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Rbstract

PREDICTIUE TRRNSFORM IMAGE COOING EXTENSIONS

*>y

Jose  R. Riuera 

flduisor: P rofessor  Erlan H. Feria

Predictiue Transform Coding (PTC) (Feriat 1986-1987) is a 

g e n e r a l i z e d  coding a p p ro a c h  t h a t  c o n ta in s  p u lse  code 

modulation, predictiue coding and t rans fo rm  coding as special 

cases .  This investigation: (a) init iated s tud ies  in adaptiu i ty  and 

transmission errors  in PTC; and (b) reduced the  blocking ef fec t  in 

th e  r e c o n s t ru c te d  image a t  loui bit  r a t e .  R com parison  of 

p e r fo rm a n ce  b e tw e e n  the  PTC s g s te m  and th e  JPEG image 

compression s tandard  is prouided.

The s ta t is t ic s  of information signals are  usually unknown a 

priori; in addition, the  signals  a re  possibly ch a ra c te r iz e d  as 

nons ta t iona ry  ( t ime-varying s ta t is t ics) .  In the  consideration of 

an  a d a p t i v e  i m p l e m e n t a t i o n  f o r  s i g n a l s  w i th  th i s  

charac te r iza t ion ,  the re  is usually a t r a d e -o f f  b e tw e e n  the  bes t  

a d a p t iv e  approach  in digital coding to t r a c k  the  s ta t i s t ic a l  

variability in the  input signals and the  overhead  in the  bit ra te
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incurred in such an operat ion.  The adap t iue  problem has been 

a d d r e s s e d  by e s t im a t in g  th e  v a r ia n ce  o f  th e  p red ic t ion  

c o e f f i c i e n t  e r r o r  s igna l  a t  t h e  inpu t  o f  th e  q u a n t i z e r  

corresponding to a block of da ta  for  an image par t i t ioned  and 

p rocessed  in blocks. The quant izer  is changed in a d iscre te  mode 

according to the value of the variance. The es t im a ted  variance is 

used as  a m easure  of the image activity a t  the block level where  

it can be considered locally sta tionary.

The t ransm iss ion  e r ro r  problem has been  a d d re s sed  by 

in troducing  a leak  f a c to r  co n s t ra in t  in th e  des ign  o f  the  

t ransfo rm  and predictor  matr ices  of the  coder.  The leak factor,  

by m aking th e  channel  e r ro r s  decay  f a s t e r ,  r e s u l t s  in a 

subs tan t ia l  improvement in the  s igna l- to-noise  ratio  and in the 

image quality.

The blocking e f fec t  has been reduced by parti t ioning the 

original image in ver t ical  s t r ips  (picture e lem en t  blocks of M 

rows and only one column) and by overlapping one line during 

ea c h  h o r i z o n ta l  scann ing .  R f te r  th e  co m p le t io n  o f  th e  

com m unica t ion  p ro c e s s ,  each  pa i r  o f  o v e r la p p e d  lines is 

averaged  when the image is being recons truc ted .  The prediction 

p ic tu re  e l e m e n ts  cons idered  a re  th e  ones  con ta ined  in the  

ver t ica l  s t r ip  r ight behind the  one being encoded .  The high 

correlation provided by the proHimity of the  prediction e lem ents  

and the  averaging of the  overlapped lines a re  key contributors  

in the reduction of the blocking effect .
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Chapter 1 

I. Introduction

Image compression is a m a jo r  goal in the application a reas  

of  fax (facsimile) transmission of printed material ,  transmission 

of  r e m o te  im ages  o b ta ined  from s p a c e c r a f t  uehic les  and 

sa te l l i te s ,  TU transmission ,  uideophone sy s tem s ,  e tc .  Another 

a r e a  of m a jo r  in te re s t  in com press ion  schem es  is d a ta b a s e  

r eco rd  s to r in g  p e r ta in in g  to a rch iu ing  m ed ica l  im ag es ,  

f ingerprints  and drawings Ml.

The pr im ary  ob jec t iv e  of  the  coding techn iques  is the  

reduction of the bit ra te  for transmission or information s to rage  

while m ain ta in ing  an ac ce p tab le  f ideli ty  o r  image quali ty  

cons tra ined  to a feasible  complexity and cost .  Seueral m a jo r  

bandwidth  compression techniques haue been actiuely studied 

ouer  the  p a s t  th re e  and a ha l f  decades ,  such as d if fe ren tia l  

pulse code m odula t ion  (DPCM), de l ta  m odula t ion  (DM) and 

t rans fo rm  coding (TO, in re sponse  to the  growing dem and of 

i m a g e - p r o c e s s in g  m e th o d s .  Historically ,  so m e  of  t h e s e  

te chn iques  w ere  deueloped  by en t i re ly  d i f fe re n t  groups of 

r e s e a r c h e r s  [2]. Despite the i r  s e p a ra te  deve lopm en ts ,  all of 

them , in one w ay  or ano ther ,  haue a common goal; i.e., they  

a t t e m p t  to  g e n e ra te  a se t  of unco rre la ted  signals  prior  to 

q u an t iza t io n  in o rd e r  to e l iminate  as  much redundancy  as
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possible. Rlso, hybrid coding techniques, which combine TC with a 

bank of DPCM sys tem s,  haue shown some success in the pas t  in 

coding picture data .  Two of the m a jo r  limitations of these  hybrid 

coding techniques are the ir  complexity and inefficient use of the 

correlation of  the picture da ta  [3,4,5]. The predictiue t ransform  

coding (PTC) formulation w as  p re se n te d  in 1986 in o rd e r  to 

c re a te  a theoretically sound bridge b e tw een  classical transform 

coding and predic t iue  coding prouiding a genera l  f ram ew ork  

w here  each of the se  coding techniques is a special case.  In this 

work,  the  PTC formulation is ex ten d ed  with  an em phasis  on 

image coding applications.

Digital coding can be t raced  back to the y e a r  1926, when 

Paul M. Rainey in u e n ted  pulse  code m odula t ion .  Rainey's  

object iue  w as  the  translation of a continuous facsimile signal to 

a binary pulse sequence  for  its u l t imate  transm ission  through 

th e  t e l e g r a p h  m edia .  His p a t e n t  d e s c r ib e s  in de ta i l  the  

foundations th a t  s e t  the  beginning of quan t iza t ion  and coding 

[6,7]. Rainey s im plementat ion  fea tu red  mechanical a p p a ra tu s  

appropria te  for  the low -speed  signaling which w as  the  s t a t e  of 

th e  a r t  of  t h a t  t ime.  R. H. Reeues red iscouered  pulse code 

modula t ion  in 1937 and proposed  its  appl ica t ion  to  speech  

transmission  using electronic ha rdw are  [7,8,9]. Unaware of the 

work  done in PCM by Rainey and Reeues, a group of researchers  

a t  Bell Telephone Labora tor ies ,  among them  John  R. Pierce, 

Claude E. Shannon, Barnes M. Oliuer and Bill Goodall, began a
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s e c re t  p ro jec t  in te lephony in the  early  1940's using PCM. By 

1943, they  m ere  submitting documenta t ion  containing ideas on 

pulse code modulation (PCM) to the  p a te n t  d e p a r tm en t  of Bell 

L abora to r ie s  [18]. In 1948, th is  group of  Bell r e s e a r c h e r s  

published  an im p o r ta n t  p a p e r  on PCM t h a t  desc r ibed  the  

a d u a n ta g e s  of  this technique,  and dist inguished m ha t  can be 

achieued through PCM and through o th e r  sy s tem s ,  such as FM 

[11]. This rnork coincided tuith the  crucial euen t  of the inuention 

of the  t r an s i s to r  in 1948. This euent  had a positiue impact on the 

deuelopm ent of  PCM, as John R. Pierce s ta te d :  “PCM triumphed 

because  of the  inuention of the  t rans is to r  in 1948" [IB]. In 1952, 

C. C. Cutler and B. N. Oliuer, and la te r  on P. Elias, introduced the 

idea of the  d ifferentia l  pulse code modulation [12,13,14], mhich 

substantial ly  improued the  performance capabil it ies of PCM mith 

a r e la t iu e ly  small  in c re a se  in co s t  and compleHity. Delta 

modulation mas introduced as a subclass of  d if fe ren tia l  pulse 

code m odula t ion  [F. de J a g e r ,  15]. D iffe ren tia l  pulse  code 

modulation (DPCM) and del ta  modulation (DM) are  considered to 

be classical predictiue coding sys tem s .  Rnother im por tan t  class 

of coding sy s te m s  is t ran s fo rm  coding. Transform coding has 

receiued mide a t ten t ion  from a number of inuest iga tors .  One of 

the f irs t  im portant  contributions mas by H. P. Kramer and M. U. 

Mathems in 1956 [16]. This technique has a similar ob jec t iue  to 

predictiue coding; it a t t e m p ts  to g en e ra te  a s e t  of  uncorrela ted
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signals  by perform ing  l inear  t r a n s fo rm a t io n s  on blocks of 

samples of the input signal prior to quantization.

The Predictiue Transform Coding (LPTC) formulation [17,18] 

uias in t roduced  in 1986. In s te a d  o f  se lec t in g  and giuing 

a t ten t ion  to one coding technique in particular,  this formulation 

unifies the  predictiue and t ransfo rm  coding techniques  in an 

optimized system  ujith the structural  form shown in figure 1.1.

8 description of the s t ruc tu re  can be obta ined  from the 

m a them at ica l  express ions  below, which r e la te  the input and 

o u tpu t  uar iab les  a t  each p a r t icu la r  s ta g e .  In genera l ,  each 

uariable  is a u ec to r  w hose  dimensionali ty  is ta i lored to the 

requirements  imposed on the  particular  application.

a) Transform

c(k+l) ■ R^x(k+1) (1 .1 )

b) Predictor

e*(k) -  Ptz(k) ( 1.2 )

c) Coefficient e r ro r  signal

8c(k) -  c(k+l) -  C'(k) (1.3)

d) Estimate of the t ransform coefficient signal
e<k+l) » P*z(k) + £c(k) (1.4)
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In the  aboue expressions,  R« [ri»—»ru,I and P -  [ p i  Pml are

( iu  x ui)-dimensional unitary transfo rm  and (m x w)-dimensional 

p red ic to r  m a tr ices ,  respec t iue ly .  The input signal x(k+i), the 

t ransform  coefficient c(k+i) and the preliminary e s t im a te  C'(k) of 

the  t rans fo rm  coeff ic ient c(k+i) are  all uj-dimensionai column 

uectors .  The e lem ents  of the  uec to r  x(k+l) are  the  ualues of the 

pic ture e lements  (pixels) of the block currently being processed. 

The e lem ents  are  se lec ted  and indexed in increasing o rder  from 

le f t  to right and top to bo t tom  as shown in f igure 1.2. The 

t r an s fo rm  coeff ic ient  u e c to r  c(k+l) is th e  t ran s fo rm ed  image 

block. The uec to r  5c(k) is the coefficient e r ro r  signal applied to 

the  quant izer .  The u ec to r  z(k) is a su b se t  of p as t  image sample 

e s t im a te s  a lready encoded. The e lem e n ts  chosen fo r  z(k) a r e  

those  th a t  are  known to be corre la ted  to the  pixel block being 

processed .  Usually, th e se  e lem en ts  a re  pic ture e lem en ts  which 

surround and are  ad jac e n t  to the  block being processed .  From 

the  aboue expressions it follows that:

w
x(k+l)« RC(k+l) ■ X  r iC i(k + l)  (1.5)

i= l

x(k-fl) ■ Rfc(k+1) (1.6)

w here  n  is a w-dimensional column uec to r  and ci(k+l) is a scalar. 

The recons truc ted  signal a t  the output of the  decoder  is exactly 

the same as the signal recons truc ted  in the  feedback section of
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TRANSMITTER

c(k+l)x(k+l)
Quantizer

Transform

c(k+l)

x ( k + l )
Memory

EstimatorPredictor

x(k+l)
------------- RECEIVER

Figure 1.1: Predictiue Transform Coding System. The receiuer  

s tructure  is similar to tha t  of the feedback par t  of 

the t ransm it te r  tha t  is enclosed tuithin dashed lines.
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x 1 x 2

x i + i  Xj + 2

X2i  + 1 x 2i  + 2

Xi
x 2 i 

x 3 i

x n+1 xn+2 . . . x w

Figure 1.2: Selection and indexing of the e lements  in a 

picture block for a uec to r  represen ta t ion .

the encoder, prouided th a t  the encoder  and decoder depar t  from 

the same initial conditions and no channel e rrors  haue occurred. 

The channel e r ro r  e f fec ts  are  inuest iga ted  beloui. The deriuation 

of  the  optimum PT coder  p a ra m e te r s  R* and P* is ob ta ined  by 

soluing [17,18,19,20,21] the follouiing optimization problem:

MinRfp E{[x(k+l)-x (k+l)]*[x(k+l)-x (k+1)]} (1.7)

The problem inuolues the minimization of the  mean square  error  

(MSE) be tu ieen  the  column u ec to r  x(k+i), uihich r e p re s e n t s  the 

k+1 block of  a picture field (or frame), and its e s t im a te  x(k+i), 

with the following constraints:
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a) Transform matriH R with orthonormal basis uectors:

for i -  j
n*rj -  « ( 1.8 )

zero otherwise .

Orthonormality is a s t ro n g e r  proper ty  than  or thogonali ty .  This 

cons tra in t  perm its  the  decomposit ion of  the  input signal into 

uncorrela ted components (orthogonality) and m akes  the  auerage 

sum of var iances  of the  t ran s fo rm  coeff ic ien ts  equal to the 

au e rag e  sum of  the  uariances of the  corresponding input signal 

sam ples .  The implication to d raw  is th a t  th e  au e ra g e  e r ro r  

ua r iance  of  th e  r e c o n s t ru c te d  signal is equal  to th e  e r ro r  

uariance introduced by the quantization operation.

b) Transform coefficient e r ro r  with zero  mean ualue:

E(5Ci(k)}«0 for all I (1.9)

This constra int  results  in an unbiased quantizer.

c) Quantizers replaced with zero  and unity gains as follows:

ci(k) for 1 i i i J

The pu rpose  of  using the  third co n s t ra in t  is to  ach ieve  an 

analytical solution to the  problem.

(1.18)
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The result  of the  minimization, a f t e r  the  consideration of 

the  aboue th ree  constra ints ,  giues the coupled e igensys tem  and 

lUiener-Hopf design equations ,  shown below, from uihich the  

predic tor  and the transform matrices P and R are obtained:

[ e {x(k+1 )x*(k+1)} - a i n- kin (i.ii)

f  Pi \ E{z(k)z*(k)}

V “ l /  V 2

1
2
0 J

(  E{z(k)x‘(k+1)} 'N

V
1
2

1
2

( 1. 12 )

y

The matrix R is defined as

V

I  \

E{x(k+l)z*(k>)

y

/

v

E{z(k)z*(k)}

1
2

1
2
0

V  E{z(k)x‘(k+1)} 'N

y
1
2

1
2 /

(1.13)

The uariable z(k) is a column uec to r  whose components  are  past  

e s t im a te d  p ic ture  e lem e n ts  surrounding the  cu r ren t  p ic ture
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block uihich is being processed .  The p a r a m e te r s  kj and ui are  

Lagrange multipliers assoc ia ted  with the orthonormal and zero  

m ean cons tra in ts ,  respectiue ly .  The eua luat ion  of  the  matriH 
equations giues the  uec tors  rj and pj, which are  the columns of

t h e  o p t i m u m  t r a n s f o r m  a n d  p r e d i c t o r  m a t r i c e s  R a n d  P.

The design of  the t r a n s fo rm  and p red ic to r  m a t r i c e s  is 

followed bg the  selection of  the scalar  quant izers ,  which can be 

logarithmic, Lloyd-Max or  some o th e r  type  of well known 

implementation [22,23,24].

II .  Dissertrtion Outline

In c h a p te r  2, the  ad a p t iu e  problem r e la ted  to the  PTC 

sys tem  is ad d ressed .  The adapt iue  approach is i l lu s tra ted  by 

using banks of quant izers  yielding bit r a te s  of 2 bits pe r  pixel in 

one case  and 1 bit per  pixel in the  other.  Chapter  3 inuest iga tes  

the  b ehau io r  of  the  PTC sy s te m  in a noisy enu i ronm ent  a t  

d if fe ren t  e r ro r  probabili t ies.  Special ca ses  of  the  PTC system, 

DPCM and KLT, are  also considered. Chapter 4 introduces the leak 

fac tor  technique in order  to improue the perform ance  of  the PTC 

sys tem  in noisy conditions. Chapter 5 p re se n ts  a comparison of 

perform ance b e tw e en  the  4x4 PTC sys tem  and the  JPEG Image 

Compression Standard in a no ise - f ree  enuironment.  Chapter  6 

introduces str ip  processing as a simple and ef fec t iue  technique 

for  reducing the  blocking e f f e c t  in image coding. Chapter  7 

p resen ts  conclusions and extensions of the p resen t  work.
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Chapter 2

ADRPTIUE THRESHOLD QUANTIZATION IN PREDICTIUE TRANSFORM

CODING

2.1 Introduction.

This c h a p te r  is o rganized  in th r e e  p a r t s .  The f irs t  par t  

p r e s e n t s  basic r e a s o n s  fo r  providing coding s y s t e m s  uiith 

adaptiui ty .  It also introduces the  adapt iue  scheme considered 

for the  PTC sys tem . In the second par t ,  the  adapt iue  scheme 

implementation for  the PTC sys tem  is considered and eKamples 

are  prouided. The ef fec ts  of the threshold m arker  on the  bit r a te  

and SNR a re  also discussed. The las t  pa r t  p re se n ts  conclusions 

about the  results  obtained in the chapter.

