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The image transmission problem 1s mtroduced as well " ‘
as the more 1mportant d1g1ta1 processmg techniques for image /

,
4

bandwidth compression given, These d1fferent methods are then
-examined as to their rela.twe merits and. d1sadvantages. A study.
of pel amplitude frequency dxstnb,utlons a.nd pel d1fference
a.mplitude distribytions is then made, usmg standard d1g1t1zed
images. Fro_m.these r.‘;esults, companded DPCM followed by
negacyclic coding is c}'xqsen as the source coding scheme to be
investigated. A companded"DPCM imé.ge proc‘essing and trans- - |
mission system is then simulated. 'The,reSultiné‘picture‘s are
presented, along with a proposal for a system incé‘rpora.ting‘ a .

ne gacyélic ‘codec.
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" analog-to-digital

bit error rate
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Fourier transformation
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slant transformation
spatial transform coding

transform domain .
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consideration is that of reducing information transmission require- \

A

1. -Introduction :

o

CY——_— )

As the complexity of a s>:iety increases, the amount of
in.formation required for preservaﬁon- of its exis_fénce increases. |
This is in fact tfue of our highly technological societ-y, where the
increase in inforfmmation is truly explosive, whet}mer it be in the

fields of commerce, law, sicence Or even entertainment. This poses

related problems of first ‘storing this huge mass of data and secondly, o S
that of, ‘whenever required, efﬂc1entlytransm1tt1ng parts ofthis infor-
mation to appropnate users The word "efficiently"is veryimportant

since if no effort is made to reduce the amount of non- essentlal lnforrnatlon or

redundancy-transmitted, communications channels will soon become

P

overtaxed nearlfr as fast as they can be established. This applies as

R N . P a
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significantly to data storage chapnels: if t'he-redunda'ncy in a given

R e Rl

[
Y

armount of data is reduced then that amount of data will have- reduced

P

stc/ra.ge requirements,; oOr egaivalently, more data can be stored

‘!l\'n'nun re
IR L Y

in a given st_ora.ge' area. . In this report, the problem under
\

-
ments for certain classes of signals. .
: ~

The process of reducing the redundanc’y in an arbitrary
X
signal will result in its bandwidth bemg defsed or equivalently

to-a reduction in its transmission rate or itf storage requirements.

The phrase bandwidth cgmpr{s’sion (BWC) will be assumed hereon

o

to imply all of g above considerations.
s % .

, ,
/” Much of the information flow in to-day‘s communications is . .
in the form of vmua.l data,. the most obv10us example being cormvi - .
c1a.1 television systems dthers are closed- cxrcmt television, spacecraft

picture ti’anqrnlsslo:i systems and facsimile. The use of these facilities
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would tend to increase if these_commdnication systems weTe more .
‘ efficient, énd hence tlran.srh'ission‘ ciﬁicker and cheaper,. Alsb, the
Hier'archies of available systems would proliferéte‘; clearly not

every user would be interested in\say altelevislon systém transmit-
ting 30 framesl/s, the standard co}‘nmercial rate, if the visual data

to be examined is some fixed image. To ma,ke ti'xis even cle‘af_er,
conmder the difference in req_ulrements for transmitting a sound
motion picture and a series “of slides with a runmng commentary. -
) Obvmusly, the second case would require a much lower frame rate,

| and so it would be a waste of money and channel band*ndth to use a

standard T v cham'ael.

The type of users who may -bq expected to.exhibit interest
in such a “siow" TV systen:u might be p,i:ofessiOna.ls need'ing to cor.nsult
graphu:al data during a telephone conver sation, or commercxal
concerns requu-mg coples of charts; documents, etc. ‘The ava1lab1hty
- of reac'cmably quick transmission channels for wsual data wounld enable

for example branch offices to reduce the overhead required for

stori'dg much of their wisual informatioa since it could be 1qéé.ted

at a central office and ehsily dccessed by all branch offices.

