

codling, is depicted in Fig. 2.3.

Input
; : Codebook
mage vector p[Training se . Codebook] >
formation ' genemﬁon ‘ design
‘ Labels
»{ Quantizelf————p

Figure 2.3: A block diagram of vector quantization,

Thus, the design steps in implementing image vector quantization are as follows,

1. Vector formation: That is , the decomposition of the images into & sct of vectors.

2. Training set generation: A training set, representative of the expected input veclor

. source is used to design the vector quantizer.

10



3. Codebook generation: The key step in vector quantization is the devclopment of a
good codebook. The optimal codebook, using the mean squared error (M SE) eriterion.

must satisfy two necessary conditions [28]:

(a) The input vector source, S, is partitioned into IV closed sets or Voromnoi regions,

R; : 1<i<N, with the partition determined by the minimum distance rule:
= {s: s —wi|<ls — w;]} J# (2.9)
(b) The corresponding codewords in the codebook are then defined by
w;=FE{s|seR;} i=1,2,.., . (2.10)

The K-means [93] or the closely related generalized Lloyd clustering algorithm pro-
posed by Linde, Buzo, and Gray [59] are tyﬁically used to generate the codebook.
- These algorithms have the advantage of not requiring any knowledge of the under-
lying statistics of the input source and additionally minimizing a criterion related

to the quantization error.

2

4. Quantization: Quantization involves finding the closest codeword for each in put vector.
Compression is achieved by transmitting the label, I, of the codeword.
5. Decoding (Q~): This is a table look-up procedure.

S L. V=@ (2.11)

“where V is the reconstructed vectors, formed from the representative vectors of the

codebook.
2.5 Interframe Coding
We note that image coding t.echniqiles fall int.o two general categori‘es, intraframe coding and

mt.e:l'mmc coclmg In interframe coding, both spatial and temporal mclundanmes are exploited

for data compression.

11
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2.5.1 Spatial-temporal domain techniques

Interframe image coding usually involves a combination of spatial and temporal domain tech-
niques. There are two types of interframe predictive coders [23): frame replenishiment [66] and
motion compensation {43, 51, 71]. We note that frame replenishment technique is the topic

of this thesis. It will be described in further detail in the next section.

In motion compensation interframe coding, the image is regarded as a superposition of
moving pixels on a stationary background image. The image is first scgmented into station-
ary and changing areas, and the displacements of moving objects in the changing areas are
then estimated. The motion-compensated predictor is then generated by the displacement. os-
timates. Finally the prediction error and side information are coded separately. Compression
is achieved by skipping frames on the transmitting side and repeating frames on the receiving
side. Approaches to estimating the motion or displacement belween successive {rames in-
clude correlation or matching, and differential techniques [42}. Various motion compensation

methods have been proposed, and this is still an area ol active research [69].

2.5.2 Three-dimensional transform coding

i

The basic ideas of the two dimensional transform coding have been extended for compression of
three dimensional data. In interframe transform coding, a sequence of image [rames x(k, {, )
is transformed in'blocks of K x L x M pixels. The translorm coeflicients arc

K L A&

T, v,wy=33" 3 a(k,,m)a(u,v,w; k,1,m), (2.12)
k=1 1=1 m=]

where a(u,v,w; k,l,m) is  unitary transform kernel, and (K,L,M) denotes the block size in

the row, column and temporal directions. As for intraframe transform coding, compression of

data results by selecting a subset of the transform coefficients, which are then quantized and-

coded for transmission.

L./

Ik N



2.5.3 Interframe hybrid coding

Hybrid coding is particularly uvseful in interframe image data compression. In interframe
hybrid coding [75], usually, a two dimensional intraframe transform is first performed on
spatial blocks within each frame. A linear predictive DPCM coder is then applied in the

temporal direction to each resulting transform coefficient.

For three dimensional data, adaptation could be quite useful because the statistical prop-
erties along the temporal dimension could vary significantly depending on motion or other
temporal changes. The adaptation of the bit assignment to changes in statistics has been con-
sidered for three dimensional transform coding {45], in'which measures of spatial and temporal

activity have been used {or adaptive selection and quantization of the coeflicicnts.

2.6 Frame replenishment coding

In an image sequence, successive [rames are usually very similar. The interframe coding
" . | . "

technique which exploits this similarity is called © conditional [rame replenishment coding ”

66l | 4

'A frame replenishment coder-decoder takes advantage of i;he considerable similarity be-

tween successive frames of image sequence in two ways:

1. The parts of the picture that do not change between frames are not transmitted; at the
receiver they are reconstructed simply by repeating the pixel values from the previous

frame.

-~

2. The parts with changes in the picture are coded with a varying resolution. The choice

of resolution depends on subjective requirements for acceptable picture quality and the .-

L] '

I3

bit rate available for transmission.

2

A number of modifications to the fundamental frame replenishinent algorithm [66] have

13



been proposed. Candy et al. [10] proposed a method of more efficiently addressing the pixels
in clusters, instead of individually addressing them. An alternate approach was proposced by
Pease and Limb {74] in which the pixels in the changing arcas are subsampled by 2:1 along
the horizontal direction. Certain studies [68, 74] have demonstrated that the pixels in the
changing arcas need not be transmitted independently, and can be coded by linear predictive
coding. Goldberg and Sun [30] introduced the replc:‘lishmcnt concepl to vector quantization
and proposed two frame replenishment coding techniques using vector quantization: label

replenishment coding (LRVQ) and codebook replenishment coding (CWRVQ).

2.6.1 The basic frame replenishment coding (BFR)

The basic frame replenishment coding (BFR) developed by Mounts [66] and subscquently

refined by Candy, Haskell, Limb, Pease et al. [7d, 10, 57, 38 is bascd on a simple method
§

of detecting and encoding the changing arecas whicli“are replenished from frame to frame.

In this scheme, only the information necessary to describe the new gray values of the pixels

that change between successive frames is transmitted. The implementation uses two [rame

memories, one at the receiver and another at the transmitier to store the required rci'crcnm

frames. The interframe difference signal is
e(i:j’ k) =S(iij! k)—§(3,],}\.— 1) . (2-13)

- where s(%, j, k) denotes the pixel at location (7, ) in [rame &, and 5(%, 7, & —1) is the reference
frame value corresponding to s(i,j, k — 1), i.e., at the (£ —1)-th frame. If the magnitude
of e(%,j,k) is greater than a predetermined threshold 3, then it is quantized and coded for
tmnsmis‘sion. At the receiver, a pixel is reconstructed cither by repeating Lhe value of Lhat

pixel location from the previous frame, or'is replenished by the decoded dilference signal,

1 5(1,7,k=1) othervwise.
I transmission, codewords réi)resenting the quantized values and their addresses are genet-
ated. The average bit rate depe’ﬁds on the extent and duration of changes which implics thal

i
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a reasonably sized buffer with an appropriate buffer control strategy is necessary to achieve
a steady bit rate and to reduce the chance of bulfer overflow. A coinmon scheme of buffer

control is to raise the threshold whenever the overflow is imminent.

2.6.2 Trame replenishment coding using vector quantization (LRVQ
and CWRVQ)

Veclor quantization can also be applied to the coding of image sequences. In an extension ol
the frame replenishment ‘c0ncepl-:, the change in corresponding pixel values between consecutive
frames can be coded by updating (replenishing) both the frame label map L and the codebook
W [30]. The basic steps of label replenishmeni and codebook replenishment shown in Fig. 2.4

are as follows,

o The vectors drawn from the first frame V! are used to generate a codebook W' , and

this codebool is then.used to quantize the first frame
-~

W'=G(VY). . (2.14)

\

The resulting labels L' are stored in a ﬁ"a.rne label map at both the receiver and
transmitter. ,
L' = Qi (v1). ‘ (2.15)

DN .
o In label replenishment [ Fig. 2.4(a)], the second and subsequent frames are quantized

with the codebook W1
F=QyvY), P>l | (2.10)

The resultant labels L7 are then cbmpa.red to those in the label {rame memory L1, If
there is a change, the new label value is transmitted and both label maps updated; an

operation represented.by U(L4, Li1).