2.2 Proposed method.

Rs m en t io n ed  previously ,  th e  s t a t i s t i c s  and e s se n t ia l  

character is t ics  of information signals applied to coding sys tem s 

are  usually unknouin a priori. On the  o the r  hand, the  Lloyd-Max 

quant ize r  is highly restr ic t ive in the sense  th a t  it is optimum for 

specific ualues and propert ies  of the s ta t is t ic s .  So, in order  to 

obtain a sa t is fac to ry  recons truc ted  signal a t  the ou tpu t  of  the 

receiuer, some so r t  of adaptiue scheme is sometim es desirable.  

Since images can o f ten  be a s sum ed  to be locally s ta t iona ry ,  

some insight of the  local s ta t i s t ic s  can be obta ined by taking 

m e asu rem e n ts  on a finite se t  of pas t  signal samples  [25]. The
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adaptiue  implementation considered in this ch a p te r  giue such an 

insight, by processing an image partit ioned in blocks. The amount 

of image ac t iu i ty  a t  the  block leuel is de te rm ined  indirectly 

through an es t im a te  of the  s tandard  deuiation of the  t ransform  

coefficient e r ro r  8c(k) applied to the  input of  the  quant izer .  The 

ualue of the  s tandard  deuiation is used in the  selection of  the 

appropr ia te  s e t  of quan t ize rs  required fo r  the  block currently  

being processed.  For instance, for  a block uiith a large s tandard  

deuiation ualue, a quan t ize r  bank uiith a large number  of  bits is 

assigned. If the  s tandard  deuiation has a uery small ualue, then 

a q u a n t iz e r  bank uiith zero  bits is a ss igned ,  and so on. The 

p rec e d in g  ap p ro a c h  can be c o n s id e re d  a s  a t u i o - s t a g e  

quantization procedure (quantization of bank of  quantizers) .

The incorporation of the  adapt iue  q uan t ize r  schem e into a 

PTC sys tem  is i l lustrated in figure 2.1. The quan t ize r  se lec to r  (Q. 

Sel.) is r e s t r ic te d  to depend only on the  ID coeff ic ien t  e r ro r  

e lem en ts  of  the  uec to r  5c(k) th a t  is a s so c ia ted  uiith the  block 

currently  being processed .  Based on th e s e  cons idera t ions ,  the 

e s t im a te  of the  s tandard  deuiation a is as follouis:

—A, (8ci(k)} (2.1)

The es t im a ted  s tandard  deuiation o is  compared uiith some 

predef ined  threshold  ualues. Each threshold  ualue is used  as a
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m arker  of association b e tw een  the  s tandard  deuiation ualue and

a unique quan t ize r  bank. Thus, the s tandard  deuiation ualues are

mapped to a finite number of banks of quant izers .  The approach 
produces an ouerhead in the bit ra te  of only log2(N), w here  N is

th e  num ber  of  q u a n t iz e r s  banks  auailable  in the  sy s tem .  fl 

practical implementation of this scheme can be realized by using 

demultipleHers with some combinatorial hardware.

2.3 Image Processing Rpplications.

R. Low-Detail Image.

In figure 2.2 below, the k ’s  rep re se n t  a window of picture 

e lem e n ts  of an image. R com plete  image is composed of  512 

sc an n in g  lines and  512 s a m p le s  p e r  line in g ray  leuel 

r e p r e s e n ta t i o n  (8 bits  p e r  piHel). The image is encoded by 

scanning it in its original form with the strip p rocessor  shown in 

f igure 2.3. The str ip  p rocesso r  couers all the  blocks of picture 

e lem en ts  sequentially, as it moues across the  image from left to 

right and top to  bottom . The picture e lem ents  identified by the 

num ber  0, aboue the  str ip  processor,  are  used in the  prediction 

of the  block currently being processed (e lements  inside the  strip 

processor) .  Each block, consisting of r  row s and c columns, is 

r e p re s e n te d  as a column u ec to r  with w e lem ents ,  w here  w is 

equal t o r x c .
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x(k+l)

TRANSMITTER

Quantizer

c(k+l) 6c(k)
QuantizerQ. Sel.

Transform
c'(k) c(k+l)

Memory
• • •  f t ( k )z(k) x(k+l)

Estimator

CHANNEL

RECEIVER
x(k+l) c(k+l)

Memory
• • •  *00z(k)

Estimator

Figure 2.1: Rdaptiue Predictiue Transform Coding Structure.
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x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

X X X X X X X X X X X  X X X

x x x x x x x x x x x x x x  

Figure 2.2: Window of picture elements.

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X 0 0 0 0 X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

Figure 2.3: Strip Processing. The elements  identified bg the 
number 0 aboue the strip processor  are  used for 
prediction.
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The s e c o n d -o rd e r  s ta t i s t i c s  used in th e  design of  the  

predic tor  and t ransform  matrices P and R are  obtained by using 

the follouiing global s ta tis t ical  model [26]:

E [ C x i j _ C H x i + v J + h _ C ) ]  -  ( P a u g - C 2 ) (p°) ( 2 . 2 )

D -  V(1.5v)2+h2 ( 2 . 3 )

uihere p is the  correla tion coefficient be tu ieen  tuio a d jacen t  

h o r iz o n ta l  p ic tu re  e l e m e n t s ,  Paug  ls the  a u e ra g e  pouier  

a ssoc ia ted  uiith all the  picture e lem ents  in the  image, C is the 

auerage  ualue associa ted  uiith each picture element,  and D is the 
Euclidean distance betu ieen  picture e lements  xjj and xj+vj+t,. The

fa c to r  o f  1.5 in the express ion  D re f lec ts  the  fac t  th a t  the  

uer t ical  d is tance  is 50% longer  than  the  hor izonta l  d is tance  

b e tu ieen  a d j a c e n t  p ic ture  e lem e n ts  in a m onochrom e NTSC 

teleuision signal ( g re a te r  uert ical  d is tance  be tu ieen  scanning 

lines in an image field than  in an image fram e) .  It is also 
assum ed tha t  Paug * 1200 , p - 0 . 9 0  and C -  0 . The s ta t is t ic s  for z

(past  encoded picture elements)  are  assumed to be equal to the 

s ta t is t ics  fo rx  (picture elements  currently being processed).

The second-order  s ta t is t ics  obtained are:
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E{x(k+l)xl(k)}«

/ 1 200 1176 1152 112 9 \  
1176 1288 1176 1152 
1152 1176 1288 1176 

V1129 1152 1176 12887

E{z(k+l)z«<k))-

71 288 1176 1152 1129\  
1176 1288 1176 1152 
1152 1176 1288 1176 

V1129 1152 1176 1288J

E{x(k+l)z‘(k)}«

71 164 1157 1141 1121\  
1157 1164 1157 1141 
1141 1157 1164 1157 

V1121 1141 1157 11647

The optimum pred ic to r  (P) and t rans fo rm  (R) m atr ices  for  

the aboue s ta t is t ics  are:

7-8.838 -8.142 8.422 -e.6B6^
8.834 8.893 8.187 -8.393

-8.834 8.893 -8.187 -8.393
V 8.838 -8.142 -8.422 -8.6867

(2.7)

7-8.288 -8.524 8.646 -8.475^
8.646 8.475 8.288 -8.524

-8.646 8.475 -8.288 -8.524
V 8.288 -8.524 -8.646 -8.4757

(2.8)
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Only one threshold ualue is used in the p resen t  illustration, 

since only two banks of quant izers  are  considered. The quant izer  

bank aboue the  threshold ualue prouides an auerage  bit r a t e  of 

tuio bits per  piHel. The quant izer  bank below the threshold ualue 

prouides a bit r a te  of zero  bits pe r  pixel (which m eans th a t  all 

the  t ransfo rm  coefficient errors  of the  corresponding block are 

se t  equal to zero).  The threshold ualue is se t  in o rder  to obtain 

the  auerage  bit ra te  of 1 bit per  piHel. The quant ize r  bank used is 

of the  Lloyd-Man type .  The bes t  bit ass ignm ent  combination 

obtained for this quant izer  bank is:

a) B bits for the  1 s t  e lement of  the coefficient e r ro r  uec to r  5c(k),

b) 1 bit for  the 2nd element of the coefficient e r ro r  uec tor  5c(k),

c) 3 bits for  the  3rd e lement of  the coefficient e r ro r  uec to r  5c(k),

d) 4 bits for the 4 th e lement of the coefficient e r ro r  uec to r  5c(k).

Coder Performance:

The perfo rm ance  criterion used in this  and the  following 

illustrations is the  signal- to-noise ratio eHpression defined as:

SNR -  ie io g |a
(N)(ll))(255)2

N w
Z  X  txij -*ij)2
i=1 i=1

(2.9)
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w h ere  N is the  to ta l  num ber  of blocks cons idered ,  w is the 

num ber  of pixel per  block and the num ber  255 is the maximum 

ualue of each picture element in a gray- leuel  rep resen ta t io n  (8 

bits per  pixel).

Table 2.1 contains the resu l ts  of the  adapt iue  scheme for 

an au e ra g e  bit a s s ignm ent  of 1 bit pe r  pixel. The t e s t  image 

cons idered  is a low -deta i l  NTSC image, called Douglas, and is 

show n  in f igure  2.5. The s ig n a l - to -n o i s e  r a t io  ua lues  a re  

com puted  from image windows with in all ca ses  with: (a) top 

row equal to 15; (b) bo ttom  row equal to 498; (c) le f t  column 

equal to 15; and (d) r ight column equal to 498. The SNR ualue 

obta ined  for  the  bes t  bit ass ignm ent combination is 39.762 dB. 

Table 2.2 contains the results  of the non-adapt iue  scheme for  an 

aue rage  bit assignment of 1 bit per  pixel. The SNR ualue obtained 

for the bes t  bit assignment combination is 34.645 dB.

Table 2.3, below, show s how the  ualue ass igned  to the  

th re sh o ld  a f f e c t s  the  bit  r a t e  and SNR fo r  th e  b e s t  bit 

assignment combination of table 2.1. Figure 2.4, fu r th e r  down, is 

a graphic rep resen ta t ion  of the  information in table 2.3.
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Table 2.1: The SNR ualues correspond to the  different bit 
assignment combinations of the quant izer  bank 
aboue the  threshold ualue. The quant izer  bank below 
the threshold ualue is of 8 bits per  pixel. This is an 
adaptiue case with a threshold ualue thld -  5, 
and the image used is Douglas.

Assigned bit to each Ruerage SNR
quant ize r bits per pixel (DB)

Q1 q2 QJ Q1
B 1 3 4 8.999 39.762 *
0 2 2 4 1.010 39.795
0 1 2 5 0.999 39.573
0 0 3 5 0.987 38.923
1 2 2 3 1.066 38.063
1 1 1 5 1.012 36.931
1 1 2 4 1.017 39.290
1 1 3 3 1.099 37.991
0 0 4 4 1.012 38.614
2 2 2 2 1.144 33.251
0 2 3 3 1.071 38.445
0 1 1 6 1.020 36.784
0 0 2 6 1.004 38.378
0 0 1 7 1.010 36.139
0 0 0 8 1.016 33.725

*best bit assignment combination.

For a sub jec t iue  eua luat ion  of  the  p re se n t  i l lustration, 

figure 2.5 p re s e n t s  the  original image (8 bits  p e r  pixel), the  

recons truc ted  image using the adaptiue scheme (1 bit pe r  pixel)
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Table 2.2: SNR ualues for different bit assignment
combinations of 1 bit per  piHel (image used: Douglas, 
non-adapt iue  case).

Assigned bit to each Ruerage SNR
quantizer bits per  piHel (DB)

Q1 02 q3 Q1
1 1 1 1 1.000 25.712
0 1 1 2 1.000 30.472
0 0 1 3 1.000 34.645 *
0 0 2 2 1.000 31.558
0 0 0 4 1.000 33.584

*best bit assignment combination.

and the  recons truc ted  image using the non-adapt iue  scheme (1 

bit per  piHel). It should be noted th a t  the re  is a g rea t  difference 

in quality be tu ieen  the  r eco n s t ru c ted  image using th e  non-  

adaptiue  technique and th a t  using the  adaptiue  technique. The 

blocking e f fec t  is highly recognizable in the a rea s  th a t  contain 

edges for  the non-adapt iue  case.



Table 2.3: Effects of changes in the threshold ualue on the 
bit r a te  and SNR for the  bes t  bit assignment 
combination in table 2.1.

Threshold Bit ra te SNR(dB)

80.B 2.00 40.176

1.7 1.75 40.161

2.5 1.50 40.165

3.5 1.25 40.038

5.0 1.00 39.682

9.7 0.75 38.180

22.4 0.50 33.381

496.5 0.33 5.528
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Figure 2.4: Effects of the threshold (t) on the SNR and bits per  

pinel as the threshold is increased from B to SBB.
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(c)

Figure 2.5: Douglas image: (a) Original; (b) Reconstructed
uiith adaptiue scheme at 1 bit per  pixel (snr=39.8); 
and (c) Reconstructed uiith non-adaptiue scheme at I 
bit per  pixel (snr=34.6).
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B. High-detail Image.

The high-detail  image is il lustrated bg the adaptiue scheme 

at  tiuo bit ra te s ,  one a t  2 bits per  pixel and the o the r  a t  1 bit per  

pixel. The t e s t  image considered is a high-detail  image called 

Lena.

1) Rdaptiue scheme a t  2 bits per  pixel.

The image is encoded by scanning the  original image uiith 

the  uer t ica l  s tr ip  p ro ce s so r  shouin in Figure 2.6. The str ip  

processor  couers all the blocks of picture e lem ents  sequentially 

as it moues  across  the  image from le f t  to r ight and top to 

bottom. The picture e lem ents  indicated by the  symbol B on top 

and left of the str ip  p rocessor  are  used in the  prediction of  the 

block cu r ren t ly  being p ro ces sed  (e lem en ts  inside the  str ip  

processor) .  Each block consists  of 3 rouis and 1 column and is 

rep resen ted  as a column uector  of 3 e lements  (ui-3).

The s e c o n d -o rd e r  s t a t i s t i c s  used  in the  design o f  the  

predic tor  and t ransform matrices P and R are obtained by using 

the  sam e global s ta tis t ical  model as  before,  th a t  is:

E [ ( x j j _ C ) ( x j + v j + h - C ) ]  ■  ( P a u g - C 2 ) ( p  ) ( 2 . 1 0 )

D -  V(1.0v)2+h2 (2 . 11 )
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X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X 0 0 0 X X X X X X X X

X X X 0 X X X X X X X X X X

X X X 0 X X X X X X X X X X

X X X 0 X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

Figure 2.6: Strip Processing. The e lements  identified bg the 

symbol 0 aboue and to the left  of the  strip 

processor  are  used for prediction.

where  it is assumed tha t  the correlation coefficient p -  0.97, the 

aue rage  pow er  Paug ■ 12BB and the mean ualue C -  0. The fac tor  

of  1.0 in the  eHpression D re f lec ts  the  fac t  th a t  the  uertical 

d is tance  is of  the  sam e magnitude as  the  horizonta l  d is tance  

be tw een  ad jacen t  picture e lem ents  (Lena is not an NTSC image). 

The s ta t is t ics  for  z (past encoded picture e lements)  are  assumed
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to be equal to the  s ta t is t ic s  for  x (picture e lem en ts  currently  

being processed).

The second-order  s ta t is t ics  obtained for this eHample are:

E{x(k+l)xl(k)}»

1200 1164 1129^ 
1164 1200 1164 
1129 1164 1200

(2 . 12)

E{z(k+l)zl(k)}«

/ 1 200 1164 1129 1164 1129 1 0 9 5 \
1164 1200 1164 1149 1121 1090
1129 1164 1200 1121 1101 1075
1164 1149 1121 1200 1164 1129
1129 1121 1101 1164 1200 1164

VI095 1090 1075 1129 1164 1 2 0 0 7

E{x(k+l)zl(k)}«

1149 1164 1149 1164 
1121 1129 1121 1149 
1B9B 1095 1090 1121

1149 1121  ̂
1164 1149 
1149 1164

(2.14)

The optimum pred ic to r  and t r an s fo rm  m a tr ices  P and R 

corresponding to the  aboue s ta t is t ics  are:

(-0.012 -0.125 -0.039 -0.084 0.117 - 0 . 0 8 n
P -  0.014 -0.233 -0.095 -0.257 -0.111 0.322 (2.15)

-0.150 0.198 0.335 0.215 0.434 0.648J
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(-0.593
0.723

-0.354

-0.719
-0.278

0.637

0.362^1
0.632
0.685

(2.16)

It is only one threshold ualue tha t  is applied in the  p resen t  

i llustration, since only tuio banks of quan t ize rs  a re  considered. 