Visual signals are among the most information - rich and

. highly red:undzint signals known [ 1] .\ This is conceptu‘a.lly clear

if we exa.mme an aqb1trary image: most of the mfo:-ma tion re sxdes

in the contours~of ob_]ects rather than in ‘the actual grey level of the obJect.
Hence the aress ofa p:i:tureexh1b1t1ng the least mformatmn i. €.

the areas of only gradual change in grey level, wl'nch c0mpr1se the

major pornon of most pictures,is highly redundant. SI\Q.S will be

more thorough}ly explained in section 3.

Thus image signals'are nat;lra.l-ly of great interest from the
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d‘a.ta. compressmn vmewpo(-t. Source coding can usually be applied”
to great advantage to xmage sources in order to reduce theu-
redundancy and so to reduce their transm1551on ra.te (or eqéiva-
lently,.reduce the Lmage| bandwidth, or compress the data) .. This
‘results in a much more eff1<:1ent‘ use of a.va.113b1e cl}annel bandwidth,
ard'a reduction in information transm1ssmn\costs., -For reasons of

convemence and co st, the actual redundancy reduction can be done -

digitally, in a software environment. ' N

~In an earfier report (2] the more impertant digital image

r

g

processing techniques folr BwC were examined from a theoretical
- rather than an engineering viewpoint.‘ In this report, engineering .

considerations will be stfessed in comparing various processing methods. q

Y
-

Frofn these comparisons and measu&'ements of some basic ima‘ge X
Statlst1cs. a. system is described which has been simulated on. a; ‘

"PDP 8 mxmc&@nputer at the University of Otta.wa Simulation was .
used instead of a hardwar[e 1mp1ementatxon since changes in overall

conf1gurat10n and in algonthms can more convemently and cheaply

‘be effected us1ng s\oftware rather than hardware. - f

&

: The short -term gOal of th1s project is to devel;a practical |
digital image poocessing system ‘which can be used for B

C of slow-
scan television transmissionpdin an analog form) through a narrow-band
voice _channel. This report‘includes a preliminary proposal _for such
a system. What is to be.devélo'ped is essentially a system which, |
using a slow-scan TV unit as an analog image source,will effect an
A/D ¢onversion on the p1cture signal, digitally process the resultmg
digital signal for redundancy reduction, then reconvertit to an analog

signal for transmission through an analog channel in as short a‘time



= computer. -

as pos siblé-. This must be accomph shed whﬂe retammg the
or1gmal image quahty The 1mage reQOnSQructed at the recezver
/by accomphshmg the reverse of the above opera_nolus can then be
compared subjectwely to the' same image transmitted without
any processing for bandw1dth/reduct1orr _This subjective evalua-
tlon can of cour se be supplemented by more analytmal 1ma.ge
guality cntena though no crltenon has.as yet been fOund wh1ch
T St ~

ltruly cha.ractenza.s 1mage quahty . : /~
St 4

- - - ‘

" The long=term goals involve taking ar analog picturo
signal, digitizing it and processing it digitally for bandw1dth
compressmn then transm1tt1ng the resulting chgltal image S1gnal
through a digital channel. This type of sy:stern should become
‘more important, especially since the ava1lab1‘:};ty of dlg‘ltal
hardware and channels is continually increasing while the'ir cost

- is decreasing - [ 3] . In this project, all digital pr0cessing

w111 be implemented by programming in software on a mrini-

A &
1)
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2: Image Coding for BWC °

. -, " -

'2.1: Some Image Characteristics . N

c - N

Lo

-

A'p"iéture as considered here, can be de fined as a
monochrome contmuous non-negahve fu.nctxon f(x,y) defined over
a finite region of: 2-D space™ and in wh:.ch the value of the fum;tlon g
at any point is given by the."b.ri'gh’il;ness Tevel of the image, i.e. itis