“o In codeword replenishment [Fig. 2.4(b)], the vectors of the second and subsequent frames

(7 > 1) are used as a training set to generate a new codebook W7; however, to ensure

’
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Figure 2.4: (a) Block diagram of label 1eplenishmcnt. coding using vector quantization. ‘Fhe
line 1 correspond to.the codebook generation step using tlie first frame. The remaining lines
correspond to codlng ‘of the subsequent frames. (b) Block diagram of codchook replenishment
(updating) coding using vector quantization [§S]. '



correlation between the new and old codebooks, the old codebook 17! is used as mitial

seeds in the iterative clustering algorithm
Wi = G(V?, Wity i> 1l (2.17)

The codebooks are then updated at the receiver and the transmitter; which we represent

by U(W3,Wi=1)' | The new codebook is then used to quantize the second frame:
L = Q(V9). i>1 (2.18)

and label frame replenishment U(L?, L) takes place as required.

According to the label replenishment algorithm presented above, changes in the input
source are tracked by only transmitting the changed label components. Thus, only new labels
need to be transmitted. The main cira.wback with this approach is that a codebook which is
representative of the entire sequence must be founci [88]. Furthermore, if the individual frames
. have different statistics, then a comparatively large codebook is required, hence increasing the
hlt rate. An alternative stlategy would be, therefore, to design a codebook which tracks the
local frame statistics 8]. Tt is the principal idea behind the codeword replenishment algorithm

in wlm.h thc codebook is replenished by updating the individual representative veclors.

2.7 Summary

- In this chapter, we first reviewed digital communication systems. Secondly, various distortion
| measures, inclu’dillg'.Sllannon’s'.1'ate distortion theoi'y, objective and subjecfive distortion mea-.
sures used in the image data compression were plesented Lossless coding techmques such as,
Huffman and run length coding were then discussed. A dlscusswn of loasy codmg tu.hmques:
such as, p1ecl|ct1ve coding and transform coding is followed. A review of vector quantization |
#s.,appliecl to image coding was- then presented. Finally, three frame: replenishment coding
. techniques used in this thesis, namely, BFR, LRVQ and CWRVQ, were introduced in detail.
" BFRis a basic frame replenishment coding prdposed\k.by Mounts [66], LRVQ and CWRVQ are

17



frame replenishment coding techniques using vector quantization proposed by Goldberg and

Sun [30].
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Chapter 3

Error Protection Techniques for
Intraframe Image Transmission

We note that most of the source coding problems, have been studied under the assumption:
that the communication channel is noiseless. But in practice channel errors may avise and
result in errors to the reconstructed images. In such cases, some error protection should be

provided to combat channel noise effects. The objective of this éimpter is to give a short

‘review of noise effects as well as some protection techniques for intraframe coding techniques.

In section 3.1 the effect of channel error on some intraframe coding techniques is presented.

" This is followed in section 3.2 by a discussion on the techniques used to protect chanriel errors

for intraframe image transmission. Finally, a summary is presented in section 3.3.

EhY

3.1 Error Effect on Intraframe Image Transmission

Several studies have been conclucfﬂfkto study the effect of channel errors on the performance
of source coders {11, 4, 24, 98, 94]. Generally, channel tmnsrmssmn euoxs have much stronger -
elfects in DPCM, transform coding and vector quantization systems than in conventional

PCM sg@tems. Qo
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3.1.1 PCM monochrome image coding channel error effects

An exampie of PCM channel error effects for monochrome images is shown in Fig. 3.1. PCM
channel errors are often described as “ salt and pepper” noise because of the discrete appear-
ance of erroneous black pixels in white areas and white pixels in black areas. Subjectively,

PCM channel errors are usually tolerable up to error rates of 10-3 [76].

107 107 ‘ 10-7

Figuré 3.1: Channel error effects for PCM image coding at three bit error ratcs.

3.1.2 Two dimensional DPCM image coding channel error effects

The effect of 2 tra.nsm1551on error differs from PCM to DPCM. In the PCM the erroncous
pixel is perceived as a spot on the image, whereas i in DPCM [see Fig. 3.2] [76), the pixel vaize
is predicted from the previous pixels s(n —1). The predicted estimate 3(n) is then subtracted
from the actual pixel s(n) ‘.

C ‘ d(n) =s(n) — 5(n) : 3]
and the correspondmg dlﬂ‘erence 1s quantized, coded, and transmitted. At the decoder, t,lu.‘
quantized difference is used to form the reconstructed image. Therefore, if a channel error

occurs, the next reconstructed plxel will be in error, and this error will be introduced in all



the subsequent receiver prediction estimates. As a consequence, channel error effects persist

along lines of the image until they are corrected.

Modestino and Daut [63] show that in DPCM the reconstructed image quality in noisy

channels could not be improved by increasing the quantization accuracy [see Fig. 3.3].

| & | |
Figure 3.2: Channel error effects for DPCM image coding at 3 bits/pixel. (a) bit error rate
= 107*. (b) bit error rate = 1072, - .

3.1.3 Two dimensional transfo;‘rh image coding. channel error
effects

We recall from chapter 2 that in a TC system each signal block is lihearly transformed into a
set of transform coefficients. These coefficients are then quantieed independently, transmitted,
- and transformed back to the spatial domain. Therefore, a single error in one of the transform
coefﬁcients of the block leads o &rrors in all the data samples reconstructed from it. Fig. 3.4

illustrates the effect of cﬁannel errors for transform coding [76],

Not.e that in T'C, it is shown [64] that the reconstructed i :mage qua.ht.y ina noxsy cha.nnel

cannot be improved by i mcreasmg the quantlzatlon accuracy.
. s:-;

’
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Figure 3.3: Channel error effects on two dimentional DPCM image decoding with different
bit rates. Typical outdoor scene; B=5x 10‘3

‘ =5
107 : 1073 i 107

Figure 3.4: Cha.nnel error effects for slant transform codmg in'16 x 16 pixel blocks at 1 5 bits
per plxel for three bit error rates.
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3.2  Error Protection Techniques for Intraframe Im-
age Transmission

We note that as information is compressed into fewer bits, the effect of channel crrors on
rcconstruction quality becomes more serious. Many error protection techniques have been
developed, which can be basically classified as those with or without redundancy. In this

thesis, these techniques are surveied by dividing into four categories:

1. Careful design and choice of source coding

[AV]

. Error detection using signal statistics, and error correction{smoothing).

3. Tandem combination of source-channel coding.

.

{. Joint source-channel coding.

3.2.1 Careful design and choice of source coding

There are ways ol making coding systems inherently more robust to transmission crvors.
In other words, by careful designs of coder components such as transforms, quantizers and

encoders it is possible to reduce the effects of channel error on image transmission.

For instance, Rydbeck and Sundberg showed [81] that binary folded PCM code is less
sensitive to digital errors than the standard binary folded PCM code for a large class of input
signal density functions, e:g., exponential, Gaussian,- cte. They also pointed C}i/lt that there

‘ ' Co ‘ ' =

must be PCM codes even more insensitive to channel noise than binary folded PCM. By

studying the input signal density function for low-input levels they observe that,

- 1. PCM words around the zero level are much more probable than the others,and

=
2. ervor sequences with single errors are the most probable ones.