The q u a n t i z e r  bank  aboue  the  th resho ld  ualue prouides an 

a u e ra g e  bit r a t e  of  th re e  bits  pe r  piHel. The q u a n t iz e r  bank 

beloui the  threshold  ualue prouides a bit r a te  of zero  bits per  

piHel (i.e., t rans fo rm  coeff ic ient  errors  are  s e t  equal to zero).  

The threshold ualue is se t  in such a may th a t  an aue rage  bit ra te  

of 2 bits per  piHel can be obtained. The quan t ize r  bank used is of 

th e  Lloyd-MaH type .  The b e s t  bit a s s ig n m e n t  com binat ion  

obtained for this quan t ize r  bank is:
a) 2 bits for  the 1st e lem ent of  the coefficient e r ro r  uec to r  Sc(k),

b) 3 bits for  the 2nd element of the coefficient e r ro r  uec to r  8c(k),

c) 4 bits for  the  3rd e lem ent of  the coefficient e r ro r  uec to r  5c(k).

Table 2.4 contains the  resu l ts  of the  adap t iue  scheme for 

an au e ra g e  bit ass ignm en t  of  2 bits pe r  piHel. The s igna l- to -  

noise ratio ualues haue been computed from image uiindouis in 

all ca ses  uiith (a) top roui equal to 15, (b) bo t tom  roui equal to 

498, (c) le ft  column equal to 15, and (d) r ight column equal to 

498.  The SNR ualue  o b ta in ed  for  th e  b e s t  bit  a s s ig n m e n t  

combination is 40.96 dB. Table 2.5 contains  the  re su l t s  of the 

non-adapt iue  scheme for an auerage  bit ass ignment of  2 bits per
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pixel. The SNR ualue ob ta ined  fo r  the  b e s t  bit a s s ignm en t  

combination is 38.34 dB.

Table 2.4: SNR ualues for d ifferent  bit assignment
combinations of the  quant ize r  bank aboue the 
threshold ualue. The quant izer  bank beloui the 
threshold ualue is B bits per  pixel (thld-5.745, Lena 
image, adaptiue case).

Assigned bit to Ruerage 1 SNR
each quant izer bits per  pixel (dB)

Q1 02
3 3 3 2.B45 38.92
2 3 4 2.BB7 48.96 *
1 3 5 1.996 4B.8B
1 4 4 2.BB6 48.63
1 2 6 2.BB2 39.35
1 1 7 2.B28 36.18
B 3 6 1.997 39.65
B 4 5 2.BB3 39.94
B 2 7 2.BB3 38.39
B 1 8 2.B28 35.56
B B 9 2.843 33.59

*best bit assignment combination.
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Table 2.5: SNR ualues for d ifferent  bit assignment
combinations of 2 bits per  pixel (Lena image, 
non-adapt iue  case).

Assigned bit to Ruerage SNR
each quant ize r bits per pixel (dB)

02 o?
2 2 2 2.888 33.88
1 2 3 2.888 37.52
e 2 4 2.888 38.34 *
e 3 3 2.888 37.76
8 1 5 2.888 35.57
B 8 6 2.888 33.73

•b es t  bit assignment combination.

Table 2.6 shouis horn the  ualue assigned to the threshold 

in f luences  the  bit r a t e  and th e  SNR by using the  b e s t  bit 

a s s ignm en t  combination of  tab le  2.4. Figure 2.7 is a graphic 

rep resen ta t ion  of the  information in table 2.6.

For a subjec t iue  eualuation of the  aboue results ,  figure 2.8 

p re sen ts  the  original image (8 bits p e r  pixel), the  recons truc ted  

image using the  adap t iue  schem e (2 b i ts  p e r  pixel) and the  

recons truc ted  image using the non-adapt iue  scheme (2 bits per  

pixel). It should be noted tha t  in this high bit r a te  example, the 

n on -adap t iue  schem e perfo rm s sa t is fac to r i ly  ujhen com pared  

uiith the adaptiue  case.



Table 2.6: Effects of changes in the threshold ualue on the 
bit ra te  and SNR for the bes t  bit ass ignment 
combination of table 2.4.

Threshold Bit r a te SNR(dB)

ee.e 3.88 42.652

3.3 2.75 42.399

4.1 2.58 42.069

4.8 2.25 41.582

5.7 2.88 40.960

6.9 1.75 40.050

8.6 1.50 38.877

11.4 1.25 36.991

1 16.1 34.352

25.5 0.75 30.469

53.9 0.50 24.187

488.5 0.33 5.707
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t=0.0
t=6.9

35 -
t=16.1

t=53.9

t=408.5
0.5 2.5

Bits per pixel

Figure 2.7: Effects of the threshold (t) on the  SNR and bits

per piHel as the threshold is increased from B to 4 1 B.
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(c)

Figure 2.8: Lena image: (a) original; (b) reconstructed  with 
adaptiue scheme a t  2 bit per  piHel (snr-41.0); and 
(c) reconstructed  uiith non-adaptiue scheme a t  2 bits 
per pinel (snr-38.3).
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Noui t h a t  th e  t r e a t m e n t  of  th e  f i r s t  i l lus tra t ion ,  the  

adaptiue  scheme a t  2 bits per pixel of the  high-detail  image, has 

been  giuen, le t us turn to the second illustration - the  adaptiue 

scheme a t  1 bit per  pixel.

2) Rdaptiue scheme a t  1 bit per  pixel.

This il lustration is a modification of the  one p re sen ted  in 

par t  1. The quan t ize r  bank aboue the threshold ualue prouides an 

au e rag e  bit r a t e  of  2 bits pe r  pixel. The q u an t ize r  bank beloui 

the threshold ualue prouides a bit r a te  of zero bits pe r  pixel. The 

threshold ualue is s e t  in such a may tha t  an aue rage  bit r a te  of 1 

bit p e r  pixel is obtained.  The bes t  bit a s s ignm ent  combination 

obtained for this quan t ize r  bank is:
a) B bits for  the 1st e lement of the  coefficient e r ro r  uec tor  5c(k),

b) 2 bits for  the 2nd element of the coefficient er ror  uec to r  5c(k),

c) 4 bits for  the  3rd e lement of  the coefficient e r ro r  uec to r  5c(k).

Table 2.7 contains the resu l ts  of the  adap t iue  scheme for 

an a u e ra g e  bit a s s ignm en t  of  ! bit p e r  pixel. The SNR ualue 

obtained for the  bes t  bit ass ignment combination in the  table is 

36.19 dB. Table 2.8 contains  the  re su l t s  of  the  non -adap t iue  

scheme for  an auerage  bit assignment of  1 bit pe r  pixel. The SNR 

ualue ob ta ined  fo r  the  bes t  bit ass ignm ent  combination in the 

table is 32.82 dB.
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Table 2.7: SNR ualues for d ifferent bit assignment
combinations of the quant izer  bank aboue the 
threshold ualue. The quant izer  bank beloui the 
threshold ualue is of 0 bits per  pixel ( th ld-10.392, 
Lena image, adaptiue case).

Assigned bit to Ruerage SNR
each quant izer bits per  pixel (dB)
Q| Qz Q}

2 2 2 1.120 31.92
1 2 3 1.008 35.69
0 2 4 1.803 36.19 *
0 3 3 1.009 35.86
0 1 5 1.015 34.61
0 0 6 1.031 32.98

•bes t  bit assignment combination.

Table 2.8: SNR ualues for d ifferent bit assignment
combinations of 1 bit pe r  pixel (Lena image, 
non-adapt iue  case).

Assigned bit to Ruerage SNR
each quant izer bits pe r  pixel (dB)
Qi 02 03

0 0 3 1.000 32.82 *
0 1 2 1.000 31.44
1 1 1 1.000 22.28

*best bit assignment combination.



3 6

Table 2.9 shows how the ualue assigned to the  threshold 

a f f e c t s  the  bit  r a t e  and SNR for  the  b e s t  bit a s s ig n m e n t  

combination of  table  2.7. Figure 2.9 is a graphic rep resen ta t ion  

of the information in table 2.9.

Table 2.9: Effects of changes in the  threshold ualue on the 
bit r a t e  and SNR for the bes t  bit assignment 
combination in table 2.7.

Threshold Bit ra te SNR(dB)

ee .e 2.BB 38.335

4.2 1.75 38.227

5.5 1.5B 37.948

7.3 1.25 36.365

18.4 1.BB 36.186

17.6 B.75 33.146

4B.B B.5B 26.637

4B8.5 B.33 5.785
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40
t=0.0

35 t=10.4

30

t=40.025

20

15

10
t=408.5
0.4 0.6 0.8

Bits per pixel

Figure 2.9: Effects of the threshold (t) on the SNR and bits

p e r  pixel as the  threshold is increased from 0 to 4 1 B.

For a su b jec t iv e  eualuat ion  of the  above resu l t s ,  f igure 

2.10 p resen ts  the original image, the recons truc ted  image using 

the  adap t ive  schem e and the  rec o n s t ru c te d  image using the  

non-adapt ive  scheme. It should be noted tha t  a t  this bit ra te  the 

d if ference in quality of the recons truc ted  images is clear. The 

non-adap t ive  technique significantly d is to r ts  the  edges  of  the  

image.
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(c)

Figure 2.10: Lena image: (a) original; (b) recons truc ted  with 
adaptiue scheme a t  1 bit per  pixel (snr-36.2); and 
(c) recons truc ted  with non-adapt iue  scheme at 1 bit 
per  pixel (snr=32.8).
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The firs t  i llustration of the adaptive  scheme p re sen ted  in 

this chap te r  shows tha t  a t  an average  bit r a te  of 1 bit per  piKel, 

the  adaptive  implementation has an improvement of about 5.1 

dB over  the  non -adap t ive  case  for  the  low -de ta i l  NTSC te s t  

image (Douglas). The second il lustration of the adaptive scheme 

shows tha t  a t  an average  bit r a te  of 2 bits per pixel (part 1), the 

im provem ent  of  the adap t ive  scheme o v e r  the  n on -adap t ive  

schem e is about  2.6 dB for the  case  of the  high-deta i l  Lena 

image. The case  of the Lena image, a t  an average  bit r a te  of 1 

bit per  pixel (part  2), shows th a t  the  adap t ive  scheme has an 

im provem ent  of about  3.3 dB over  the  n on -adap t ive  scheme. 

Figure 2.11 shows the  e f fec ts  on the adaptive scheme when the 

quan t ize r  bank above the threshold value is 3 bits, r a th e r  than 2 

bits pe r  pixel, while the threshold ualue is changes continuously 

from 8 to 5BB. The points marked x r ep re sen t  SNR values for the 

non-adapt ive  scheme.



(d
B)

4 0

-  -  - i t

0.5 1.5 2 2.5
Bits per pixel

Figure 2.11: Effects on the SNR when the quan t ize r  bank

aboue the  threshold ualue is of 3 bits (dashed line), 

and 2 bits per  pixel (solid line), for the 

adaptiue scheme with Lena, as the threshold is 

continuously changing from 0 to 500. The points 

marked x represen t  SNR ualues for  the non-adaptiue 

scheme a t  1,2 and 3 bits per  pixel.
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Chapter 3

TRANSMISSION ERROR EFFECTS IN PREDICTIUE TRANSFORM

CODING

3.1 Introduction.

This c h a p te r  co n s is ts  of  t h r e e  p a r t s .  The f i r s t  p a r t  

d iscusses  the  m a jo r  d i f fe rences  betu ieen  predictiue and non- 

predictiue coding sys tem s operating in a noisy enuironment.  The 

second par t  is an inuestigation of the  PTC sys tem  when, again, 

ope ra t ing  in a noisy enuironm ent .  Special ca se s  of the  PTC 

sys tem  a re  also considered. In the  third par t ,  th e re  a re  some 

concluding remarks about the results  obtained.

3.2 Predictiue and Non-predictiue Coding Systems.

In p r e d ic t iu e  t r a n s f o r m  coding (PTC) s y s t e m s ,  the  

prediction of  each block is obtained through the use of a subset  

of the  preuiously processed  picture e lements;  and it is based on 

a feed b ack  loop implementat ion .  The opera t ion  of prediction 

tak es  place concurrently a t  the  t r a n sm i t te r  and a t  the  receiuer  

side of  th e  sy s te m .  For an e r r o r - f r e e  enu ironm en t ,  if the  

t r a n s m is s io n  o p e ra t io n  is s t a r t e d  uiith th e  sa m e  init ial 

c o n d i t io n s  a t  t h e  t r a n s m i t t e r  and  t h e  r e c e iu e r ,  th e  

recons truc ted  signal a t  the  receiuer  side is exactly  the  same as 

the  one r e co n s t ru c ted  a t  the  t r a n s m i t t e r  side. The bit e r ro r  

occurring during transmission a f fec ts  some picture e lem ents  of
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the  block curren t ly  being p rocessed .  The a f f e c t e d  block, by 

s ta r t ing  some sort  of chain reaction at the receiuer,  mill, in turn, 

a f fec t  some additional subsequent blocks.

Like PTC s y s te m s ,  d i f fe ren t ia l  pulse  code modula t ion  

(DPCM) sys tem s  are  also a f fec ted  by transmission errors ,  since 

they also use the kind of prediction tha t  causes  the  transmission 

e r ro r  to p ropaga te  in time. The amount of e f fe c t  on the picture 

quality depends mainly on horn fa s t  the spa t io - tem pora l  content 

of  transmission  e r ro r  becomes negligible. In s y s te m s  like PCM 

and Karhunen-Lo6ue Transform (KLT) coders  the  transm ission  

e r ro r  does not p ropagate  in time due to the  absence  of feedback 

(prediction);  but the  e r ro r  shouis up as an impulse w ith  a 

substan tia l  amount of energy producing a spo t  on the  image. In 

PTC sys tem s,  the transmission e r ro r  is leaked out substantially,  

as compared with o th e r  sys tem s,  due to tw o  m a jo r  reasons:  the 

use  of a robust  uec to r  feedback  section for  prediction; and the 

t ransfo rm at ion  operat ion  th a t  tends  to d is t r ibu te  any e r ro r  to 

all th e  e l e m e n t s  of  th e  p ic tu re  block w h e n  th e  in u e rse  

t ransformation  operation takes  place a t  the  receiuer.

Euen with the  bes t  transmission schem es  auailable, the re  

a re  occasions when transmission errors  cannot be ignored due 

to the  many fac tors  and unpredictable conditions inuolued in the 

t ransm iss ion .  The so-ca l led  realistic assumption of a perfect 
channel is a special and uery  re s t r ic t iue  condition of limited 

in te res t ,  as  obserued in many important practical applications.
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Transmission e r ro r  propagation in PTC can be understood as 

follows. Rs figure 3.1 shows, channel errors  cause a mismatch 

b e tw e e n  some quan t ized  coeff ic ient  e lem e n ts  in the  uec to r  

t c ( k )  sen t  by the t ransm it te r ,  and the corresponding coefficient 

e lem en ts  in the  u ec to r  1>’c(k) receiued a t  the  decoder .  Rt the 

rece iuer ,  the  e r ro n eo u s  coeff ic ien ts  a f f e c t  the  block being 

r eco n s t ru c te d  a t  the  p re se n t  time; and they  also p ro p ag a te  

throughout  the  feedback  loop and a f fec t  the  recons truc tion  of 

fu ture  blocks. The combined e f fec t  m anifes ts  i tse lf  as a s t r e a k  

along some scanning lines of the  r eco n s t ru c te d  image.  Illith 

regard  to the  i l lustrations of  t ransmission error,  which will be 

giuen fu r th e r  down, it is assum ed tha t  the channel e r ro r  affec ts ,  

with the  sam e probabili ty (pe). all the  bits  of  the  codewords  

r e p r e s e n t in g  th e  in fo rm at ion  t r a n s m i t t e d  to  th e  r e c e iu e r  

(decoder). No bit protection, of  any kind, is assum ed for any bit, 

f rom th e  m o s t  to  th e  l e a s t  s ign if ican t ,  in th e  codew ord  

assignment.

In general,  the  e f fec t  of  bit error, during the  transmission, 

can be described by the  following relation:

tc(k) = $*c(k) + a1> c(k) (3. 1)
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Information
signal

Additive Noise (|^) Reconstructed
signal

x(k+l) 8c(k) 8'c(k)

------ ► TRANSMITTER RECEIVER
CHANNEL

x(k+l)

Figure 3.1: Communication System with Rdditiue Noise.

w here  5c(k) is the binary encoded coefficient uec to r  sen t  by the 

t r a n s m i t te r ;  and $*c(k)is the  corresponding  encoded  u ec to r  

rece iu ed  by the  decoder .  The qu an t i ty  c(k) is th e  e r r o r  

in troduced by the  channel.  For the  special ca se  of a pe r fec t  
channel,  A$c(k)- 0, as long as the  Shannon channel capacity  

requirement is satisfied.

The information signal for  the  p re se n t  i l lustration is an 

image of 512 scanning lines, with 512 sam ples  p e r  line, in a 

g ray - leue l  rep re se n ta t io n .  The image is pa r t i t ioned  in blocks 

containing 4 pixels each. Each block, in turn, consists  of  2 rows 

and 2 columns and is r e p r e s e n te d  by a column u ec to r  o f  4 

e lem ents  (w«4). The prediction of each block is achieued through 

the  use of  all 6 ad jacen t  pas t  picture e lements ,  which haue been 

preuiously processed as shown in figure 3.2:
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X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X 0 0 0 0 X X X X X

X X X X X 0 X X X X X X X X

X X X X X 0 X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

Figure 3.2: The elements  identified by the symbol 0 aboue

and to the  left of the  block are  used for  prediction.