Therclore, they presented a scheme, called MDC-PCM (minimum distance code). where the
most probable PCM words have a small probability of single errors. That is, the code has the
property that the errors are successively larger for less probable PCM words. Tu Table 3.1
[81] below we present a comparison among the different PCM codes: (1) binary folded PCM,

(2) natural binary PCM and (3) MDC-PCM for low-input signal levels.

binary folded PCM | naturel binary PCM | MDC-PCM
001111 010000 011000
001110 010001 010100
001101 010010 001100
001100 010011 010010
001011 010100 001010
001010 . 010101 000110
001001 010110 01000t
001000 010111 001001
000111 011000 000101
000110 011001 000011
000101 011010 : 010000
000100 011011 001000
000011 011100 000100
000010 011101 000010
000001 < 011110 000001
000000 - 011111 000000
100000 100000 © 100000
100001 | 100001 , 100001
100010 100010 ~ 100010
100011 100011 100100
100100 100100 101000
, 111111 ‘ 111111 111111

“Table 3.1: MDC for 6-bit PCM. The first digit is a sign digit giving symmetry aronnd the
zero level. For the sake of comparison the 6-bit natural binary PCM and binary folded PCM
codes are also shown. '



3.2.2 FError detection using signal statistics, and error correc-
tion(smoothing)

In this section, we describe Difference Detection and Correction technique {83, 85, 87, §6, 95,
67], which achieve error protection by exploiting the redundancy inherent in most images. The
crror protection techniques can be realized at the receiver without recourse to any channel
coding. In the other words, the systems really exist only at the receiver. In the dilference
detection and correction system [83], the detection procedure is based on the sample-to-sample
differences in the received signal. It examines each sample in the decoded sequrence q. and

for the 7th component g¢; considers it to be erroneous only if
l¢: — Qixa| > Loy (3.2)

where @;_1 is the corrected sample at the (i —1)th instant, or ¢;~; sample if ¢;—, was detected
and considered to be correct. gy is the rm.s. value of the differences between adjacent samples
in a block of decoded samples, and L is a system parameter. On the detection of an error,
the sample is replaced by the result of the correctioﬂ procedure and subsequent samples are

adjusted to compensate for the error propagation.

Various detection and correction methods have been d;aveloped for PCM, DPCM and TC.
For instance, correlation measurements and sa.m;ﬁle—to—sa.mple difference measurements lor
PCM were presented in [87), detector based on sample-to-sample difference measurements for
DPCM wa_é presented in [83, 86]. However, all the approaches mentioned above appear to be

inadequate for the enhancement of badly corrupted pictures.

3:2.3 Tandem combination of source-channel coding

In this section, we introduce approaches that achieve error protection by the tandem com-
bination of source and channel coding. The techniques require recourse of channel coding
- v . . ’ .

techniques.

Modestino and Daut [63] demonstrated that when an image is transmitted through noisy



’

channel, the resulting mean-square reconstruction error ¢*

ws €an be expressed as the sum of

the three individual components:
€l = € + 2em + €. (3.3)

where ¢, represents the mean-square value of the quantization noise normalized on a pixel
basis, ¢ represents the normalized mean-square error contribution solely due to channel crrors,
and €., represents a mutual error term due to the interaction of the quantization and channel
errors. There is a tendency to assume that the quantization and the channel errovs are

independent and zero-mean and hence ¢,, = 0.
9 .
€ns = &4 + €. [-5.-1)

However, in general this is not the case. Therefore, the reconstruction ervor is the sum of
contributions due to quantization noise and channel errors. Modestino and Daut also showed
L
this conclusion through expcrimént.si That is, the coding performance decreases vapidly in the
presence of noise, and for a noisy channel the degradation in cﬁglillg perflormance cannot be
improved by simply increasing the source coding bit rate as it is discussed in scection 3.0.2 and
3.1.3. Hence, they [64] presented a combined source-channel coding scheme for-images which
can lead to improvements in reconstructed image quality in the presence ol channel errors
while maintaining a fixed transmission bandwidth. This improvement is achicved by dividing
the encoding rate between the quzintiza.tion accuracy and chanunel coding. The three error
protection schemes they presented are: protect.ion"to (1) to every bit of information (Protection
1), (2) to.every bit of the most signiﬁcanq’-‘}tppouents of the informajion (Protection 2), and

(3) to the most significant bits of the information (Protection 3).

A [ew extensions to Modestino and Daut’s approach have been developed {20, 65, 99,
90]. Tanabe and Farvardin' [90] have applied the combined source-channel coding concept to

subband coding, where the percentage of bit rate dedicated to error protection increases for

noisier channels.

i
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3.2.4 Joint source-channel cAoding

[n this section, we introduce approaches that achieve error protection hy designing quantizers
which take into account the channel noise but do not require recourse of channel coding

techniques.

We note that the necessary condition for minimizing the mean distortion in scalar quanti-
zation was {irst presented by Lloyd and Max, and then the necessary conditions [or minimizing
the mean square error was obtained by Kurtenbach and Wintz [54] from a more generalized
standpoint considering channel errors. They show the quantization values w(l = 1,...,m) and
transition levels u (k = 2,...,m) which minimize ﬂle total mean-square ervor for any given
input probability density p.(X) and any given channel matrix P = {Py}. The results are as

follows,
v = o P fuL-H Xpo(X)dX
& a Zk—l P uH‘l p=(X)dX

128, o (Pi — Piay)
2 Zlni-: w( P — Pj-1g)

where. N is the number of quantiza.tion levels.

U; =

We can see that the quantlzat.lon values v; and trzmsmon levels Uk depend on the prob-
ability density function p,(.X) of input data, and the channel transition matrix P = {Py).

Hence, they are restricted to non-lookahead codmg systems. This quautmer by Kurtenbach

includes the quantizer by Lloyd and Max as a special case. They pointed out that only a slight

improvement can be made by implementing a quantizer optimized for the noisy channel.

\\’c note that Gray codes have the propelty that code words within a small Hamming
cllstaucc from eacl other ccnrespond to PCM amplitude Ievels which are close to one another.
Hence, we can see that the average distor l:lon in reproducmg the analog s:gnal m the presence
of channel noise can be reduced by usmg a Gray code. Zeger and’ Gersho [100] e\tend this ,.
concept to the design of vector quantlzers over noisy channels, We reca]l that in vector

qu:mtlza.tlon the binary Iabels of optlmally chosen codewords are tla.nsnntted as address for



the representative vectors (codewords). The decoding steps in vector quantization is a simple
table look-up procedure. Thus, a distortion is introduced when the channel crrors changes
the transmitted binary labels. By designing the codebook in such a way that labels within a
small Hamming distance from one another correspond to codewords within a small distance

from one another, the average distortion caused by channel errors can be reduced.

In their algorithm [100], an initial codebook Wy = {w}, wi,...,wh_,}, whose labels { =
{0,1,...,2% — 1} correspond to an initial and perhaps arbitrary ordering of the codewords,
is generated. Suppose an input vector v which is approximated (vector- quant,n ced) by the
codeword w;, so that the label 7 is transmitted. However, possible chaunel creors may cause

label j to be received. By minimizing the total distortion due to the combined elfect of the

quantization and channel index errvors,
d(v,w;) = d{v,w:) + [d(v, w;) — d(v,w;)] (3.7)

the rearrangement, a one-to-one mapping f : I — W, of the initial codebook Wy wlich
uniquely assigns a codeword from W to each label 7 in I can be achieved. Then a newly

ordered codebook W = {wo,w,, ...,wn-1}, whose codewords are w; = f(7), is generated.
3.3 Summary

A short review of error protection techniques for various intrnl'rame coding schemes was pre-
sented. Four kinds of error protection methods are dctalled in seclion 3.2. They are: (a)

careful design and chonce of source coding; (b) error detection c).plonn;_., signal sLnt.lal:ca'
and error cor 'ectlon(smootluug), (¢) t.andem combma.l,lon of bOllICG‘ClIE\.I] net coding; (d) joint
source—channcl codmg for noisy channel. We note that the concept o!' tancdem t_omlmmt.lon of

source-channel codmg is applied to the mterframe codmg in our rcacnrch

(.
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(SN Rg) which is defined in :

Chapter 4

Performance of Frame Replenishment
Coding Techniques over Noiseless
Channels

4.1 .Introd.uction

We recall from chapter 2 that since Mounts proposed the basic frame replenishment coding

- (BFR), a number of modification to this algorithm have been proposed. Two frame re-

plcmshment coding techniques usmg vector qua.nt.lza.tlon, amely label 1eplemshmenl'. vector

qua.nl.lzatlon (LRVQ) and codeword replemshment‘. vector qua.ntlza.tlon (CWRV Q) were ple- '

‘scnted by Goldberg and Sun. In this cha.pt.er the coding perfmma.nce over noiseless channcls .

of BFR, LRVQ and CWR.VQ is plesent'.ed

4.2 Performance of BFR LRVQ and CWRVQ over

Nmseless Channel

We note that coding per_l'drmance is normally evalug.tecl in terms distdrl.iox_l-ra.te ciiterion [75)].-

One ol the commonly used measure as presentéd in section- 2.2.2 is the signal-to-noise ratio

o? ‘
.S'NR =10 logm (dB) ' & (4.1)
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where o7 is the variance of the original image. A generalization to interframe image coding

performance leads to the result:

2 Z:j 2k $(i9j:k)2 (4.2)
Z;E,‘ Zk (S(i,j,k) —5(1,1,].,))-' ‘ o

where s and § are the original image array and the reconsiructed estimate of s at the receiver.

S!\IRO - 1010g10

respectively.

We now turn to the computation of the bit rate. Table 4.1 shows the dilferent conmipouent of

information that needs to be transmitted for the three chosen frame replenishment techniques.

Coding Technique |.  Side Information Transmitted Updaling Flemenls
BFR address of changed pixels_ values of changed pixels
LRVQ map of changed labels values of changed labels
CWRVQ map of changed labels | values of changed labels and codewords

Table 4.1: The transmitted information in BFR; LRVQ and CWRVQ

It can be seen that there are two componeats to the frame bil rate R for frame replen-

~
N

ishment coding,
R=R4+R \\ {4.3)
Here R is the side mfmma.tlon to specnl'y replenished elemcnl.:, and RJ is l.hc lnL\:\. Lo rcquirccl
f01 updating changed elernents We note that the posmon of changed pixel in conditional
jf flame 1eplemshment codmg [66] is indicated using the address ol the updated pixel. We refer
to this as the addlcss method An alternative a.pploach [30] is the map method where | bit/per

\‘

pl\el is-used to represent the position of changed ml'mma.tlon Om simulations present results

for both methods. S o . ) | .

4.3 Simulation and Discussion of Results

- e

In this thesis, computer simulations are carried out on two'image sequences, one | see Fig. 4.1}

is an extract of the CCETT image sequence of a woman télking on a telephone, consisting -
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of 20 frames of size 112x96 pixels and quantized to 8 bits/pixel. In this image sequence, the
first 9 frames of the sequence are fairly constant; the next 5 frames exhibit a rapid motion
of the face; and finally, the last 6 frames have relatively small changes. The second [ see
[ig. 4.2] is an angiogram image sequence of eight frames, 256 pixels by 256 pixels, with 8 bits
of resolution, extracted from an angiographic X-ray sequence supplied by CGR of France. In
this image sequence, a radio-opaque contrast dye is injected into the blood system with organ
motion such as cardiac pulsation, 'b_reathing and swallowing. Our experiments are mainly

performed on the first image sequence, the face image sequence.

‘To demonstrate the performance of frame replenishment coding techniques, three kinds of

measures are used in this thesis:

. overall signal-to-noise ratio.

—

(]

. the bit rate as a function of the frame mimber, and

3. the signal-to-noise ratio as a function of the frame number.

\

The first is on a global source basis and is used to compare the coding performance over

the image sequenccl:s: The other two are on a local, frame-to-framé. basis. .
'4.3.1 Simulation results

In the ﬁrst.- set of ekperiments, the coding performance of BFR, LRVQ and CWRVQ over
noiscless channel is evaluated and 1'epf0duced in Fig 43 - Fig. 4.6. The .perform'mce of the
l.luce frame replemshment techniques w1th two dlﬂ'erent addrasmg schernes for the two 1magc;
’ acqucnces gl aphed in I‘lg 4.3 and Fig. 4.4 show that significant gains can be obtained by usmg

LRVQ and CWRVQ t.echmques We observe that better codmg performance is obtzuned using

o . BFR—add LRVQ-map and:CWRVQ-map respectwely Hence further expeuments on source

coding techniques and combined source channel codmg techniques ovér noisy channels have

‘ ‘beénl'per.i"ormed on BFR;add,'LRVQ-map ‘and CWRVQ-map techhi&‘qﬁés. It can be séen fl.‘Oll‘l

i : o . 31_
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Fig. 4.5 and Fig. 4.6 that BFR exhibits high sensitivity to motion in the picture in contrast

to LRVQ and CWRVQ.

4.3.2 Discussion of results

The results of the first set of experiments demonstrate the superior coding performance of

LRVQ and CWRVQ techniques in a noiseless channel.

Discussion of average coding performance

The comparison of the performances of the three frame replenishment technicues with two
different addressing schemes for the face image sequence and the angiogram image sequence
graphed in Fig. 4.3 and Fig. 4.4 demonst.rates that in general LRVQ and CWRVQ are more
efficient coding schemes than BFR. Also LRVQ and CWRVQ using the map method are better

than using the address method.

Discussion of motion sensitivity -

The curves on a [rame-by-fmme basis for the three schemes are shown in Fig. 4.5 and l"ig 4.6
respectively. T he sensitivity to changes in the pictures { Fig. 4.5) shows that at a fixed SN iy,
BIR needs much more bits to provide the same perforimance as LRVQ and CWRVQ. We note
that when the image sequence begins to become active at frame Y and 10, the bit rate for

BFR more than doubles and remains high for the rest of the sequence. As a resull, BI'R

* is much more sensitive to the motion in the sequence t.hzm LRVQ and CWRVQ. Tor a fixed.

average bit rate, it can be seen from Fig. 4.6 for the lace i mmgc sequence that if the sequence
is fairly constant, BFR out‘.performs LRVQ and CWRVQ. This results from the fact that in

the 1eg10ns where there is little motlon, BFR using the. addlcss method lcqune.s only a fcw‘

| blts to indicate the cha.nged mforma.tmn in contrast to the LRVQ and CWRVQ using the

" map method. We note that when the image becomes active, the SNR for the BFR technigue

'
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deereases substantially ( by about 45% ), but the SNR for LRVQ and CWRVQ are almost

constant. [lence, BFR is very sensitive to changes in the image sequence.

For a lixed average bit rate 0.3(bit/pixel), signal-to-noise ratio as a function of frame
munber for BFR, LRVQ and CWRVQ applied to the angiogram image sequence is shown in
Fig. 4.7. The results also show tolerance of LRVQ and CWRVQ for the arrival of contrast

[}

dye material in the arterial system after frame 3.

In summary, it can be observed from the results of the first set of experiments that LRVQ
and CWRVQ provide more efficient coding than BFR, and are more tolerant to change in the

pictures than BFR.

- Pictorial results

The reconstructed. images corresponding to Fig. 4.6 -are provided in Fig. 4.8 for BFR and
LRVQ. The transmission bandwidth requirements are ke[;t constant for all the reconstructed
‘imz;gcs. These pictures illustgx'f;te the s'ui;erio_r coding perlormance of LRVQ technique in a
noiseless channel atid the serious sensitivity to the changes in the images for BFR. For examplc;
in [Gg. ti.S., we':s"ge that when there is rapid niot.ion in the sequence, thé -i'ecqnstructccl images

using BFR become qixife__poor. Compared with BFR, LRVQ is an efficient coding technique

- which can follow the rapid changes in the image sequence.