The s e c o n d -o rd e r  s ta t i s t i c s  used  In the  design of  the  

pred ic tor  and t ransform  matr ices  P and R are  obtained by using 

th e  sa m e  global s t a t i s t i c a l  model t r e a t e d  in th e  p rev ious  

chapter:

E I ( x iij - C H x i+ V ij+h_ C ) I  -  ( P a u g - C 2 )  ( p D>

D «■ V(1.29v)2+h2

(3. 2) 
(3. 3)
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w h ere  it is assumed the correlation coefficient p -  0.97, for two 

a d ja ce n t  picture e lements;  the  auerage  p o w er  for  the  picture 
e lem ents ,  Paug * 1200; and the mean ualue, C -  0 (the nonzero

m ean  ualue su b t rac ted ) .  The fac to r ,  1.29, in the  Euclidean 

d is ta n c e  ex p ress ion  D, r e f le c t s  th e  fa c t  t h a t  th e  uer t ica l  

d istance be tw een  ad jacen t  picture e lements  in a field of an NTSC 

image is longer than the horizontal distance. The s ta t is t ics  for  z 

(past  encoded picture elements)  are  assum ed to be equal to the 

s ta t i s t ic s  for x (picture e lem ents  being encoded a t  the  p resen t  

time).

The second-order  s ta t is t ics  for this example are:

E{x(k+l)x‘(k+l)}-

/ 1 200.0 1164.0 1153.6 1141.n
1164.0 1200.0 1141.6 1153.6
1153.6 1141.0 1200.0 1164.0

V1141.0 1153.6 1164.0 1200.0 )

E{z(k+l)zl(k)}«

/ 1 200.0 1164.0 1129.1 1095.2 1153.6 1109 .3 \
1164.0 1200.0 1164.0 1129.1 1141.1 1103.0
1129.1 1164.0 1200.0 1164.0 1116.1 1086.4
1095.2 1129.1 1164.0 1200.0 1086.4 1863.8
1153.0 1141.6 1116.1 1006.4 1200.0 1153.8

\1109.4 1103.0 1006.4 1063.6 1153.8 1200.07
(3. 5)
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E{x(k+l)z‘(k)}-

n 1 4 1 .8 1153.8 1141.8 1116.1 1164.8 1141.8^
1116.1 1141.8 1153.8 1141.8 1129.1 1116.1
1183.8 1189.3 1183.8 1886.4 1141.8 1164.8

VI 886.4 1183.8 1189.3 1183.8 1116.1 1129.i y
(3. 6)

The optimum predictor  and t ransfo rm  m atr ices  P and R for 
the aboue s ta t is t ics  are:

/-0 .018 -0.004 0.012 -0.203 \
-8.861 -0.070 -0.180 0.187

0.851 0.049 -0.201 0.311
0.041 0.111 -0.037 0.423

-8.125 -0.185 -0.241 0.339
V 0.123 -0.260 0.192 0 .8 5 8 /

Z-0.583 -0.483 -0.583 0 .296 \
0.501 0.412 -0.613 0.451
0.496 -0.671 0.296 0.464

V-0.404 0.383 0.444 0.702,/

(3. 7)

(3. 8)

The preuious array  ualues are  used with the  t e s t  Douglas 

image since the  l a t t e r  is o f  the  NTSC type .  For the  t e s t  Lena 

image, the  Euclidean distance D has to be modified as  follows:

D -  V(1.00v)2+h2 (3. 9)
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The aboue expression is applied to any image tha t  has horizontal 

and v e r t ic a l  d i s tan ce  s e p a ra t io n s  of  th e  sa m e  m agn i tude  

be tu ieen  a d ja c e n t  p ic tures  e lem en ts .  This is also t rue  of  the  

Lena im age .  The following m o m e n ts ,  o b ta in e d  w ith  th e  

express ion  D, a re  slightly d if fe ren t  from the  ones preuiously 

obtained:

Efxtk+lJxKk+l)}-

/ 1 200.0 1164.0 1164.0 1149.4^
1164.0 1200.0 1149.4 1164.0
1164.0 1149.4 1200.0 1164.0 

V1149.4 1164.0 1164.0 1200.0^

E{z(k+l)zl(k)}-

/ 1 200.0 1164.0 1129.1 1095.2 1164.0 1129.1 \
1164.0 1200.0 1164.0 1129.1 1149.4 1121.0
1129.1 1164.0 1200.0 1164.0 1121.0 1100.9
1095.2 1129.1 1164.0 1200.0 1089.8 1075.2
1164.0 1149.4 1121.0 1089.8 1200.0 1164.0

V1129.1 1121.0 1100.1 1075.2 1164.0 1200 .0 /
(3. 11)

E{x(k+l)zt(k)}-

/ 1 149.4 1164.0 1149.4 1121.0 1164.0 1149.4\
1121.0 1149.4 1164.0 1149.4 1129.1 1121.0
1121.0 1129.1 1121.0 1100.9 1149.4 1164.0

V1100.9 1121.0 1129.1 1121.0 1121.0 1129.1)
(3. 12)
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The optimum predictor and t ransform  matrices P and R are:

(  0.019 0.002 0.006 0 .2 1 3 \
0.B91 0.011 -0.243 -0.257

-0.081 -0.173 -0.160 -0.407
-8.B3S -0.122 0.045 -0.412

0.092 0.079 -0.225 -0.268
V-B.10B 0.285 0.015 -0.787 /

( 0.576 0.158 -0.743 -0.301 \
-0.514 -0.643 -0.357 -0.441
-0.485 0.732 -0.027 -0.478

V 0.409 -0.163 0.565 -0 .6 9 7 /

(3. 13)

(3. 14)

For the purpose of  comparison, the second-order  s ta t is t ics ,  

a f t e r  being g en e ra te d  bg means of  real image da ta ,  w ere  used 

to obtain some s ignal- to-noise  ratio  ualues. The resu l ts  showed 

an im prouem ent of only a f raction of a dB, about  B.25 dB, as 

compared with the  resu l ts  obtained using the  global s ta t is t ica l  

model giuen in 2.3 aboue.

The q u an t ize r  s e t  (quan t ize r  bank) used is of  the  Lloyd- 

Max type. The bes t  bit ass ignment combination obtained for the 

illustration p resen ted  in this section is:

a) B bits for  the 1st e lem ent of  the coefficient e r ro r  uec to r  8c(k),

b) 1 bit for  the  2nd element of the coefficient e r ro r  uec to r  8c(k),

c) 3 bits for the  3rd e lement of  the coefficient e r ro r  uec tor  5c(k),

d) 4 bits for the 4th element of the coefficient e r ro r  uec to r  5c(k).
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Table 3.1, below, con ta ins  s ig n a l - to -n o ise  ra t io  ualues 

obtained with the  low-deta i l  Douglas image, which is a f fec ted  

by d iffe ren t  ualues of e r ro r  r a te  during transmission. Table 3.2, 

fu r the r  down, contains the same information for the case of  the 

high-detail  Lena image.

Table 3 .1: Transmission er ror  e f fec ts  in a 2 k 2 PTC system  for 

the  low-detail  Douglas image.

Douglas (image with low detail)

Channel prob. of e r ro r  (pe) SNR a t  the receiuer  (dB)

0.000 E+00 4B.569

1.B77 E-B4 35.894

1.161 E-B3 27.422

1.B63 E-02 19.917
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Table 3.2: Transmission error  e f fec ts  in a 2h2 PTC system for 
the  high-detail  Lena image.

Lena (image uiith high detail)

Channel prob. of e r ro r  (pe) SNR a t  the  receiuer  (d0)

0.000 E+00 36.979

1.399 E-04 33.746

1.031 E-03 28.641

1.057 E-02 19.127

Figures 3.3 and 3.4( below, contain graphs of  the  behauior 

of the  PTC sy s tem  a f fe c te d  by t ransm ission  er ro rs .  Figure 3.3 

considers the  loui-detail Douglas image; and figure 3.4 considers 

the  high-detail  Lena image. Figures 3.5 and 3.6( fu r th e r  down, 

p resen t  the  behauior of the  sys tem  for  an ex tended  region of 

er ror  probability (pe > 0.001).
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Figure 3 .3 : Transmission error  e f fec ts  in a 2 k 2 PTC sys tem  

for the  louj-detail  Douglas image.
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Figure 3.4: Transmission er ror  e f fec ts  in a 2x2 PTC sys tem  

for the high-detail  Lena image.
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Figure 3.5: Transmission er ror  e f fec ts  in a 2x2 PTC system  

for an ex tended  region of e rror  probability 

(pe > .001) uiith the loui-detail Douglas image.
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0.012 0.0140.002 0.004 0.006 0.008
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Figure 3.6: Transmission er ror  e f fec ts  In a 2 h2 PTC system  

for an ex tended  region of e r ro r  probability 

(pe > .001) with the high-detail  Lena image.

Figure 3.7 p r e s e n t s  a 200x200 uiindoui of  th e  original 

im age of  Lena a t  0 b its  p e r  pixel and also w indows which 

correspond to the  recons truc ted  images a t  the  rece iuer  with 2 

bits  per  pixel, giuen tha t  the  channel enuironments  haue  e r ro r  

probabil i t ies  o f  0.0, 0.001 and 0.01 to prouide a su b jec t iv e  

comparison of the  results  shown in table 3.2.



Figure 3.7: 2h2 PTC performance using Lena image:
a) Original image; b) Receiued image (snr-37.0) in a 
perfect  channel enuironment;  and c) Receiued image 
(snr=28.6) in a noisg channel enuironment ( p e ^ O . O O l ) .



Figure 3.7B: 2h2 PTC performance using Douglas image:
a) Original image; b) Receiued image (snr-40.6) in a 
perfect  channel enuironment;  and c) Receiued image 
(snr=27.4) in a noisg channel enuironment ( pe. 0.001).
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3.3 Illustration of the differential PCM system.

The differential  PCM system  (DPCM) is a special case  of the 

PTC system. Therefore, the same procedure and the same data  as 

in th e  2x2 PTC illustration, as  a lready pointed out, haue  been 

u sed  fo r  i ts  desiyn.  The input s ignals  used  in the  p re s e n t  

i l lustration are  the  same t e s t  images appearing in the  2x2 PTC 

il lustration. The prediction of each sample is obta ined by using 

all 4 a d j a c e n t  p ic tu re  e lem e n ts  t h a t  haue  been  preuiously  

p rocessed  as shouin in figure 3.8. The used q uan t ize r  is of  the 

Lloyd-Max type. The bit ass ignment combination considered is 2 

bits pe r  pixel.

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X 0 0 0 X X X X X X

X X X X X 0 X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

Figure 3.8: The elements  identified by the symbol o aboue 
and on the left side of the  box are pas t  picture 
e lem ents  uihich are  used for prediction.
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The second-o rde r  s ta t is t ics  for the  design of the predictor  

and t ran s fo rm  m atr ices ,  uihich assum e  a uert ical  d is tance  of 

1.29 betu ieen  picture e lements  are  as  follows:

E { x ( k + l ) * H k + l ) } - (  1208.0) (3. 15)

E{z(k+l)zKk)}>

/ 1 200.8 1164.0 1129.1 1153.8V
1164.8 1280.8 1164.0 1141.1
1129.1 1164.8 1200.8 1116.1

V1153.8 1141.8 1116.1 1288.87
(3. 16)

E { x (k + l)z K k )} «

(1141.8 1153.8 1141.8 1164.8) (3. 17)

The optimum predictor  and t ransfo rm  matr ices  P and R for 
the  aboue s ta t is t ics  are:

P -

^-0.065 V 
0.222
0.258 

V 8.592 )
(3. 18)

R - (  1.000 ) (3. 19)
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The second-order  s ta t is t ics  for the design of the predictor 

and t ran s fo rm  m atr ices ,  which assum e a vertical  d is tance  of

1.BB b e tw een  picture elements,  are as follows:

E { z (k + l)z K k )} «

/ 1 200.0 1164.0 1129.1 1164 .0 \
1164.0 1200.0 1164.0 1149.4
1129.1 1164.0 1200.0 1121.0 

V1164.0 1149.4 1121.0 1200.07

The optimum predic tor  and t ransfo rm  matr ices  P and R for 
the above s ta t is t ics  are:

EfxCk+Ox^k+l)}^ 1 2 0 0 .0 ) (3. 20)

E { x (k + l ) z ‘( k ) } -  

(1149.4 1164.0 1149.4 1164.0) (3. 22)

Z-0.069 \  
0.309

(3. 23)P * 0.244
V 0.516

R -  ( 1.000 ) (3. 24)
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It should be noted a t  this par t icu lar  point tha t ,  since the 

DPCM does not contain a t ransform ation  section, the  obtained R 

is a unity ualue scalar.

Table 3.3, beloui, contains ualues of s igna l- to -no ise  ratio 

obta ined with the low-detail  Douglas image which is a ffec ted  by 

d i f fe ren t  ualues  o f  e r ro r  r a t e  during t ransm iss ion .  Table 3.4, 

fu r th e r  down, contains the same information for the  high-detail  

Lena image.

Table 3.3: Transmission error  e f fec ts  in a DPCM sys tem  for 

the  low-detail  Douglas image.

Douglas (low-detail  image)

Channel prob. of e r ro r  (pe) SNR a t  the  receiuer  (dB)

0.000 E+00 33.400

1.015 E-04 32.200

1.200 E-03 27.660

1.005 E-02 19.979
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Tablp 3.4: Transmission er ror  e f fec ts  in a DPCM sys tem  for 
the  high-detail  Lena image.

Lena (high-detail image)

Channel prob. of e r ro r  (pe) SNR a t  the  rece iuer  (dB)

8.888 E+B8 34.741

1.103 E-04 33.850

1.875 E-03 31.434

1.809 E-82 24.199

Figures 3.9 and 3.18, beloui, p resen t  graphs of the behauior 

of  the  DPCM s y s te m  mhen t ransm iss ion  e r ro rs  a re  p re se n t .  

Figure 3.9 considers  the  low -deta i l  Douglas image; and figure

3.1 B considers the high-detail  Lena image. Figures 3.11 and 3.12, 

f u r th e r  down, p r e s e n t  th e  b eh a u io r  o f  th e  s y s t e m  for  an 

en tended  region of e r ror  probability (pe > 8.081).
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Figure 3.9: Transmission er ror  e f fec ts  in a DPCM system  for 

the low-detail  Douglas image.
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Figure 3.1 B: Transmission e r ro r  e f fec ts  in a DPCM sys tem  for 

the high-detail  Lena image.
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0.0080.004 0.006 
Prob. of error

0.01 0.0120.002

Figure 3.11: Transmission e r ro r  e f fec ts  in a DPCM system  for 

an extended region of e r ro r  probability (pe > .001) 

uiith the low-detail  Douglas image.
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&m

0.008 0.01 0.0120.006 
Prob. of error

0.0040.002

Figure 3.12: Transmission er ror  e f fec ts  in a DPCM sys tem  for 

an extended region of er ror  probability (pe > .001) 

with the high-detail  Lena image.

Figure 3.13 p re s e n t s  a 200x200 window of  th e  original 

image of Lena a t  0 bits  p e r  pixel and also w indow s which 

correspond to the  recons truc ted  images a t  the  rece iue r  with 2 

bits pe r  pixel giuen th a t  the  channel enuironments  haue e r ro r  

p robabil i t ies  of  0.0, 0.001 and 0.01 to prouide a su b jec t iu e  

comparison of the  results  shown in table 3.4.
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f /V
(a) (b)

(c)

Figure 3.13: DPCM performance using Lena image:
a) Receiued image (snr-34.7) in a perfec t  channel 
enuironment;  b) Receiued image (snr-31.4) in a 
noisy channel uiith error  probability pe of 0.001; 
and c) Receiued image (snr*24.2) in a noisy channel 
tuith pe of 0.01.
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(c)

Figure 3.13B: DPCM performance using Douglas image:
a) Receiued image (snr«33.5) in a perfect  channel 
enuironment; b) Receiued Image (snr-27.7) in a 
noisy channel with error  probability pe of 0.001; 
and c) Receiued image (snr*20.0) in a noisy channel 
with pe of 0.01.



6 9

3.4 Illustration of the  KLT system.

The KLT system , like the  DPCM, is a special case of  the  PTC 

sys tem . Therefore, the sam e procedure and the  same da ta  as in 

the  2h2 PTC illustration haue been used for its design as well, on 

the  condition th a t  th e re  is no predic tion inuolued. The input 

signals used in the p resen t  illustration are  the  same t e s t  images 

o f  the  examples  p re sen ted  before.  Each image is par t i t ioned  in 

blocks of 16 pixels as shown in figure 3.14. Each block, in turn, is 

an array  of 4 rows and 4 columns and is rep re se n ted  by a column 

uec to r  of 16 e lements .