4.4 Summary

We have presented the codihg performance of basic frame replenishment coding (BFR), label
teplenishiment coding (LR\’Q) and codeword replenishment coding (CWRVQ). Simulation

results demonstrate the excellent coding performance and high tolerance to motion f LRVQ

and ,C‘\-\’ 1‘1\’ Q.
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Figure 4.1: Original Frame 7, 10, 13, and 1? from the original image sequence of a sz tatking -
on the phone. o | e

Ve

1



-~ .

Figure 4.2: 112 % 96 pixel purti.cs ot the first frame (before the arrival of the contrast dye)
and frame 6 (the presence oi ..o v in the arterial system) of angiogram image sequence.
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Figure 4.3: Comparison of six frame replenishment coding techiniques for Lhe face image
sequence. -
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Figare 4.4: Comparison of six frame replenishment coding techniques for the angiogram image
sequence.
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Figure 4.6: Signal-to-noise ratio as a function of frame number for BFR, LRVQ and CWRVQ
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Figure 4.7: Signal-to-noise ratio as a function of [fame number for BFR, LRVQ and CWRVQ
applied to the angiogram image sequence, at average bit rate =0.5(bit/pixel).



Flgure 1.3: The picr.ori;.l results for the T-th. 13-th and 1T-ih}-—"«:rames in (a) BFR with 0.49
ity pixel and (b) LRVQ with 0.3 it pixel. h o



Chapter 5

Performances of Frame
Replenishment Coding Techniques
over Noisy Channels

5.1 Introduction

In this chapter, we present the performance of three frame replenishment coding technigues
BI'R, LRVQ and CWRVQ over noisy channels. We recall froia chapter 2 that most of the
source coding‘ problems have been studied under the assumption that the communication
channel is noiseless. But in practice channel errors occur and resull in error in signal recon-
struction. Therefore, we investigate the performance of the three frame replenishment coding,
BIFR, LRVQ and CWREVQ, over noisy channels. First' an analysis of oulpul signal-to-noise
ratio for image transmission . is detailed, and then the crror propagation and average noise

effect, for the three image sequence transmission techniques are studied,

5.2 Analysis of Output Signal-to-Noise Ratio

Al

As mentioned in Eq. 2.5 and Eq. 4.2, the output signal-to-noise ratio (SN f2y) associated with
Ay . .

F

coding an M xAM x K image block is givén by

2 : ‘ . |
SNRy= 22 ’ B

ms
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where a2 1s the variance of the assumed zero-mean stationary 3-D image data sequence s(i, 7, &)

anl

'

aps 2 =
eﬂl.’ - 1‘1’2115{"3 t J’ ) _s(z’J’ k)" } (D'Z)
1s the resulling mean-square reconstruction error. Here we make use of the norm || || defined

on the space of M xM x K matrices according to
. M1 M—1K-1 )
I|Bil° =trBB" = Z Z Z [b(z, 7, k)| (5.3)
i=0 =0 k=0
where, s(,7, k) is the original image array M xM x K, and §(i, j, k) is the reconstructed es-
timate of s(z, 7, k) at the receiver. The array § differs from s due to the quantization cifects

and the cffects of channel noise. We model these effects as additive so that the estimate of

the received image array 3(i,7, k) is given by [63]

=
NS

82,5, k) = s(i, 4, k?+ q(2,3, %) + n(i,4, k) (5.4)

FREEN

Here, q(i,j, k) represents the additive quantization noise associated with the (7,7, k) com-
ponent and nfi, j, k) represents the eflects of channel errors. The corresponding atrays of

qunntization and channel noise elements are expressed as ¢ and n, respectively.

1t follows from Lq 5.2 nnd 5.4 that e,n,? can be expressed as the sum of the three individual

rcoinpoucuts _ , :
efn.s = eql+ 2'E:'m + &, ) , ’ ' (5.5)
ere, | |
CM=1M=-1K- . .
‘:H i E'l AIQIfL{"‘I( 7]1 L)I[ } = Igff Z Z ZE{'] (1731"")} ) (5'6)
i=0 j=0 k=0’ :

represents the mean-square value of the quantization noise normalized on a px\cl basis. Sim-

1

ILuIy ‘
M=1M-1 i\—-l

&= szﬂ{lln(z iik Y = o KZ )y ZE{nz(z,J,A)} O (5.)

K i=0-.j=0 k=0
1cpu.acnt.s t.he uorm'xhzed mean square error contrlbutlon soIely due to chmmel errors. l'mally

M-1M-1K=1

) = B BBl J,f»)n(z,s,m 63

i=0 j=0 k=0 ‘ @

1
RYE

("
-
=

represents a mutual error term due to the interaction of the quantization and channel GELOLS.
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5.3 Performance of BFR, LRVQ and CWRVQ over
Noisy Channels

In image scquence transmission, two kinds of noise effects must be considered: firstly, the
channel noise introduced on a frame by frame basis and sccondly the propagation cifect of
the noise introduced at a given frame. This second effcct arises only when some interframe

coding is used. We have expressed the coding performance over a noisy channe! in terms of

the SNRy ( Eq. 4.2). It can be seen that the SN o also includes a source coding noise etfect,

;. In order to evaluate the error propa&,atlon effect (due to channel crror introduced at a
given frame), we have to remove the cll'cct of ‘source coding noise ¢, and L\alllldll.‘ the error

"ff

propagation effect in terms of the difference of the signal-to-noise muo A\I\' Iy delined by:

AS 1\’1}?0 = SN Ro(without 'izoi.sc) -SN .I?D(t}rilh noise) (5.9)

5.3.1 Channel model

i
We recall from chaptel 2 that the channel encoder transforms thc information sequence mlo i
discrete encoded scquence Discrete symbols are not suitable for Lmuannssnou over i lennul
The modulatoris usecl to transform each output symbol of the channel encoder into wavel’onh
of duration T. A common modulator is binary-phase-shift-keyed (BPSK) modulation which

generates one of two sxgnals, so(t) for an encoded “0" or sl( ) for an encoded #17,

f2E . s ‘ L
So(t) = —ITSII](QTTfnt + 3-) 0<i<t - (H.10)
o RE. . % o |
o Sl(i) = ? Sln()ﬂ'fot -)-) 0<i<r - (5.11)

{Vlll‘:;'e fogis a multiple of 1 /T and E is the energy of cach signal.

The common form of noise disturbance present in any communication system is addilive

white Guussian noise (AWGN). 1[ the tl'anlsmitted signal is s(t), the received signal is

Cr=s@4aw) | (5.12)
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where n(t) is a Gaussian random process with one-sided power spectral density (PSD) Ny.

A simple and important channel model is called the binary symmetric channel{ BSC) in
which (1) binary modulation is used, (2) the amplitude distribution of the noise is symmetric,
and (3) the demodulator oulput is quantized to 2 levels. When BPSK modulation is used
on an AWGN channel with optimum coherent detection and binary output quantization, the

BSC transition probability is just the BSPK bit error probability £, given by,

. PE,
Py = Q(\[T:) (5.13)
where ‘
Q)= %./:: e Py (5.14)
£y . 1=
SNR; = A (5.15)

and £, is the signal energy per transmitted binary channel symbol, also No/2 is the double-
sided noise spectral density in W/Hz; Q(.) is the complementary error function of Gaussian -

statislics, and SNR; is channel sign‘al _(bit) -to-noise ratio.

In t.hjs thesis, we choose cohefent bina.ry,phase-shift keyed (BPSK) ‘modulation over an
additive white Gaussian noise (AWGN) channel an& use ~ézhan‘nel Si\’ﬁ; to be the 1}1ea3l1.1'c of
chanael error. The relation bet.wéén hit error prol?abi.lliiiy. P, and chaznel signal-to-noise rat‘io _
SNR; for BPSK [18] is shown in Tab. 5.1. , I

5.4 . Simulation and Discussion of results

 We'have performed simulations By using BFR, LRVQ and CWRVQ for the noisy channel case.

5.4.1 Slmulat_lo.n results | %:J

The results for the second set of experiments on error propagation and noise effect are graphed

in Fig. 5.1 - Fig: 5.7. We note that the error propagation of LRVQ and CWRVQ techniques,
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Channel SN R; | Bil error probability 1
10dB3 3.87 x 10~°
9dB 3.36 x 10~°
SdB 1.91 x 1071
7dB 7.73 x 107
6dB 2.39 x 10~
5dB 5.95 x 10~
4dB 1.25 x 10~
3dB 2.29 x 107+
2dB 3.75 x 1072
1dB 5.63 x 10~
0dB 7.36 x 10~

Table 5.1: Relation of cliannel SN R; and bit error probability 7 (BPSK)

is much serious than BFR. We also note that the coding performance of BFR, LRVQ and

CWRVQ decreases rapidly when the image sequence is transmitted over a noisy channel.
5.4.2 Discussion of results

The results of the second set. of experiments cleally demonstmtc deteriorating performance of

LRVQ and CWRVQ in a noisy channel

Discussion of error propagation

Simulations to study the effects of ertor propagation m BFR and LRVQ are performed for
both the image sequence with llttle changes consisting of the first 10 frames of the face i itmage
sequence, and the image sequence with mpid changes consisting of the last, 10 frmnc:s of Lhc‘
face image sequence introduced in the chd.pte: 4, The lcsull.s are shown in Fi q, 3.1~ Fig. 5

We recall [rom section 5.2 that ASNRO is used to cvaluatc the error plopnyll.lon of cach
cocliné technique instead of* S N fo. This is due to the effect of source coding being l'éll]O\'(.‘(‘l ,
from SNRy. It can be seen clearly from Fig. 5.1-Tig. 5.2 that the error [)lOdeaLIOII of LRVQ

and CW RVQ is much more serious than that using BFR both for the i nnage sequence with
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little changes and rapid changes. We note that the more one removes redundancy from an
image sequence through the use of sophisticated coding techniques, the more important each
bit of transmitted information becomes, and hence, the more noticeable are the effects of
digital transmission errors [75]. It can be observed that for the LRVQ technique applied for
the case of the image sequence with relatively small changes, the error propagation effects for
channel errors introduced in the second frame continue to be persent in subsequent frames
(at lcast until frame 10 when the image begins to be active), however, for the case of the
image sequence with rapid motion of face, the error propagation effects reduce significantly
in subsequent frames. This is due to the fact that when the image is rather still, the LRVQ
technique requires few bits to indicate the dlla.nged information. Hence, most of the errors
introduced in the second frame cannot be recovered by using the little replenished information
from the subsequent frames. However, in the case of the image becoming active, the LRVQ
technique reqx:ires much more bits to indicate the changed infofmation in contrast to the
casc when there is little mot.ionr in the images. Hence, errors introduced in the second frame

e

can be recovered by using the information from the subsequent frames. In'Fig. 5 3-Tig. 54,

we compare the coding performances of BFR ‘and LRVQ with and without channel errors."

‘It can be seen that even through BFR does not have serious: error propagation é\ffects,ﬂits
performance is still 15 dB lower than LRVQ for the image sequence with rapidf)motibn. The

elfect also can be seen from the'pictorial results [see Fig. 5.8]. 2

’ = . ‘-‘\'5’:/-5
Discussion of noise effects h :
‘ ' I8 & s -

N - .
o Q

The noise effects of BFR, LRVQ and CWRVQ over 20 frames of the face imagé sequence are

cvaluated in term of SV R, and are compared in Fig. 5.5 - Fig. 57. It can be seen that LRVQ

and CWRVQ are highly sensitive to channel errors, much more so ti Qn BFR. For e\mmplt[: J /I

at SNR; = 8 dB, the codmg performanc%\ of LRVQ decreases by 13 dB and CWRVQ by 14
dB comparcd to 1 dB using BI‘R‘ It can a.lso be seen that f¢i-channel .S'N R; in excess of

P,
approximately 10 -dB] cha.nnel errors ar: rare and the performa.nca is lumted soler by the:

”\

source codmb acruracy Any increase in the blt rate results in an increase in SN Ro Howe\ el, '

2
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we see that the coding performance cannot be improved by increasing the souree coding bii
rate when SN R; is lower than 8dB for LRVQ and CWRVQ . and 5B for BFR. This is
due to the fact that more transmitted bits are affected by noise when the coding bit rate is
increased. It is proved ihat for cach coding technique there is a SN R0, when SN I, higher
than SN R;o the reconstruction performance can be improved by increasing the source coding
bit rate; otherwise, a combined source-channel coding should be emploved in order to achiove

high-quality image sequence reconstruction. It can be observed that SN /2,0 is about S4B for

LRVQ and CWRVQ, 5dB for BFR.

Pictorial results

The l'eCOIlStl’llCt?(l images corresponding to Fig. 5.2 and Fig. 5.6 are provided in Fig. 5.8 and
Fig. 5.9 respcciil\'ely. These pictures illustrate the two different error propagation offeets wnd
noisc eﬂ'ects for LRVQ. For example, in Fig. 3.8, we sce that the crror propagation eifects
of LRVQ lasi a long time in the images with little changes, and that LRVQ has fast crror
recovery in the image sequence with rapid changes. In Fig. 5.9, we sce the extent of the serious

noise effects in LRVQ when the channel SNR,- = 9dB.

5.5 Summary . B

“We have presented the performance of three [rame replenishinent coding techniques over noisy

- channels. Our stmulation results show that more cfficient coder, such as LRVQ and CWRVQ,

result in more serious error propagation and noise effects. They are more sensitive to channel
noise, and their coding performance decreases more rapidly than BFR. "This points to the need
for providing error protection which improve the performance of image transmission over noisy -

channel when the bandwidth is fixed. This is the objective of the next chapter.
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Figure 5.1: Error-propagation sensitivity of BFR and LRVQ for the face image sequence with
little changes, channel SN R; = 8dB.
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Figure 5.2: Error propagation sensitivity of BFR and LRVQ for the face
rapid changes, channel SN R; = 8dB.
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Figure 5.3: Error propagation for BFR and LRVQ over é‘SN R; = 8dB channel for face the
image scquence with little chianges.

51



—O0— Error propagation ot BFR

SNRo

40 -
—®——  Error propagation of LRV
I —8— LRVQ without channel orrors
30 4 —%— BFR without channel errors
20 4
}0 i -
Q — 07—

0 2 a4 6 8 0 12
No. of Frame

Figure 5.4: Error propagation for BFR and LRVQ over SNR; = 8dB3 channel for the face
image sequence with rapid changes.
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Figure 5.6: Coding performance of LRVQ with different codebook sizes as a function of channel
noise.
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Figure 5.7: Coding performance of CW RVQ with different codebook sizes as a lunction of
channel noise.
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Figure 5.8: The pictorial results for the second, third and 7-th frames showing the error -
propagation in LRVQ over a channel SNR; = 8dB. (a,) Image sequence with little changes
and (b) image sequence with ra.pnd changes.
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Flgure 5.9: The plctonal results for the noise eﬂ'ects using LRVQ over a channel with SN ;=9
.dB channel: (a.) the 8-th fra.me (b) the 10-th frame, (c) the 15-th frame and (d) the 20-th
frame. | -
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Chapter 6

Performance of Combined
Source-Channel Frame
Replenishment Coding

6.1 Introduction

In the data compression designs considered in the previous chapters we ignored the channel
c;ffects by assuming noiseless channels. In practice, one of the most important problems in
conventional image or voice communication systems where the information source and the
receiver are connected with a communication channel is to minimize the distortion hetween
the output signal of the information source and the receiving signal of the receiver under the
~ condition that the number of bits transmitted through the channel is constant. Qur simulation
results in chapter 5 show that in the presence of chanuel crrors, the behavior of LRVQ and
CWRVQ degrades rapidly, and it is clear that we cannot provide higher source coding bit rate
to improve the coding performance in noisy channel. As a result, some form of error control
protection must be.prov'idecl il high-quality image‘sequencc reconstruction is Lo he achieved.