X X X X

X X X X

X X X X

X X X X

X X X X 

X X X X 

X X X X 

X X X X

X X X  X X X  
X X X  X X X  
X X X  X X X  

X X X  X X X

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

x x x x x x x x x x x x x x

Figure 3.14: Consecutiue 4 h4 picture blocks used in the  
illustration of the KLT coding system.
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The second-order  s ta t is t ics  obtained for the  design of the 

t ransform  matrin are  as follows:

E { x ( k + l ) x l( k + l ) }  ■ [  E i  E2 J  ( 3 .  2 5 )

where

“  1200.0 1164.0 1129.1 1095.2 1164.0 1149.4 1121.0 1089.8
1164.0 1200.0 1164.0 1129.1 1149.4 1164.0 1149.4 1121.0
1129.1 1164.0 1200.0 1164.0 1121.0 1149.4 1164.0 1149.4
1095.2 1129.1 1164.0 1200.0 1089.8 1121.0 1149.4 1164.0
1164.0 1149.4 1121.0 1089.8 1200.0 1164.0 1129.1 1095.2
1149.4 1164.0 1149.4 1121.0 1164.0 1200.0 1164.0 1129.1
1121.0 1149.4 1164.0 1149.4 1129.1 1164.0 1200.0 1164.0
1089.8 1121.0 1049.4 1164.0 1095.2 1129.1 1164.0 1200.0
1129.1 1121.0 1101.0 1075.2 1164.0 1149.4 1121.0 1089.8
1121.0 1129.1 1121.0 1101.0 1149.4 1164.0 1149.4 1121.0
1101.0 1121.0 1129.1 1121.0 1121.0 1149.4 1164.0 1149.4
1075.2 1101.0 1121.0 1129.1 1089.8 1121.0 1149.4 1164.0
1095.2 1089.8 1075.2 1054.5 1129.1 1121.0 1101.0 1075.2
1089.8 1095.2 1089.8 1075.2 1121.0 1129.1 1121.0 1101.0
1075.2 1089.8 1095.2 1089.8 1101.0 1121.0 1129.1 1121.0

_  1054.5 1075.2 1089.8 1095.2 1075.2 1101.0 1121.0 1129.1 _

and

1129.1 1121.0 1101.0 1075.2 1095.2 1089.8 1075.2 1054.5
1121.0 1129.1 1121.0 1101.0 1089.8 1095.2 1089.8 1075.2
1101.0 1121.0 1129.1 1121.0 1075.2 1089.8 1095.2 1089.8
1075.2 1101.0 1121.0 1129.1 1054.5 1075.2 1089.8 1095.2
1164.0 1149.4 1121.0 1089.8 1129.1 1121.0 1101.0 1075.2
1149.4 1164.0 1149.4 1121.0 1121.0 1129.1 1121.0 1101.0
1121.0 1149.4 1164.0 1149.4 1101.0 1121.0 1129.1 1121.0
1089.8 1121.0 1049.4 1164.0 1075.2 1101.0 1121.0 1129.1
1200.0 1164.0 1129.1 1095.2 1164.0 1149.4 1121.0 1089.8
1164.0 1200.0 1164.0 1129.1 1149.4 1164.0 1149.4 1121.0
1129.1 1164.0 1200.0 1164.0 1121.0 1149.4 1164.0 1149.4
1095.2 1129.1 1164.0 1200.0 1089.8 1121.0 1149.4 1164.0
1164.0 1149.4 1121.0 1089.8 1200.0 1164.0 1129.1 1095.2
1149.4 1164.0 1149.4 1121.0 1164.0 1200.0 1164.0 1129.1
1121.0 1149.4 1164.0 1149.4 1129.1 1164.0 1200.0 1164.0

_  1089.8 1121.0 1149.4 1164.0 1095.2 1129.1 1164.0 1200.0 _
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The optimum transform  matrix R for  the aboue s ta t is t ics  is 
as follows:

r  -  I Ri R2 1 

where

-0.119 0.234 0.118 0.000 0.262 -0.308 0.046 -0.082
0.217 -0.390 -0.217 0.354 -0.202 0.246 -0.325 -0.100

-0.217 0.304 -0.244 -0.354 0.202 0.246 0.223 -0.256
0.119 -0.118 0.234 0.000 -0.262 -0.308 -0.082 -0.046
0.217 -0.244 -0.304 -0.354 -0.202 0.246 0.256 0.223

-0.376 0.318 0.161 0.000 -0.316 -0.185 -0.248 0.446
0.376 -0.161 0.318 0.000 0.316 -0.185 0.446 0.248

-0.217 0.017 -0.390 0.354 0.202 0.246 -0.100 0.325
-0.217 -0.017 0.390 0.354 0.202 0.246 0.100 -0.325

0.376 0.161 -0.318 0.000 0.316 -0.185 -0.446 -0.248
-0.376 -0.318 -0.161 0.000 -0.316 -0.185 0.248 -0.446

0.217 0.244 0.304 -0.354 -0.202 0.246 -0.256 -0.223
0.119 0.118 -0.234 0.000 -0.262 -0.308 0.082 0.046

-0.217 -0.304 0.244 -0.354 0.202 0.246 -0.223 0.256
0.217 0.390 0.017 0.354 -0.202 0.246 0.325 0.100

-0.119 -0.340 -0.118 0.000 0.262 -0.308 -0.046 0.082

and

0.346 0.340 0.000 0.307 0.409 0.270 -0.338 -0.247
-0.272 0.147 -0.354 0.046 0.193 0.334 -0.159 -0.250
-0.275 -0.142 -0.354 0.046 -0.193 0.361 0.081 -0.250

0.340 -0.346 0.000 0.307 -0.409 0.338 0.270 -0.247
0.142 -0.275 0.354 0.046 0.193 0.081 -0.361 -0.250

-0.193 -0.190 0.000 -0.390 0.093 0.124 -0.155 -0.253
-0.190 0.193 0.000 -0.390 -0.093 0.155 0.124 -0.253

0.147 0.272 0.354 0.046 -0.193 0.159 0.334 -0.250
-0.147 -0.272 0.354 0.046 -0.193 -0.159 -0.334 -0.250

0.190 -0.193 0.000 -0.390 -0.093 -0.155 -0.124 -0.253
0.193 0.190 0.000 -0.390 0.093 -0.124 0.155 -0.253

-0.142 0.275 0.354 0.046 0.193 -0.081 0.361 -0.250
-0.340 0.346 0.000 0.307 -0.409 -0.338 -0.270 -0.247

0.275 0.142 -0.354 0.046 -0.193 -0.361 -0.081 -0.250
0.272 -0.147 -0.354 0.046 0.193 0.334 0.159 -0.250

-0.346 -0.340 0.000 0.307 0.409 -0.270 0.338 -0.247
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The bit ass ignm ent combination used for the  16 e lem ents  

of the block is as  follows:

" 8 8 8 8 “
8 1 1 1
2 2 3 3

. 3 4 4 16 _

Table 3.5 contains ualues of s igna l- to-noise  ra t io  th a t  are 

obta ined with the  low-deta i l  Douglas image, which is a f fec ted  

by d if fe ren t  ualues of  e r ro r  r a te  during transmission.  The er ror  

probabili ties considered a re  8.BOB, B.BB81, B.BB1 and B.B1. Table 

3.6 con ta ins  the  sam e  inform ation  for  the  h igh-de ta i l  Lena 

image.

Table 3.5: Transmission er ror  e f fec t s  in a KLT sys tem  for the 

low-detail  Douglas image.

Douglas (low-detail  image)

Channel prob. of e r ro r  (pe) SNR a t  the  receiuer  (dB)

8.888 E+BB 38.197

1.143 E-84 37.318

1.886 E-B3 33.694

1.813 E-82 25.516
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Table 3.6: Transmission er ror  e f fec ts  in a KLT sys tem  for  the 

high-detail  Lena image.

Lena (high-detail image)

Channel prob. of e r ro r  (pe) SNR a t  the  receiuer  (dB)

8.888 E+00 37.884

0.911 E-04 36.499

1.821 E-03 33.378

1.808 E-82 26.246

Figures 3.15 and 3.16 p resen t  graphs of  the  behauior of the 

KLT sys tem  when t ransm iss ion  er ro rs  a re  p re sen t .  Figure 3.15 

considers  the  loui-detail  Douglas image. Figure 3.16 considers 

the  high-deta i l  Lena image. Figures 3.17 and 3.18 p re se n t  the 

b eh a u io r  of  th e  s y s t e m  fo r  an e x t e n d e d  reg ion  of  e r ro r  

probability (pe > 0.001).
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Figure 3.15: Transmission e r ro r  e f fec ts  in a KLT sys tem  for 

the low-deta il  Douglas image.
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Figure 3.16: Transmission er ror  e f fec ts  in a KLT sys tem  for 

the high-detail  Lena image.
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£
C/5

0.008 0.010.004 0.006 0.0120.002
Prob. of error

Figure 3.17: Transmission e r ro r  effec ts ,  in a KLT sys tem  for

an ex tended  region of e r ro r  probability (pe > .801), 

uiith the low-detail  Douglas image.

Figure 3.7 p r e s e n t s  a 288x288 window of th e  original 

image of Lena a t  8 bits  p e r  pixel and also w indows which 

correspond to the  recons truc ted  images a t  the  rece iue r  with 2 

bits  p e r  pixel giuen th a t  the channel enuironm ents  haue e r ro r  

p robabil i t ies  of  8.8, 8.881 and 8.81 to prouide a su b jec t iv e  

comparison of  the  results  shown in table 3.2.
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Figure 3.19 p re s e n t s  a 200x200 window for  the  original 

im age of  Lena a t  8 b i ts  p e r  pixel and also w indow s th a t  

correspond to the  recons truc ted  images a t  the  rece iuer  with 2 

bits  pe r  piHel given tha t  the channel enuironm ents  have e r ro r  

probabil i t ies  of B.B, B.B81 and B.B1 to provide a sub jec t ive  

comparison of the  results  shown in table  3.6. It should be noted 

th a t  the  transmission errors  show up as spots  across  the image, 

instead  of s t r e a k  lines, as is the case when feedback is present.

/- " S .

t
CO

0.002 0.004 0.006 
Prob. of error

0.008 0.01 0.012

Figure 3.18: Transmission er ror  ef fec ts ,  in a KLT sys tem  for

an ex tended  region of e r ro r  probability (pe >.001), 

with the high-detail  Lena image.



Figure 3.19: KLT performance using Lena image: a) Receiued
image (snr=37.1) in a perfect  channel enuironment;
b) Receiued image ($nr-33.4) in a noisy channel uiith 
prob. of error  pe of 0.001; and c) Receiued image 
(snr~26.2) in a noisy channel uiith pe of 0.01.



Figure 3.20: KLT performance using Douglas image:
a) Receiued image (snr-38.2) in a perfec t  channel 
enuironment; b) Receiued image (snr-33.7) in a 
noisy channel uiith error  probability pe of 0.001; 
and c) Receiued image (snr-21.5) in a noisy channel 
uiith pe of 0.01.
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3.5 Conclusions.

The 2x2 PTC sys tem  performs satisfactori ly  in a no ise-f ree  

enuironment.  In noisy conditions the  4x4 KLT, uihich is a special 

ca se  of  the  PTC sy s te m ,  prouides  b e t t e r  p e r fo rm an ce .  The 

reco n s t ru c ted  images using the  4x4 KLT p re se n t  highly uisible 

spo ts ,  due to the  ab sen ce  of  f eed b a ck  which is n eeded  to 

a t t e n u a t e  the  channel  e r ro rs .  R m e th o d  fo r  su b s tan t ia l ly  

improuing the  p e r fo rm a n c e  of the  PTC s y s t e m  in a noisy 

enuironment will be giuen in the next chapter .
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Chapter 4

LIMITING THE PROPAGATION OF CHANNEL ERRORS IN PTC

SVSTEMS

4.1 Introduction.

This c h a p te r  is o rganized  in th ree  p a r t s .  The f irs t  par t  

consists  of  an introduction to the leak fac to r  technique, u;hich is 

used to limit the  propagation of channel e r ro r  in PTC sys tem s.  

The leak fac to r  technique, which rep resen ts  a modification in the 

p red ic to r  and t rans fo rm  matr ices ,  does not require  additional 

expenses  in te rm s  of bit ra te .  In the  second part ,  the leak fac tor  

technique is inuestigated and numerical results  are  obtained. The 

DPCM, a special case  of  the PTC system, is also inuestigated.  The 

third par t  contains conclusions about the results  of  the  chapter.

R m a jo r  goal in the  design of feedback (predictiue) coding 

sy s te m s  is achieuing rapid recouery  f rom channel e r ro rs .  R 

m ethod  which cur ta i ls  the propagat ion  of  channel e r ro rs  is 

i l lus tra ted  here .  It is suitable  for  both digital and analog PTC 

sys tem s  [99]. The proposed m ethod is a simple one: ins tead  of 

incorporating additional coding expenses  th a t  require increases 

in complexity and overhead in the  bit r a t e  (i.e., bit protection 

schemes,  and o th e r  redundancies in the codeword assignment),  

a leak fac to r  cons tra in t  is introduced in the  design equations of 

the PTC sys tem  to improve the  performance when channel errors
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are p resen t .  The leak fac tor  is a real, scalar  number th a t  ranges 

from less than B.8 to 1.8. For operation in a noisy enuironment,  it 

is found th a t  a PTC sys tem  uiith the leak fac to r  s e t s  to about 8.9 

is a u e ry  r o b u s t  coding s y s t e m .  It y ie lds  s u b s t a n t i a l  

improuement to the  signal-to-noise ratio as uiell as to the image 

quality, uihen compared uiith a PTC sys tem  operat ing with a leak 

fac to r  o f  1.8. In o rder  to introduce the leak fac to r  constra int ,  

the  design equations  of  the  PT coding sy s tem  are  modified as 

follows:

lE { x (k + l)x ‘( k + l ) } - R l  n -  kin (4.1)

( p| A / E{z(k)z*(k)}
j  \  ,  /  E {z(k)x*(k+ 1)} >

n (4.2)
 !   !  i ,

V  u i y  V 2 l l f -1 ’ ’ ’ 2 ( u *) /  \  2 ' '  ‘ 2 /

w here  the matriH fl is:
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/ I \

E^k+lJzKk)}

V

^  E { z(k )z ‘(k)}

2(1.f.)

2 /  V  2(1.f.) ' ' 2(1.f.) e

( E {z(k)x*(k+ 1)} A

y
i

V 2
1 
2 J

(4.3)

and l.f. s tands  for leak factor.

4.2 Il lustrations and comparisons.

In the  p r e s e n t  i l lu s t ra t io n s  th e  2x2 PTC s y s te m ,  as 

p r e s e n te d  in the  preuious chap te r ,  is again cons idered .  One 

additional modification added to the sys tem  has been the  leak 

f a c to r  in the  t ran s fo rm  and p red ic to r  m a tr ices  R and P. The 

prediction in the  sys tem  is achieued by using all 6 preuiously 

processed  picture e lem ents  surrounding the  picture block being 

p rocessed  a t  the  cu r ren t  t ime as shouin in figure 3.2, in the  

preuious chapter .  The bit ass ignment combination for the  Lloyd- 

Max quan t ize r  se t  (bank) used is:

a) B bits for  the  1 s t  e lement of the coefficient e r ro r  uec to r  S c(k ),

b) 1 bit for the  2nd element of the coefficient e r ro r  uec tor  5 c (k ),

c) 3 bits for  the  3rd element of the coefficient e r ro r  uec to r  5 c (k ),

d) 4 bits for the 4th  e lement of the coefficient e r ro r  uec to r  5 c (k ).
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Tables 4.1 and 4.2 contain the  ualues of s igna l- to -no ise  

ratios,  for  the  loui-detail Douglas image, obtained a t  the  output 

of  th e  t r a n s m i t t e r  (SNRT), and th e i r  co r respond ing  ualues  

ob ta ined  a t  th e  ou tpu t  of the  r ece iu e r  (SNRR). The SNRR is 

a f f e c te d  by some ualues  of  e r ro r  probabili ty  r a t e  p a dur ing  

transmission.  The ualues considered for  pe a re  B.BB, B.B1, B.BB1 

and B.8BB1. Table 4.1 contains the  case  of  a leak fac to r  of  1.8. 

Table 4.2 contains the case of a leak fac to r  of B.9B. Tables 4.3 

and 4.4 p re sen t  the same information for the  case  of the  high- 

detail Lena image.

Table 4.1: Transmission error  e f fec ts  in a 2x2 PTC sys tem  for 

the  leak fac tor  of 1.B using the  loui-detail Douglas 

image.

Channel prob. 

of e r ro r  (pe)

Leak fac to r  -  1.8

SNRT (dB) SNRR (dB)

B.8B8 E+BB 48.569 48.569

1.877 E-B4 48.569 35.894

1.161 E-B3 48.569 27.422

1.863 E-82 48.569 19.917
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Table 4.2: Transmission error  e f fec ts  in a 2h2 PTC sys tem  for 

the  leak fac tor  of 8.9B using the loui-detail Douglas 

image.

Channel prob. 

of er ror  (pe)

Leak fac to r  -  0.90

SNRT (dB) SNRR (dB)

0.000 E+00 40.546 40.546

1.100 E-04 40.546 39.959

1.013 E-03 40.546 36.968

1.007 E-02 40.546 29.183

Table 4.3: Transmission er ror  e f fec ts  in a 2h2 PTC sys tem  for

the leak fac to r  of 1.0 using the high-detail  Lena image.