In chapter 3 four kinds of error protection methods for intraframe coding hiwe been, pre-
sented. In this chapter we extend the tandem combination of soug:gs}_munei t‘:bcling'clcscril)cd
in {63] to frame replenishment’ coding. techniques with mean-square orror as the pcrfm'nm;:cu

J :
criterion and present the performance of combined source-channel frame replenishment coding

-l

58



technigues.

6.2 Combined Source-Channel Frame Replenishment
Coding

It is known that to account for channel errors, one has to add redundancy to the input. On
the other hand, data compression techniques tend to remove the redundancy in the source
data. Thus a proper bit rate distribution between source coding (redundancy removal) and
channel coding (redundancy injection) has to be achieved in the design of data compression
systems, Since channel coding generally entails a bandwidth expansion, this operation can
be extremely wasteful of channel bandwidth unless applied judiciously. In particular, bit rate
distribution must be :pade between the reconstruction accuracy associated with the source
coding and the degree of error control protection provided by the channel coding. Modestino
[63], [64] presented a combined source-channel coding of images with three error protection
schenies for intrafr ame (hﬁ;wntml PCM and mtraframe transform coding which can p10\ude
Lg,oocl reconstructed 1mz:5e qua.hty in the presence of chzmnel errors, while maintaining a fixed
transmissicn bandwidth. This lmplovement is achieved by trading quant.matlon accmacy for
error protection through channel coding. The Odenwalder [73] and Larsen [53] convolutional
LO('CS are-used as error protection codes in the combined séurce channel tlansfoun codmg The
'"tlncc error protection schemes which have been considered in their papex are protections, (1)
Lo ever y lnt. of mfmmatxon (Protection 1), (2) to every bit of the'most sngmﬁcant components
- ol the information (Protc;chon‘ 2), and (3) to the most significant bits of the information
(Protection 3). |

!

We apply the combined source-channel codmg w:th the three error plotectlon schemes

bmu[m to t.hat of (64} to BFR; LRVQ a.nd CWRVQ a.nd compare the codmg performance.

3
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6.2.1 Channel coding

Channel codes may be divided into two main classes, block codes and convolutivnal code s,
Convolutional codes are powerful error-cotrecting codes with relatively simple encoding and

decoding schemes and have found application in many communication systems [78].

The encoder for a convolutional code accepts k-bit blocks of the information .scqnuncv
u and produces an encoded sequence v of n-symbol blocks. (In convolutional coding, the
symbols u and v are used to denote sequences of blocks rather than a single block.) Each
encoded block depends not only on the corresponding &-bit message ‘block at same time unit,
but also on m previous message blocks. Hence, the encoder has a memory order of 1. The set
of encoded sequences produced by a k-input, n-output éncodef‘ of memory order m is called

an (n,k,m) convolutional code. The ratio R = k/n is called the code 1ale. For most of the

useful convolutional codes the ratio R = k/n are often 3,3,1,%,..., 0r 1, 3,3

The Viterbi algorithm is a maximum likelihood (minimum distance) decision scheme lov

the decoding of the convolutional codes. T

I
o N

The Odenwalder convolutional code which has six delay clements (m=6) is drawn in the

Fig. 6.1. It has 1 input, 2 outputs (R=1/2), and the generalor polynomials are:

gm = 1011011 . (or 554 in octal form) . " (6.1)

—_——ml

g(? = 1111001 {or T44 in octal form) (6.2)

. s
The Odenwalder convolutional code [73] is chosen as the error protection code in the thesis.

s\

4 N
6.2.2 Schemes of efror protection

The most significant transmitted information for Protection 2 and the most significant bit

for Protection 3 have to be decided when the three protection schemes are applied Lo BFR,

NN
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Figure 6.1: The (2,1,6) Odenwalder convolutional encoder. QO
L. IWQ and CWRVQ. ln our combme(l source—channel coding e\peumc.ut:,, the side information

Lo spcufy h‘;\c (.Imngccl clcments is chosen as the most mgmﬁcant transmitted information for

Ptotcct.ton 2, and the hu,hest. order }.nt. of each transmxt.ted information in the three tc.clunqucs

|
\-\\

C s clmscu as the most sxgmﬁcant blt for Protection 3. ‘The protected elements chosc.n for the

le"c Plotcctlons in BFR, LRVQ and CWRVQ are detailed in Table (5 1. Protection 0 is used

to lcplcscnt source codmg w1thout any error protectlons

\-\’é can sce frgm able 6.1 that the percentage of bit rate allocation for error protection

“in l’lotcctlon 1is alwa.\'s fixed at 50% when the Odenwalder convolutional code (2 = 1/2)

is used for crror pxotect.lon Ilowever, the p\t\htages for P10tectmn and 3 differ f01 cach
\
Lu.hmquc bcmuse they clepend on the partlculm transmnssnon information selected.

/‘

" - o
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changed codewords

Combined Source Protection Protection Protection
Channel Coding 1 2 3
address and address of | highest order bit
BFR value of changed | of address and value
changed pixels pixels of changed pixels
map and map of highest order bit
LRVQ value of changed of map and value
changed labels labels ol changed fabes
map and map of highest order bit
CWRVQ value of changed | of map and value of
changed labeis, labels changed labels,

changed codewords

Table 6.1: The protected elements chosen for the three protections in BFR, LRVQ and

CWRVQ

6.3 Simulation and Discussion of Results =~

6.3.1 Simulation results

The experimental results of combined source-channcl coding are graphed in Fig. 6.2

It can be seen that for a fixed transmission bit rate, snuuﬁmnt b.uus can be realized in hoisy

channels by usmg the combined somce—channcl codmg,

6.3.2 Discussion of results

- Fig. 6.5.

The results of_ combined source-channel coding performance for BFR, LRVQ and CWRVQ

over the face ii‘na@i:*séquence are graphed in Fig. 6.2 - Fig. 6.4. The performance curves show

the significant: gains that can be realued with combined source channel cmlmb usmb vector

‘quantlzatlon (LRVQ and C\VRVQ) fo: nmsy channels by trading source coding accuracy for

error protection. For example, from SNR; = (JdB to SNR; = 4dB, combined souree cliannel

coding using LRVQ outper l'orms Protection 0 (LRVQ)i in the range of 12dB to 2 2.5d13, lmwevu,

combmed source channel codmg using BFR outperforms Protection 0 (BER) in the range of

1.5dB to 0dB. The percentage of error protection is in the range of 22% - 50% oi the total bit:

r

a7
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rate i onr experiments. However, for SN R; in excess of approximately 10d £, channel errors
are rare and hence, the SNy for the three error protection techniques are lower than SV [,

for nnprotected source coding.

Further comparisons of combined source channel coding schemes for BFR and LRVQ at

a channel SN, = 8dB are shown in Table 6.2, The results show that at SN, = 8d/f3.