Channel prob. 

of e r ro r  (pe)

Leak fac tor  -  1.0

SNRT (dB) SNRR (dB)

0.000 E+00 36.479 36.479

1.399 E-04 36.479 33.746

1.141 E-03 36.479 28.391

1.057 E-02 36.479 19.127
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Table 4.4: Transmission error  e f fec ts  in a 2h2 PTC system  for 

the leak fac to r  of 0.9B using the  high-detail  Lena 

image.

Channel prob. 

of er ror  (pe)

Leak fac to r  -  0.90

SNRT (dB) SNRR (dB)

0.000 E+00 37.127 37.127

0.927 E-04 37.127 36.769

1.022 E-03 37.127 34.239

1.055 E-02 37.127 27.242

Figures 4.1 to 4.4 p resen t  the  complete  resu l ts  in graphic 

form (using more points than  those  p re se n te d  in tab les  4.1 to 

4.4) th a t  shoui in more detail  the improvement obtained with a 

2h2 PTC system  using the leak fac to r  of  B.90 r a th e r  than 1.0.
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Figure 4.1: Transmission er ror  e f fec ts  in a 2x2 PTC system 

for the loui-detail  Douglas image using the  leak 

fac to r  of 1.8 (dashed line) and 0.98 (solid line).
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Figure 4.2: Transmission er ror  e f fec ts  in a 2h2 PTC system 

for the high-detail  Lena image using the  leak 

fac to rs  of 1.8 (dashed line) and 0.9B (solid line).
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Figure 4.3: Transmission er ror  e ffec ts  in a 2x2 PTC system

with the low-detail  Douglas image for an eHtended 

probabil i ty-of-error  region (pe >.001) uiith the leak 

factors  of 1.0 (dashed line) and 0.90 (solid line).
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Figure 4.4: Transmission er ror  e f fec ts  in a 2x2 PTC system  

with the  high-detail  Lena image for an ex tended  

probabil i ty-of-error  region (pe >.001) and the leak 

factors  of  1.0 (dashed line) and 0.90 (solid line).

Figure 4.5 p re se n ts  the  original t e s t  Douglas image; the 

r ece iu ed  image in noisy channel  condi t ions  w ith  an e r ro r  

probability of 0.001 using: (1) a PTC sys tem  with a leak fac to r  of 

0.90, and (2) a PTC sys tem  with a leak fac to r  of 1, to provide a 

sub jec t ive  evaluation of the  scheme. Figure 4.6 p resen ts  similar 

information for the high-detail  Lena image.
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(a) (b)

(cl

Figure 4.5: Douglas image: (a) Original (8 bits per  pixel);
(b) Receiued image (snr-37.0) using a leak fac tor  of 
0.9 in noisy channel conditions uiith a prob. of error 
pe=0.001; (c) Receiued image (snr=27.4) using the leak 
fac tor  of 1 in noisy channel conditions (pe B 0.001).
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f,

<c)

Figure 4.6: Lena image: (a) Original (8 bits per pixel);
(b) Receiued image (snr-34.2) using a leak fac to r  of 
0.9 in noisy channel conditions uiith a prob. of error  
P e ^ O . O O l ;  (c) Receiued image (snr-28.4) using the leak 
factor  of 1.0 in noisy channel conditions (pe * 0.001).
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Table 4.5 contains the ualues of s igna l- to -no ise - ra t ios  for 

the  loui-detail  Douglas image a t  d i f fe ren t  leak f ac to r  ualues, 

ob ta ined  a t  the  ou tp u t  o f  the  t r a n s m i t t e r  (SNRT); and the ir  

corresponding ualues obta ined a t  the  ou tpu t  of  the  r ece iue r  

(SNRR) a t  an a u e ra g e  probabil i ty  of error-B.BBI. Table 4.6 

contains  the  sam e information fo r  the high-detail  Lena image. 

F igures  4 .7  and 4.8 a re  graph ic  r e p r e s e n t a t i o n s  o f  th e  

information contained in tables  4.5 and 4.6.
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Table 4.5: Transmission error  e f fec ts  in a 2x2 PTC sys tem  for

the loui-detail Douglas image at different ualues of the

leak factor.

Leak fac tor
Channel prob. of e r ro r  -  .001

SNRT (dB) SNRR (dB)
0.8B 39.779 37.045
B.81 39.442 36.978
0.82 39.821 37.261
0.83 40.071 37.251
0.84 40.112 37.357
0.85 40.342 37.254
0.86 40.212 37.254
0.87 40.433 37.496
0.88 40.432 37.324
0.89 40.406 37.063
0.90 40.496 37.052
0.91 40.532 37.002
0.92 40.581 36.927
0.93 40.532 35.731
0.94 40.706 36.156
0.95 40.765 35.714
0.96 40.795 35.300
0.97 40.957 35.085
0.98 41.169 33.974
0.99 41.228 32.237
1.00 41.260 25.341
1.01 41.231 10.609
1.02 Ouerfloui Ouerfloui
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Table 4.6: Transmission er ror  e f fec ts  in a 2x2 PTC sys tem  for

the high-detail  Lena image a t  different ualues of the

leak factor.

Channel prob. of e r ro r  -  .001
Leak fac tor SNRT (dB) SNRR (dB)

0.80 37.014 35.316
0.81 37.022 35.238
0.82 37.040 35.153
0.83 37.046 35.141
0.84 37.064 35.041
0.85 37.074 34.978
0.86 37.086 34.863
0.87 37.096 34.788
0.88 37.107 34.515
0.89 37.117 34.406
0.90 37.132 34.256
0.91 37.139 34.083
0.92 37.146 33.892
0.93 37.145 33.589
0.94 37.143 33.377
0.95 37.137 33.025
0.96 37.121 32.743
0.97 37.112 32.155
0.98 37.102 31.413
0.99 37.096 29.908
1.00 37.098 27.487
1.01 37.100 11.905
1.02 Ouerfloiu Ouerfloui
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Figure 4.7: Signai-to-noise ratio a t  the output of the

receiuer  (SNRR) in a 2x2 PTC system  for the Douglas 

image at different ualues of the leak fac to r  and 

auerage  probability of e r ro r  pe -  8.B81.
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Figure 4.8: Signal- to-noise ratio a t  the  output of the

receiuer  (SNRR) in a 2x2 PTC sys tem  for the  Lena 

image a t  d ifferent ualues of the  leak fac to r  and 

auerage  probability of e r ro r  pe -  0.001.
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4.3 DPCM illustration.

In th e  i l lu s t ra t io n  t h a t  fo l lows,  th e  DPCM sy s te m ,  

p r e s e n te d  in the  previous chap te r ,  is again cons idered .  One 

additional modification to the sys tem  has been the leak fac tor  in 

the  t ransfo rm  and predictor matrices  R and P. It is worth  noting 

th a t  since the  DPCM does not haue a t r an s fo rm  s ta g e  ( the 

t ran s fo rm  m atr ix  of the  DPCM is a sca la r  of unity ualue), the 

leak fac to r  only a f fec ts  the  predic tor  matrix  P of  the  system. 

The p red ic t ion  in the  s y s te m  is ob ta ined  th rough  all four  

previously processed  picture e lem en ts  surrounding the  picture 

e lem ent being processed a t  the  current time, as shown in figure 

3.8. The used bit assignment is 2 bits per pixel.

Table 4.7 contains the values of s igna l- to -no ise - ra t ios  for 

the  low -de ta i l  Douglas image a t  d i f fe ren t  va lues  of  the  leak 

fac to r ,  ob ta ined  a t  the  ou tpu t  o f  the  t r a n s m i t t e r  (SNRT); and 

th e i r  co r respond ing  va lues  o b ta in ed  a t  th e  o u tp u t  of  the  

rece iver  (SNRR) a t  an average  probability of  e r ro r  -  0.801. Table 

4.8 conta ins  the  sam e information as tab le  4.7 fo r  the  high- 

detail  Lena image. Figs. 4.9 and 4.10 are graphic rep resen ta t ions  

of the information contained in tables 4.7 and 4.8.
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Table 4.7: Transmission er ror  e f fec ts  in a DPCM sys tem  for

the loui-detail Douglas image a t  d ifferent  ualues of

the leak factor.

Leak fac tor
Channel prob. of e r ro r  -  .881

SNRT (dB) SNRR (dB)
B.8B 31.822 38.854
B.81 38.478 38.178
B.82 31.868 38.933
8.83 29.734 29.419
B.84 38.154 29.836
B.85 38.298 29.868
B.86 31.987 31.467
8.87 32.488 31.853
8.88 32.148 31.583
8.89 32.219 31.317
8.98 31.887 38.326
8.91 31.381 38.552
8.92 31.344 38.618
8.93 32.481 31.574
8.94 32.168 31.294
8.95 32.553 31.341
8.96 33.489 32.823
8.97 32.556 38.154
8.98 31.681 29.265
8.99 32.328 28.868
1.88 31.583 17.334
1.81 Ouerfloui Ouerfloui
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Table 4.8: Transmission er ror  e f fec ts  in a DPCM sys tem  for

the high-detail  Lena image a t  d if ferent  ualues of the

leak factor.

Leak fac tor
Channel prob. of e r ro r  -  .001

SNRT (dB) |  SNRR (dB)
8.80 32.880 32.602
0.81 32.800 32.511
0.82 32.909 32.604
0.83 33.007 32.672
0.84 33.059 32.699
0.85 33.113 32.728
0.86 33.140 32.730
0.87 33.180 32.745
0.88 33.218 32.748
0.89 33.208 32.722
0.90 33.198 32.683
0.91 33.305 32.748
0.92 33.471 32.873
0.93 33.650 32.981
0.94 33.981 33.203
0.95 34.230 33.339
0.96 34.373 33.299
0.97 34.465 33.179
0.98 34.534 32.905
0.99 34.469 31.975
1.00 34.425 25.819
1.01 Ouerfloui Ouerfloui
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Figure 4.9: Signal-to-noise ratio a t  the output of the

receiuer  (SNRR) in a DPCM system  for  the Douglas 

image a t  d ifferent ualues of  the  leak fac to r  

(Pe -  0.001)
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Figure 4.1 B: Signal-to-noise ratio a t  the output of  the

receiuer  (SNRR) in a DPCM sgstem  for  the Lena 

image a t  different ualues of the  leak fac tor  

(auerage pe -  B.BB1).

Tables 4.9 and 4.18 contain the  ualues of  s igna l- to -no ise  

r a t io s  fo r  th e  Lena image,  ob ta ined  a t  the  o u tp u t  o f  the  

t r a n s m i t t e r  (SNRT), and the ir  corresponding ualues  obta ined  at 

the  ou tpu t  of the  rece iuer  (SNRR). The SNRR is a f fec ted  by some 

ualues  of  e r ro r  probabili ty  r a t e  pe during t r an sm iss io n .  The 

ualues considered fo r  pe are  B.B8, 8.B1, B.BB1 and 8.8BB1. Table
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4.9 conta ins  the  case  of  the  leak f a c to r  of 1.0. Table 4.10 

contains the case  of the leak fac tor  of 0.94.

Table 4.9: Transmission error  e f fec ts  in a DPCM sys tem  for 

the  leak fac tor  of 1.0 using the t e s t  Lena image.

Channel prob. 

of  e r ro r  (pe)

Leak fac to r  -  1.0

SNRT (dB) |  SNRR (dB)

0.000 E+00 34.741 34.741

1.103 E-04 34.741 33.050

1.075 E-03 34.741 31.434

1.009 E-02 34.741 24.199
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Table 4.1 B: Transmission er ror  e f fec ts  in a DPCM sys tem  for 

the leak fac to r  of 8.94 using the  t e s t  Lena image.

Channel prob. Leak fac to r  -  8.94

of e r ro r  (pe) SNRT (dB) I SNRR (dB)

8.888 E+8B 33.942 33.942

1.823 E-84 33.942 33.866

1.823 E-83 33.942 33.284

1.867 E-B2 33.942 28.751

Figures 4.11 and 4.12 p re se n t  the  com plete  and deta i led  

resu l ts  for  the  high-detail  Lena image, in graphical form (using 

more points than the  ones p re sen ted  in tab les  4.9 and 4.18), of 

the  improuem ent obtained ujith a DPCM sys tem  using the  leak 

fac to r  of  8.98 r a th e r  than of 1.8.
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Figure 4.11: Transmission e r ro r  e f fec ts  in a DPCM sys tem  for 

the  t e s t  Lena image using the  leak fac tors  

of 1.B (dashed line) and B.94 (solid line).
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Figure 4.12: Transmission er ror  e f fec ts  in a DPCM system, 

of the t e s t  Lena image, for  an extended 

probabil i ty-of-error  region (pe >.001) with the  leak 

factors  of 1.0 (dashed line) and 0.94 (solid line).

Figure 4.13 p re se n ts :  the  original t e s t  Lena image; the  

receiued image using the  leak fac to r  of 0.90 and a noisy channel 

enuironment with an e r ro r  probability of 0.001; and the  receiued 

image using the  leak fac to r  of 1 with the  sam e noisy channel 

enuironment,  to prouide a subjectiue eualuation of the scheme.
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(c)

Figure 4.13: Lena image: (a)Original (8 bits per pixel);
(b) Receiued image (snr-33.2) using the leak factor  
of 0.9 in a noisy channel (prob. of er ror  pe of 0.001);
(c) Receiued image (snr-31.4) using the leak factor  
of 1.0 in a noisy channel (prob. of er ror  pe of 0.001).
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4.3 Conclusions.

The preuious resu l ts  sugges t  tha t ,  for  a t ransmission in a 

n o ise - f ree  enuironment,  a 2x2 PTC sys tem  opera t ing  uiith the 

leak fac to r  of 1.B is the suitable selection. This sys tem, uiith this 

ualue of the leak factor, prouides maximum signal- to-noise  ratio 

ualues at  the  outputs  of the t r an sm it te r  and the receiuer.  On the 

o th e r  hand, for  transmission in a noisy enuironment,  the  results  

shoui th a t  the  selection of  a PTC sys tem ,  with  the  leak  fac to r  

ualued b e tw een  8.8 and 8.95, is preferable .  This modification in 

the PTC system, while decreasing the  s ignal- to-noise ratio a t  the 

o u tp u t  o f  th e  t r a n s m i t t e r  (SNRT), p roduces  a s u b s t a n t i a l  

im prouem ent  in s ig n a l - to -n o ise  ra t io  a t  the  o u tp u t  of  the  

rece iuer  (SNRR). The p resen ted  illustrations show tha t ,  in a noisy 

channel enuironment with an e r ro r  probability of 8.881, the re  is 

an improuement of about 5.5 dB for the  high-deta il  Lena image 

and about 7.5 dB for the low-detail  Douglas image.

From the  results  obtained, it is noted th a t  for  operat ion in 

a noisy enuironment, a SNRR-maximizing PTC sys tem  does not, in 

general,  maximize SNRT; and uice uersa ,  a SNRT-maximizing PTC 

sys tem  does not, in general,  maximize SNRR, as shown in figures 

4.14 and 4.15.
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Figure 4.14: Signal-to-noise rat ios a t  the ou tputs  of  the
t ran sm it te r  (SNRT) and rece iuer  (SNRR) for the 
loui-detail Douglas image (dashed line) and for the 
high-detail  Lena image (solid line) uersus the  leak 
factor.  The er ror  probability is 0.B01.
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Figure 4.15: Signal-to-noise ratios a t  the outputs  of  the
t ran sm it te r  (SNRT) and the receiuer  (SNRR) for the 
low-detail  Douglas image (dashed line) and for the 
high-detail  Lena image (solid line) uersus  the  leak 
factor.  The er ror  probability is 8.BB1.
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Chapter 5

COMPARISON OF THE PTC SYSTEM UIITH THE JPEG IMAGE 

COMPRESSION STANDARD

5.1 Introduction.

This ch ap te r  is organized in four par ts .  The f irs t  par t  is a 

b r ie f  in troduct ion  to the  JPEG Image Compression S tandard 

(Baseline System) and the la t te r ' s  most important fea tu re s .  The 

second pa r t  consis ts  of  a discussion of  the  importance o f  the 

appropria te  implementation of the  Discrete Cosine Transform for 

a high bit r a t e  u ihere th e  precision e r ro r  can com pare  in 

magnitude tuith the quantiza tion error.  The third par t  p resen ts  

r e su l t s  of the  JPEG Im age Compression S tandard  (Baseline 

Sgstem) simulation through the  use o f  tuio t e s t  images.  The 

fourth  par t  p resen ts  a comparison of performance b e tw e en  the 

JPEG Image Compression Standard and the PTC system.

5.2 JPEG Image Compression Standard.

The JPEG image com press ion  s ta n d a rd  a lgori thm is an 

in te rna t iona l  s tandard  deueloped during the  yea rs  1988-1991 

for  genera l-purpose  and the cont inuous-tone (e i ther  gray-scale  

or  color) types  of sti ll- image compression. It is the  work  of  the 

Jo in t  Photographic Experts Group (JPEG) which is an ISO/CCITT*

* International Standardization Organization /  Consultative Committee of 
the International Telephone and Telegraph.
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group of  technica l  e x p e r t s  in image coding [28,29,30]. The 

s t a n d a r d  a t t e m p t s  to su p p o r t  a w ide  v a r i e ty  o f  im age  

communication seru ices  and com pu te r  image applications.  It 

com prises  th ree  main com ponents .  The f i rs t  com ponent ,  the 

Baseline System, is the hea r t  of the compression s tan d ard  tha t  

is adeq u a te  for  most  image applications. The second component 

consists  of  a se t  of  fea tu re s  extended  from the  Baseline System 

in o rd e r  to sa t is fy  a b roader  range of applications, such as  the 

special fo rm a ts  of 12 -b i t -per-p ixe l  inputs  and seve ra l  o th e r  

n on -o rd ina ry  ca ses .  The third component is an independen t  

l o s s l e s s  m e th o d  fo r  a p p l ic a t io n s  w i th  a l o s s l e s s - t y p e  

req u irem en t  ( sy s tem s  th a t  may not be able to to l e ra t e  any 

change In pixel value). In all modes of operat ion,  the  s tandard  

handles color images in such a way th a t  each color component is 

encoded independently.

5.3 JPEG Baseline System.

Since this w ork  is considering images  with  a g ray- leve l  

r e p r e s e n ta t i o n  (8 bits  p e r  pixel), the  JPEG Baseline System 

s a t i s f i e s  all t h e  r e q u i r e m e n t s  fo r  a co m p ar iso n  o f  the  

per fo rm ances  of  the  PTC sys tem  and of  the  s tandard .  The JPEG 

Baseline System is shown in figure 5.1. The m a jo r  techniques 

incorpora ted  in it a re  the  8x8 Discrete Cosine Transformation 

(DCT), uniform quan t iza t ion  and Huffman coding [31]. The JPEG 

Baseline System provides  fo r  the  seq u en t ia l  build-up only.
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Progress iue build-up, the  a l te rna t iue  to sequen t ia l  build-up, is 

prouided by the  JPEG Extended System. It can accom m odate  

pixels w ith  8-b i t  r ep re se n ta t io n  or less  p e r  color-component.  

Higher precision pixels are  handled by the  JPEG Extended System.

TRANSMITTER

Normalization
8x8
block

TJuantTzer EncoderTransform

CHANNEL

RECEIVER

x ( k + l )

DCT Rounding
Huffman 
Encoding 

(AC & DC)

IDCT
Huffman 
Decoding 

(AC & DC)
Denormalizatioi

Decoder Inverse Transform

Figure 5.1: JPEG Baseline System.
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The JPEG Baseline System o p e ra te s  on an input image tha t  

has  been  p a r t i t io n ed  into 8H8 pixel blocks; each  block is 

in d ependen t ly  t r a n s fo rm e d  w ith  a DCT to  p roduce  an 8H8 

coeff ic ien t  a r ray .  The JPEG System uses  sym m etr ica l  DCTs in 

e i th e r  fo rward  or inuerse mode. The forw ard  symmetrical  DCT is 

defined as follows:

where:  C(u), C(u) -  q= for  u,u -  B; C(u), C(u) -  1 o therwise .

The top - le f t  e lem ent of  the 8h8 coefficient a r ray  is known 

as the  DC (zero-frequency)  coefficient,  which is proportional to 

the  a u e ra g e  b r igh tness  of  the  spa t ia l  block. The r e s t  o f  the  

e l e m e n t s  a re  RC c o e f f ic ie n ts  ( f r eq u e n cy  c o m p o n en ts )  in 

increasing order  to the right, as well to the  bottom, of  the array. 

Each coefficient is then independently quant ized  using a uniform 

quan t ize r .  The quan t iza t ion  opera t ion  is im p lem ented  in tw o  

s teps .  The f irst s tep  consists  of a normalization operat ion using 

a u se r -de f ined  normalizat ion matriH. Each e lem en t  o f  th e  8 h8 

coeff ic ient  a r ray  is normalized in a diuision opera t ion  by the  

corresponding e lem en t  of the  normalizat ion  matriM. R typical 

normalization matrix  used by JPEG, as par t  o f  the i r  work, is the 

following:
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(16 11 IB 16 24 48 51 6 1 \
12 12 14 19 26 58 68 55
14 13 16 24 48 57 69 56
14 17 22 29 51 87 88 62
18 22 37 56 68 189 183 77
24 35 55 64 81 184 113 92
49 64 78 87 183 121 128 181

V72 92 95 98 112 188 183 9 9 /
(5.2)

The second s tep  of the quant iza t ion  operat ion consists  of 

the  rounding of each normalized  coeff ic ien t  to the  n e a re s t  

integer.

After quantization, the DC coefficient is s epa ra ted  from the 

AC coeff ic ients  and is encoded differentially from the  previous 

block's DC te rm  through the follouiing relation:

Diff DC(i) -  quantized DC(i) - quantized DC(i-1) (5.3)

JPEG uses  a zigzag reordering as pa r t  of  its procedure for 

th e  conue rs ion  of  th e  f re q u en c y  c o m p o n e n ts  o f  th e  2-  

d imensional a r ray  into a 1-d im ensional  a r ray  and fo r  the i r  

o rg an iza t io n  in ascending  o rder .  The z igzag  reo rd e r in g  is 

indicated by the follouiing kind of matriH, uihere the e lem ents  in 

the  matriK indicate  the  o rd e r  used  in th e  se lec t ion  of  the  

elements.
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/DC 1 5 6 14 15 27 2 8 \
2 4 7 13 16 26 29 42
3 8 12 17 25 38 41 43
9 11 18 24 31 4B 44 53

IB 19 23 32 39 45 52 54
2B 22 33 38 46 51 55 6B
21 34 37 47 5B 56 59 61

V35 36 48 49 57 58 62 6 3 /
(5.4)

The differential  DC coefficient and the  RC coefficients  are  

encoded separa te ly  through the use  of tuio d if fe ren t  Huffman 

tables:  one DC Huffman table for  the  dif ferentia l  DC te rm s  and 

a n o th e r  RC Huffman table  fo r  th e  RC coeff ic ient  te rm s .  The 

Baseline System can opera te  e i ther  on default  Huffman tables or 

on custom Huffman tables,  for  the  RC and the  DC te rm s.  For the 

comparison of the  performances of the PTC sys tem  and the JPEG 

Baseline System, custom Huffman tables,  specific for  the  image 

being encoded,  haue  been employed. The bit s t r e a m  is then 

t ran sm it ted  to the  receiuer, w here  the  inuerse operat ion takes  

place for  the reconstruction of the  original image. The receiued 

bit s t r e a m  is Huffman decoded and the  2-dimensional array  of 

q u an t ized  DCT coeff ic ien ts  is reco u e red .  Sequential ly ,  each 

c o e f f i c i e n t  is d e n o rm a l iz e d  by m ult ip ly ing  it w i th  th e  

corresponding elem ent of the normalization matrix. Finally, the 

denormalized coefficient array is inue rse - t rans fo rm ed  by using 

the  JPEG backward symmetrical DCT tha t  follows:
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f(K,y) - ^ C ( u )  CCu) £  £  F(u,u) c o s ( (2w*l̂ u,r) c o s ( (2a*l6)uTr) (5.5)
u=0 v=0

inhere: C(u), C(u) -  ^  for  u,v -  0; C(u), C(u) -  1 otherwise .

Once the  p rocess ing  of  all blocks is com ple ted ,  the  

recons truc ted  image is available at  the decoder. Both the  signal- 

to -n o i s e  ra t io  and the  bit r a t e  depend  on the  am oun t  of 

quantization, which is controlled bg the normalization matrix.

5.4 Implementation of the Discrete Cosine Transform.

The direct computation of the full 2-dimensional DCT results  

in a reduced number  of  m a them atica l  operat ions.  Rn a l te rn a te  

method is the  exploitation of the  separabili tg  propertg  of the  2- 

d imensional DCT in o rd e r  to ca r ry o u t  th e  com puta t ion  as a 

sequence of two 1-dimensional DCT operat ions.  Although such an 

a l t e r n a te  m ethod  is usually m ore ineff icient in t e rm s  of  the  

n u m b e r  of  m a th e m a t ic a l  o p e ra t io n s ,  th e  reduc t ion  o f  the  

com pu ta t ion  t im e is no longer  the  pr im ary  issue .  In s tead ,  

computation time forms par t  of  a group of m a jo r  considerations 

th a t  a re  linked to the par t icu lar  application. Future projections 

in d ic a te  ev e n  m ore  a d v a n c e s  in th e  r e d u c t io n  o f  th e  

computation time. UJe have found tha t  the direct implementation
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of the  forward  and inuerse DCT introduces some precision er ror  

th a t  for  high bit r a te s  is comparable to the  quant iza t ion  error.  

The second approach, on the  o the r  hand, possesses  the quality of 

being a w e l l - s t ru c tu re d  m ethod  th a t  is su i tab le  fo r  a good 

ha rd w are  implementat ion.  Based on the  aboue fac ts ,  w e  haue 

se lec ted  the second method for the comparison of performance. 

The genera l  form of the  forw ard  and inuerse  DCT in separab le  

form is as follows:

0 = fl H BT 15-6)

H = flTen (5.7)

w here  H is a block of the  input signal; 0  is the  corresponding 

t ran s fo rm  coeff ic ient array;  and fl is a m atr ix  r e p r e s e n te d  in 

closed form as:

r b i T
b2T

\

V b2T )

(5.8)

The rows of  the  matrix  fl consist of the  t ranspose  basis uectors  

o f  a 1-d im e n s io n a l  DCT r e p r e s e n t a t i o n .  They fo rm  an 

orthonormal se t  of  basis uectors ,  i.e.,
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1 for  i -  J
(5.9)bjT bj

I B otherwise .

O rthogona l i ty  t e n d s  to d e c o m p o se  an input  s igna l  into 

uncorre la ted  components.  Orthonormality is a s t ronger  property  

in the  se n se  tha t ,  additionally, it m akes  the  av e ra g e  sum of 

var iances  of  the  t rans fo rm  coeff ic ients  equal to the  ave rage  

sum of the  variances of  the corresponding input signal samples. 

This also implies t h a t  the  a v e ra g e  e r r o r  va r iance  o f  the  

recons truc ted  signal is equal to the  e r ro r  variance introduced by 

the  quant iza tion operat ion of  the transform  coefficients .  In the 

separable  2-dimensional transformation  the  basis uectors ,  when 

multiplied in pairs, g en e ra te  a group of  m atr ices  known as the 

se t  of basis  images,  i.e.,

The se t  of bas is  im ages  spans  a v ec to r  space  of images: any 

input image can be rep resen ted  as a weighted sum of the  se t  of 

basis images, w here  the  w eights  a re  ju s t  values of t ransfo rm  

coe ff ic ien ts .  For th e  JPEG s ta n d a rd ,  the  t r a n s p o s e  column 

v e c to r s  b|T of  the  matriH fl a re  of  1x8 dimensionali ty  with 

numerical values as shown below:

Bij -  b| bjT (5.1 B)
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o/Fcos'2r?> VFc°*(2ir? ' ■ • • VF005'21!!311' /
(5.11)

The basis  im ages  of  the  JPEG s ta n d a rd ,  linearly scaled for  a 

gray-leuel representa t ion ,  are shown in figure 5.2.

The I SO/1 EC JTC1 /SC2/UJG10 Photographic Image Coding 

Com m ittee  [32] provides a com ple te  descr ip t ion  of  all the 

f e a t u r e s  of th e  JPEG s tan d a rd  (including th e  JPEG Extended 

System).



Figure 5.2: Basis images of the 8«8 discrete cosine transform.
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The re su l t s  o f  applying the  JPEG s ta n d a rd  to tuio t e s t  

images are  summarized in table 5.1. One of  th e se  images is the 

high-detail  image Lena. The o the r  is the  low-deta i l  NTSC image 

Douglas. In f igures 5.3 and 5.4, th e re  is a p re se n ta t io n  of  a 

his togram of  the original format (8 bits p e r  pixel) of th e se  tuio 

t e s t  images.

Table 5.1: JPEG Standard results  for Lena and Douglas images.

BIT RATE 

Bits/pixel

LEND

SNR(dB)

DOUGLRS

SNR(dB)

0.25 32.233 36.180

0.50 35.050 41.200

0.75 36.704 43.309

1.00 37.972 44.616

1.25 38.990 45.362

1.50 39.897 46.095

1.75 40.747 46.530

2.00 41.490 47.184

2.25 42.345 47.682

2.50 43.042 48.585
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Figure 5.3: Original image histogram of Lena.
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Figure 5.4: Original image histogram of Douglas.
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5.6 Comparison of performance.

In carrying out a performance comparison be tw een  the PTC 

sys tem  and the JPEG standard, the JPEG s tandard  is implemented 

using the  normalization matrix  giuen aboue. In o rder  to be able 

to carry  out a meaningful p e r fo rm ance  comparison,  th e  PTC 

s y s te m  is des igned  with  the  sa m e  modified Huffman code 

implementation used by the  JPEG standard .  The DC Huffman table 

is used  to encode the most  ene rge t ic  coeff ic ient  e r ro r  a t  the  

input of the  quant izer  in the PTC system . The RC Huffman table is 

u sed  to encode  the  r e s t  of  th e  coe f f ic ien t  e r ro r s  of  the  

t ransform ed block. Rlso, the JPEG quant izer  is included in the PTC 

sys tem  with the  normalization matriH giuen below:

QCiJ)

f 3 7 23 27 \

11 19 31 55

15 35 47 55

V 39 43 59 63 y

(5.12)

Figure 5.5 shows a block diagram of  the  PTC sys tem  as it is used 

fo r  the  p e r fo rm a n ce  com parison .  The s ig n a l - to -n o i s e  ra t io  

ualues are  computed in all cases  from image windows with: (a) 

top row equal to 15; (b) bottom row equal to 498; (c) left  column 

equal  to 15; and (d) right column equal  to  498. Table 5.2 

summ arizes  of the most important results  obtained for  the  two 

t e s t  images.
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Figure 5.5: Predictiue Transform Coding Sgstem.
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Table 5.2: Performance of JPEG Standard and 4 h4 PTC system 
for different bit ra te  ualues with Lena image.

Bit Rate 

Bits/pixel

JPEG Stand. 

SNR(dB)

PT(4X4)

SNR(dB)

8.25 32.233 31.485

8.58 35.858 35.244

8.75 36.784 37.824

1.88 37.972 38.364

1.25 38.998 39.451

1.58 39.897 48.486

1.75 48.747 41.389

2.88 41.498 42.259

2.25 42.345 43.813

2.58 43.842 43.975

Figure 5.6 p resen ts  a graphical in te rpre ta t ion  of  the results  

p resen ted  in table 5.2. Figure 5.7 p re sen ts  the  image of  Lena in 

original form (8 bits  pe r  pixel). Figure 5.8 show s  288x288 

w indow s of  the  reco n s t ru c ted  Lena im ages ,  using the  JPEG
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s tandard  on the left  and the 4x4 PTC sys tem  on the  right, a t  bit 

r a te s  of 8.25 and 1.8 bits per  pixel.

40

i
s

C/J

0.5 2.5
Bits per pixel

Figure 5.6: Performance of JPEG Standard (dashed line) and 
4x4 PTC system (solid line) uiith Lena image.
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Figure 5.7: Original Lena image.
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(c) (d)

Figure 5 . 8 :  Reconstructed Lena: (a) JPEG Standard and (b) 4 h 4  

PTC system at 0 . 2 5  bits per pixel; (c) JPEG Standard 

and (d) 4 h 4  PTC system at 1 . 0 0  bit per pixel.
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5.7 Conclusions.

The re su l t s  of tab le  5.2 show th a t  the  4x4 PTC sy s tem  

prouides an excellent a l te rna t iue  to the  JPEG Standard. The 4x4 

PTC sys tem  is comparable to the  s tandard  in te rm s of s ignal- to-  

noise ra t io  and prouides subs tan t ia l  sauing in complexity  by 

processing blocks of size 4x4 r a th e r  than 8x8.
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Chapter 6

STRIP PROCESSING RND OUERLRP SCANNING FOR REDUCING 

BLOCKING EFFECT IN IMAGE CODING

6.1 Introduction.

Strip p ro ces s in g  is a s imple and  e f f ic ie n t  te ch n iq u e  of 

parti t ioning and scanning images in u ec to r  predic tiue coding 

schem es like the Predictiue Transform Coding (PTC) system. The 

image is parti t ioned in blocks of picture elements  (piHels) inhere 

each block consis ts  of seuera l  rouis and only one column. The 

encoding of the  image is perform ed sequentia lly  from left to 

r ight  and from top  to  bo t tom .  The par t i t ion  and scanning 

procedure is combined uiith the  ouerlapping of one or more lines 

in o rder  to reduce the edge problem in image coding. The picture 

e l e m e n ts  cons idered  fo r  p redic t ion  a re  the  e l e m e n ts  right 

behind the  block being processed,  as indicated by the  symbol B 

on the  le f t  of  th e  process ing  uiindoui in f igure  6.1. Strip 

processing ta k es  aduan tage  of the  close proximity th a t  exists  

b e t w e e n  the  pred ic t ion  p ic tu re  e l e m e n ts  and the  p ic tu re  

e lem ents  being encoded in order  to achieve a high correlation.