Coding | Proleclion | Total Bit Rate | Channel Bit Rate (%) | SN Ro{dB3)
0 0.642 0.000 (0%) 15.6
1 0.588 0.294 (50%) 14.1
BFR 3 0619 0.143 (24%) 143
3 0.627 0.188 (30%) 15
0 0.61 0.000 (0%) 11449
‘ 1 0.626 0.313 (50%) 20.3
LRVQ 2 0615 0.135 (22%) 219
3 0.62 0.174 (28% ) 23.3

Table 6.2: The comparison of combined source channel coding schcmes for BFR and LRVQ
at a channel SNR; = 8dB.

Protection 3 { with 28% of bit rate used for error protection} for LRVQ provides the best
pcrl'orlmuu;cl; however, [or BFR Pfol.ection 0 ( with 0% of bit rate used for error protection)

provides the best performance. This is due to the results we plescnted in chaptm 5 that LRVQ
\ and CWRVQ exhibit high senSItl\'ntles to channel errors, 1esult.mg in poor per formance. Hence,
for a fixed channel SN R.-“ the percentage of bit rate allocated to error protection in combined
source channel coding schemes should be larger for more efficient coding, such as LRVQ and

CWRVQ, to achieve the best perforrf]ancé.

The results of combined source chaﬁnel coding performancé for LRVQ over 20 frames
are also summavized in ;Tab. 6.3, “The results in Table .6.3 present i.hat at, SNR; = 8dB3,
option 3'{ 258% e\or protection) ];a.s to be used to achieve the greatest imprqve\ment; however,
at SNR; = GdB opt:on 1 ( 50% -error protection) has to be used to achieve the greatest
mlptovcment Hence, for a coding techmque the. percentage of blt ra.te allocated to error

.plotcctlon should be larger for a noisier channel.
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SNR; | Protection | Total Bit Rate | Channel Bit Rute () | SNEL(df3)
0 0.61 0.000 (0%) A8
1 0.626 0.313 (50%) 17.5
6 dB 2 0.615 0.135 (22%) [
3 0.62 0.174 (25%) 16.6
0 0.61 0.000 (0%) 1119
1 0.626 0.313 (50%) 20.3
8 dB 2 0.613 0.135 (22%) 219
3 0.62 0.174 (28% ) 233

Table 6.3: Performance of combined source-channel coding using label replenishuent at design
rates of 0.62 bpp. '

The combined source channel coding schemes using LRVQ arc also simulated for the
angiogram image sequence shown in Fig. 6.5. It can be observed that the performance curves
are similar as that for the face image sequence in Fig. 6.3. However, since the performance
of Protection 0 (without any error protection) for the angiogram image sequence does not
decrease as fast as that for the face image sequence in the Fig. 6.3 which is inore active
than the angiogram image sequence, there is less improvement in coding performance w,iu_-.n

combined source channel coding schemes to the angiogram image sequence.

Pictorial results

The reconstructed images corresponding to Fig. 6.3 arc provided in Fig. 6.6 for LRVQ. T'he

transmission bandwidth requirements are kept constant for all reconstructed images. These

pictlu"és illustrate the improvements in subjective ‘quality‘ of reconstructed image resulting from |

- tradeoffs between source coding accuracy and error-control protection in a fixed transmission

bandividth. For example, in Fig. 6.6, we see the advantages in a_.llocatiné excess transtnission
bandwidth to channel error control rather than in attempting to improve the reconstructed

images by. increasing the average number of bits/pixel used éxclusively for source coding.

’
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6.4 Summary

We have presented the performance of combined source channel coding techniques with three
crror protections.  Our simulation results show that combined source channel coding pro-
vides significant improvement in coding performance over noisy channels without sacrificing

bandwidth, especially for efficient coding techniques, such as LRVQ and CWRVQ.

T

=
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Figure 6.2: Performance of three combined source-channel basic frame replenishment (BIFR)

coding schemes.
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Figure 6.4: Performance of three combined source-channel codeword replenishuwent, coding

(CWRVQ) schemes.
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. Figure 6. 6 The pictorial results of comblned source-cha.nnel label replemshment coding
(LRVQ) with Protection 3 over SN R;=9 dB channel: (a) the 8- t.h frame, (b) the 10 th frame,
(c) the 15-th frame and (d) the 20-th frame.
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Chapter 7

Summary and Suggestions for Future
Work

7.1 Summary

In this thesis, an effort has been made to compare the performances of three frame replen-
ishment cbding schemes for noiseless and noisy channel transmission. With the help of the
results obtained from the first two experiments, we propose a combined source-channel cod-
~ ing scheme which provides error protection in order to improve the performance over noiéy
channels while mzxint#ininé a fixed transmission bandwidth. The three frame replenishment

coding techniques are: basic frame replenishment coding (BFR) [66]', label replenishmcn’}\_ﬁod-
. - : =

" ing using vector quantization (LRVQ) [30] and codeword replenishment coding using vector

quantization (C\I'\' RVQ) [30].

Codmg performance of BFR LRVQ and CWRVQ over nolseless :

channels

We have simulated the three frame 1eplemshment codmg techniques overa noiscless chan-
nel. ’lhc results obtmncd l'lom our experiments l'm the two image, sequences clearly show
that .LR\"Q and CW RVQ techniques prowde significant gains in 1)erformance compared with
BFR technique. This is due to the fact that BFR is miore sensitive to motion in the'i lmage

scqucnces compalcd with LRVQ and CWRVQ.

}
i~
0

71



Coding performance of BFR, LRVQ and CWRVQ over noisy

channels

Two kinds of channel error effects, error propagation and average noise etlects, have been

measured.

When channel errors are introduced only to the transmission of the sccond frame. the
results on error propagation demoustrate that the cfficient coding schemes LRVQ and CWRVQ
are more seriourly perturbed than BFR for both image sequences i.e. with simall and rivpid
changes. Wlen channel errors are introduced to the transmission of the image sequences, the
results on noise effects clearly show LRVQ and CWRVQ exhibit high sensitivities 1o channed

errors, resulting in poor performance, especially when the pictures become active,
Combined source channel coding techniques

A combined source channel coding with three different crror pi-otccl.iou schemes has been
proposed to improve. the performance of BIR, LRVQ and CWRVQ over noisy channels, while
maintaining a fixed transmission bandwidih. The simulation resulls demonstrate that the
combined source channel coding provides significant improvement in codiug'pcl'rl'ornmncc over
noisy channels without sacrificing bandwidth, especially. for efficient coding Lechniques such as
LRVQ and QV\’ RVQ. 1\'[ea11\\'li'ile, our simulation resillts show that for a lixed channel SN
the percentage of bit rate allocated to error protection should be Yarger l'or‘ more ellicient
coding, LRVQ and CWRVQ than BFR, to achieve the best performance; and for a coding
technique the percentage of bit rate allocated to error prolection should be lnrgurfor a noisier

channel,
7.2 Suggestions for Future Work

Some of the points discussed below can be considered as possible diréctions for future work.

T2



I. The combined source channel coding could be made more efficient by further investega-
tions on the tradeolfs between percentage of bit rates allocated to crror protection and

source coding,.

2. Frame replenishment coding using vector quantization, such as LRVQ aud CWRVQ

could be improved over noisy channels by further studies on the codebook design by

using the gencralized Gray code.

3. It can be observed that when there are rapid changes in the image sequences, address
method for side information transmission is better than map method; however, when

= there are small changes in the images, map method is better than address method.
ltence, further studies have to be conducted to adapt side information to changes in

image sequences.

4. Qur simulation results show that the coding performance decreases rapidly when the
image sequences becmﬁe active. Hence, it is more important for image sequencés with
rapid changes to use combined source channel coding techniques in the image transmis-
sion over noisy channels, especially for efficient coding. Therefore, further investegations
have to be conducted to adapt combined source channel coding schemes to changes in

the image sequences.
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