The str ip processing technique is also ualid for  a partit ion 

uihere each picture e lem ent  block consists  of  seuera l  columns 

and only one row, with a horizontal scanning th a t  overlaps one 

column during the  processing  of each block. For this kind of
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partit ion, a horizontal strip processing uiindoui uiith prediction 

pic ture e lem en ts  on top of it is used. Other uar ia t ions  of the 

procedure are  also possible.

X X X X X X X X X X X X X

X X X X X X X X X X X X X

X X X 0 X X X X X X X X X

X X X 0 X X X X X X X X X

X X X 0 X X X X X X X X X

X X X 0 X X X X X X X X X

X X X 0 X X X X X X X X X

X X X 0 X X X X X X X X X

X X X 0 X X X X X X X X X

X X X X X X X X X X X X X

X X X X X X X X X X X X X

X X X X X X X X X X X X X

X X X X X X X X X X X X X

Figure 6.1: Strip processing uiindoui. The e lements  identified 

bg the  sgmbol 0 on the left of the  processing 

uiindoui are  used for prediction.
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Scanning an image using a large strip processing uiindoui 

and ouerlapping one line during each trace  hardlg improues the 

s igna l- to-noise  ratio a f t e r  the ouerlapped lines are  replaced by 

the ir  aue rage  at the receiuer.  Houieuer, the technique improues 

th e  im age  qua l i ty  su b s ta n t ia l ly  b e c a u se  of  a s ign if ican t  

reduction in the edge problem. The approach is a uery useful one, 

especially  at  loui bit r a t e s  uihere the  edge problem is more 

seuere .  The edge problem is focused in tuio directions. In the 

uer t ical  direction, it is reduced  by aueraging  the  ouerlapped 

lines. In the  horizontal  direction (scanning direction), it is also 

reduced  by the  ac c u ra te  predic tion ob ta ined  from th e  close 

proKimity th a t  ex i ts  be tu ieen  the  prediction and the  encoded 

picture e lements .

6.2 Strip Processing Implementation.

Rn image is encoded by scanning it in its original form uiith 

th e  uer t ica l  s t r ip  p rocess ing  uiindoui conta in ing  7 p ic tu re  

e lem ents ,  as shouin in figure 6.1. The strip processing uiindoui 

couers  all the  blocks of  p ic ture  e lem e n ts  sequen t ia l ly  as  it 

m oues  ac ross  the  image from left  to  right and from top  to 

bottom. The picture e lem ents  indicated by the  symbol 0 on left 

of the processing uiindoui are  used in the  prediction of the  block 

cu r ren t ly  being p ro c e s sed  (e le m en ts  inside the  process ing  

uiindoui). Each block of 7 rouis and 1 column is r e p re s e n te d  as 

the column uec tor  x uiith 7 e lements .  The picture e lem en ts  used
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for  prediction are  the 7 pixels right behind the  str ip  processing 

uiindoui and are  rep resen ted  bg the  column uec to r  z.

The s e c o n d -o rd e r  s ta t i s t i c s  used  in the  design o f  the  

pred ic tor  and transfo rm  matrices  P and R of the  PTC sys tem  are 

obta ined by using the s ta tis t ical  model described in 2.3 aboue:

EUxj'j.CMxj+yj Kh-CJl -  (Paug-C2) (pD) (6.1)

D -  V(1.0v)2+hi  (6.2)
u ihere  it is a ssum ed  the  correla t ion  coeff ic ien t  p -  8.97, the  

a u e ra g e  pouier  Paug ■ 12BB and a m ean  uaiue of the  pic ture 

e lem en ts  C «B. The coefficient o f  f.B in the  Euclidean d is tance 

express ion  D considers the  case  of  an image uiith uertical  and 

hor izon ta l  d is tance  s e p a ra t io n s  th a t  a re  equal  in m agnitude  

b e tu ie e n  th e  a d j a c e n t  p ic tu re  e l e m e n t s .  The t e s t  im age 

cons idered  is the  h igh-deta i l  Lena image. The s ta t i s t ic s  for  z 

(past encoded picture e lements)  a re  assum ed to be equal to the 

s ta t is t ics  for x (picture e lements  currently being processed).

The second-order  s ta t is t ics  obtained for this example are:
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E { x (k + l)x « (k )} -

12BB.0 1164.0 1129.1 1095.2 1062.4 1030.5 999.6
1164.0 1200.0 1164.0 1129.1 1095.2 1062.4 1030.5
1129.1 1164.0 1200.0 1164.0 1129.1 1095.2 1062.4
1095.2 1129.1 1164.0 1200.0 1164.0 1129.1 1095.2
1162.4 1095.2 1129.1 1164.0 1200.0 1164.0 1129.1
1030.5 1162.4 1095.2 1129.1 1164.0 1200.0 1164.0
999.6 1030.5 1162.4 1095.2 1129.1 1164.0 1200.0

(6.3)

E { z(k + l)zK k )} «

1200.0 1164.0 1129.1 1095.2 1062.4 1030.5 999.6
1164.0 1200.0 1164.0 1129.1 1095.2 1062.4 1030.5
1129.1 1164.0 1200.0 1164.0 1129.1 1095.2 1062.4
1095.2 1129.1 1164.0 1200.0 1164.0 1129.1 1095.2
1162.4 1095.2 1129.1 1164.0 1200.0 1164.0 1129.1
1030.5 1162.4 1095.2 1129.1 1164.0 1200.0 1164.0

999.6 1030.5 1162.4 1095.2 1129.1 1164.0 1200.0

(6.4)
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E { x (k + l ) z lOO)“

1164.0 1149.4 1121.0 1089.8 1058.4 1027.4 997.1
1149.4 1164.0 1149.4 1121.0 1089.8 1058.4 1027.4
1121.0 1149.4 1164.0 1149.4 1121.0 1089.8 1058.4
1089.8 1121.0 1149.4 1164.0 1149.4 1121.0 1089.8
1058.4 1089.8 1121.0 1149.4 1164.0 1149.4 1121.0
1027.4 1058.4 1089.8 1121.0 1149.4 1164.0 1149.4

997.1 1027.4 1058.4 1089.8 1121.0 1149.4 1164.0

(6.5)

The o p t im u m  p r e d i c t o r  and  t r a n s f o r m  m a t r i c e s  

corresponding to the  aboue s ta t is t ics  are:

-0.022 -0.060 0.125 0.230 -0.361 -0.467 0.403
0.036 0.083 -0.121 -0.075 -0.090 -0.328 0.337

-0.049 -0.063 -0.035 -0.197 0.170 -0.203 0.379
0.055 0.000 0.127 0.000 0.296 0.000 0.392

-0.049 0.063 -0.035 0.197 0.170 0.203 0.379
0.036 -0.083 -0.121 0.075 -0.090 0.328 0.337

-0.022 0.060 0.125 -0.230 -0.361 0.467 0.403

(6 .6 )
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-8.129 -8.255 8.365 8.458 -8.498 -8.475 8.328

8.335 8.518 -8.462 -8.176 -8.184 -8.448 8.375
-8.479 -8.488 -8.131 -8.589 8.291 -8.271 8.418

8.532 e.eee 8.522 8.888 8.516 8.888 8.422

-8.479 8.488 -8.131 8.589 8.291 8.271 8.418
8.335 -8.518 -8.462 8.176 -8.184 8.448 8.375

-8.129 8.255 8.365 -8.458 -8.498 8.475 8.328

(6.7)

Table 6.1 summarizes  the results  of this example for  an auerage  

bit assignment of 1 bit per  pixel. The s ignal- to-noise  ratio ualues 

haue been computed from image uiindouis in all ca ses  with (a) 

top row equal to 15, (b) bottom row equal to 498, (c) left column 

equal to 15, and (d) right column equal to  498. The qu an t ize r  

banks used are of the Llogd-Max tgpe.

Table 6.1: Performance 1 bit per  pixel with Lena image of:
7x1 PTC sgstem without overlap (Classical); 7x1 PTC 
sys tem  with overlap; and 7x1 PTC adaptive system  
with overlap.

Scheme Bits/pixel Image SNR

Classical 1 Lena 32.95
Overlap 1 Lena 33.65
Overlap/Rdap. 1 Lena 35.78
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6.3 Comparison Between The PTC System Ulith Strip Processing 

Window find The JPEG Baseline System.

The JPEG standard  was implemented with the  normalization 

matriH giuen below:

(\ 6 11 18 16 24 40 51 61>*
12 12 14 19 26 58 60 55
14 13 16 24 48 57 69 56
14 17 22 29 51 87 80 62
18 22 37 56 68 109 103 77
24 35 55 64 81 104 113 92
49 64 78 87 183 121 120 101

VJ2 92 95 98 112 100 103 9 9 /
(6.8)

The previous normalizat ion  m atr ix  w as  used  by JPEG as 

par t  of  the ir  work. The JPEG Baseline System is shown in Fig. 6.2.

in o rde r  to be able to carry out a meaningful comparison 

b e tw e e n  the  JPEG Baseline System and the  PTC sy s tem ,  the  

l a t t e r  w a s  des igned  with  the  sam e  modified Huffman code 

implementat ion used by the JPEG standard .  The DC Huffman table 

is used to encode the most  energe t ic  coeff ic ient e r ro r  a t  the  

input of  the  quan t ize r  in the PTC system . The RC Huffman table is 

u sed  to encode  th e  r e s t  o f  t h e  coe f f ic ien t  e r ro r s  o f  th e  

transfo rm ed  block. Rlso, the JPEG quant izer  is included in the PTC 

sys tem  with the  normalization matrix giuen below:
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f  Z \  
12 

14 
16
17
18 

v 1 8  J

(6.9)

TRANSMITTER

x ( k + l )

Normalization
8x8
block

EncoderQuantizerTransform

DCT
Huffman 
Encoding 

(AC & DC)
Rounding

CHANNEL

RECEIVER

x ( k + l )

IDCT
Huffman 
Decoding 

(AC & DC)
Denormalization

Decoder Inverse Transform

Figure 6.2: JPEG Baseline System.
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Figure 6.3 shows a block diagram of  the  PTC sgs tem  as it is used 

fo r  th e  com par ison .  The s ig n a l - to -n o i s e  r a t io  u a lu es  a re  

computed from image windows with; (a) top row equal to 15, lb) 

bottom row equal to 498, (c) left column equal to 15 and (d) right 

column equal to 498 in all cases .  Table 6.2 summ arizes  the  most 

important results  obtained using the Lena image.

Figure 6.4 contains a graphical in te rp re ta t ion  of the results  

p r e s e n te d  in tab le  6.2. Figure 6.5 show s 2B8h20B windows 

(cen te red )  of  the  r e c o n s t ru c te d  Lena image using the  JPEG 

s tan d ard ;  the  7x1 PTC sgs tem  with ouerlap; and the  7h 1 PTC 

sgs tem  without ouerlap, at  a bit r a te  of 0.5B bits per  pixel for all 

th ree  cases.
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x(k+l)

TRANSMITTER

* 0 0  ^ JPEG 6c(k) Huffman 
Encoding 

(AC & DC)
K Quantizer

Transform

c(k+l)

Memory

x(k+l)

Predictor Estimator

CHANNEL

x(k+l) RECEIVER
Huffman 
Decoding 

(AC & DC)

Figure 6.3: Predictiue Transform Coding Sgstem.
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Table 6.2: Performance of JPEG Standard, 7h1 PTC sys tem
mithout ouerlap and 7h1 PTC sys tem  uiith ouerlap, for 
d ifferent  bit r a te  ualues uiith Lena image.

Bit Rate 

Bits/pixel

JPEG Stand. 

SNR(dB)

PT(7X1)/ 
(No Ouerlap)

SNR(dB)

PT(7X1)/ 
(Ouerlap)

SNR(dB)

8.58 35.858 33.438 34.338

8.75 36.784 36.625 37.272

1.88 37.972 38.497 39.233

1.25 38.998 48.180 48.513

1.58 39.897 41.269 41.626

1.75 40.747 42.287 42.534

2.88 41.498 43.305 43.592

2.25 42.345 44.272 44.534

2.58 43.842 45.546 45.795
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Figure 6.4: Performance of JPEG Standard (dashdotted  line);
7x1 PTC system  without ouerlap (dashed line); and 
7x1 PTC system with ouerlap (solid line) using Lena 
image.
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(c)

Figure 6.5: Reconstructed Lena image a t  0.50 bit per  pixel:

(a) JPEG Standard; (b) 7x1 PTC system uiith ouerlap; 

and (c) 7x1 PTC system uiithout ouerlap.
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R m ore  a p p ro p r ia te  no rm al iza t ion  matriH fo r  the  PTC 

sys tem  using the JPEG quant izer  is the folloming:

Q(iJ)

r
log O. log O , log C  log CL 

10 1 10 2  10 O 10 l’ lO 2

10

10

10

log a ,  log a ,  log log a , ,
e 10 3 °10 5 °10  » °10 13

log a. log oQ log a10 log a.. 
°10 4 10 9 °10  12 °10 1410

. log O m log O ,, log a , -  log O .,  ,
\  °10 10 °10 11 10 15 °10  16 /

(6 . 10)

Each e lement of  the aboue normalization matrix is the reciprocal 

of the  logarithm of  the uariance of the  corresponding t ransform 

co e f f i c ie n t  e r r o r  to  be no rm al ized .  In th is  m ay th e  bit 

ass ignment is re la ted  to the  amount of energy of  each particular 

t r an s fo rm  coeff ic ient  error.  Transform coeff ic ient  e r ro rs  mith 

more energy  (large uariance) a re  assigned more bits than  the 

ones mith less energy.

Table 6.3 sum m arizes  the  results  of  an example using the 

aboue  norm aliza t ion  m atr ix  mith a uer t ica l  s t r ip  processing
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window containing 16 picture e lem ents .  Figure 6.6 contains a 

graphical in terpreta t ion  of the results  p resen ted  in table  6.3.

Table 6 .3 : Performance of JPEG Standard, 16 h 1 PTC sgstem
without ouerlap and 16m 1 PTC system  with ouerlap, for  
different bit ra te  ualues with Lena image.

Bit Rate JPEG Stand. PT(16X1)/ 
(No Ouerlap)

PT(16X1)/ 
(Ouerlap)

Bits/pixel SNR(dB) SNR(dB) SNR(dB)

0.50 35.050 35.006 35.293

0.75 36.704 36.954 37.270

1.00 37.972 38.597 38.741

1.25 30.990 39.839 39.944

1.50 39.897 40.916 40.979

1.75 40.747 41.980 41.988

2.00 41.490 42.835 42.830

2.25 42.345 43.737 43.702

2.50 43.042 44.697 44.730
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Figure 6.6: Performance of JPEG Standard (dashdotted  line);
16h1 PTC system  without ouerlap (dashed line); and 
16h1 PTC system  with ouerlap (solid line) using Lena 
image.
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Chapter 7

CONCLUSIONS RND IMPLICATIONS FOR FUTURE RESEARCH

I. Conclusions.

The adap t iue  problem has been  ad d res sed  by using only 

tw o  banks  of  quan t ize rs .  It has  been found th a t  an additional 

increase in the  number of banks (3 or more) leads to increases in 

the  s igna l- to -no ise  ratio and in image quality. The improuement 

accompanying such additional inc reases  is rela t ively  small (a 

fraction of a dB) and does not ju s t i fy  the additional complexity 

of the  system.

If opera t ion  n e a r  to a n o ise - f r e e  env i ronm ent  can be 

g ua ran teed ,  then a PTC sys tem  with a leak f a c to r  of 1 provides 

th e  h ighes t  s ig n a l - to -n o ise  ra t io  as  well as  the  b e s t  image 

quali ty .  On th e  o th e r  hand, if t h e s e  env i ronm en t  conditions 

cannot be guaran teed ,  then the PTC sys tem  with  a leak fac to r  of 

about B.9B is the bes t  choice.

The str ip processing technique in PTC provides a simple and 

e f fec t iv e  approach for  the  reduct ion of the  edge  problem in 

image coding. It does not require an overhead in the  bit r a te  and 

the  increase in cost and complexity is small.

II. Implications for fu ture  research.

Rdditional compression in the  bit r a te  can be achieved from 

th e  com binat ion  of  th e  ad a p t iv e  PTC s y s te m  and the  JPEG 

Huffman Coding techn ique .  Such a co m p ress io n  is highly
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des irab le  fo r  s e v e ra l  spec ia l ized  app l ica t ions  in e lec t ron ic  

imagery, of  uihich high definition television (HDTU) is an example.

Since the  PTC sys tem  includes vec to r  prediction as  tvell as 

t ransform coefficient errors  constrained to be uncorrela ted uiith 

zero  mean, the  coefficient errors  tend to concen tra te ,  and peak, 

n e a r  the  0 value.  On th e  o th e r  hand, the  Laplacian dens i ty  

function has proved to a be an appropria te  modeling expression 

for the  e r ro r  signals at  the  input of  the quan t ize r  in DPCM [331. 

Based on th e s e  f ac t s ,  the  im p lem en ta t io n  of  a Lloyd-Max 

q u an t ize r  in the  PTC sys tem  assuming coeff ic ient e r ro r  uiith a 

Laplacian distribution, and including q u an t ize r  gains controlled 

by the  co e f f ic ie n t - e r ro r  s ta n d a rd  deviat ion ,  s e em s  to be an 

excellent adaptive scheme.
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