- a real-valued function of two real variables.- In general this bright-
ness level varies frém black to white, with a continuous distribution—
of grey levels in between Thls deﬁmtmn appl:.es as well tor graphlc,
two level (1 e. black and white only) unages such as maps hne
drawings and printed matter, as to the more commeon ha.lf-—tone image,
such as black and white photographs. For convenience, all discus-

sions are confined to images ofdimension N x N, where N is a power

of 2. {/‘

Since all the processing considered here is to be implemented
dig;it;ffy:'ﬁ.the' continﬁoué image musttof necessity be_sampled in 2-D oLy
space.at the Nyquist rate,. and quantized 1n amplitude. Tﬁe samples
;themselves. are known as pels (from picture ‘e__lement). He)hqgggrth b.y ‘
ment;on ofthe word image, a digitized image is ixnplield. ' 1
= Also, by image is implied a representative image of the
ensemble of images under consideration. It is possible to design an image
such that its statistics are very differe;.nt from t};e average. Examples of

such images would be intensity we&ges, sorme chec}éerboard test patterns etc.

Pictures requif’ing motion rendition (eg., television) can be described
" as real-valued functions of 3 real variables: 2-D space and tlme
| These are beyond the scope of this paper. : S



' Hence, since an image must be of finite"‘size, f‘t'(x,"y)

will be non-zero over oﬁly a finite rarige of values of x and y Also,
since there exists a pra,::ticé.l limit, say M, to the brightness of any

' poizt iﬁ-an imﬁge, f{x,vy) is bounded’ by M. : .

To the observer, an image consists of many large,
low-detail o?: textured .area,s, and relatively few sharp, high-detail

| : :
contours, which describe the edges of the low-contrast areas, Loss

bt

of texture information results in a“coarse image containing abrupt
© jumps in grey level instead of a qua.m, cont1r1uous gradation in grey
level. This lead’gto the appearance pf a sharp d15cont1nu1ty where

none exists: this is referred toas false contouring or quanhzatlon
N/

noise. This is much-more objectionable than unstructured npisé of
' b '
the same value, since the eye is much more sensitive to structured *

than to unlstructured noise. On the other hand lack of ec_lge.rendition

results in a defocussed picture, which is also quite objectionable. '
1 - - - :

Hence, to get a goc;d quality digitized (or PCM) image, the

sampling must be done at least at the Nyquist rate, while the quantization ’l
must be fine enough to remove false contour s and correctly reproduce

edges.

-

2.2: The Bandwidth Problem:

The problems posed in the transmission of PCM.images can,

] - o

~

now be exam1ned )
Given an analog image signal of sa.y, 4 MHz nommal band-
width, this can be sampled at 8 MHz, and if 128 grey levels ar%a allowed,

then 7 bits/sample {or pel) are needed. Hence, to transmit the PCM -



=

a minimum fransmissiqn channel bandw1dth of 28 MHz . Hence by

1mage in 91(3 same amount of time as the anal’og 1mage the bit rate

6
must be 8 x 10 x 7 bits.per second, i.e. 56 Mbps, which requires

digitizing the image, we have increased its bgndW1dth requ;.r_ements |

by a factor which is equal to the number of bits used to represe"nt )
each sample. Then, why digi{tize? + The reasons are many-—fog/c'_l, , /
but one of the more(imporgant ones is the capability of h‘nplemexitin‘g. l

prachcally any type of processing, whether linear or n0n11nea.r, on - : .

a d1g1ta1 computer while for example, only linear operahons could be

—

I3
]

performed on an analog image by an optical system.

Digitized 1ma.ge signals thus take up a broad bandwidth,

Pl L T

At

R Lo T

several tlmes the bandw1dth required to.transmit, the same a.nalog

LT n‘
et

image, whzle the greatest advantages to be gained, 28 far as trans-

viL

missionis concerned, are ease of extraction of the digital signal
from noise, and the capability to regenerate the picture signal over and
over again on long distance cbmmunicaticn links, whife minimizing
the noise. Unfortunately, the price to be pa1d for this, a 7.to 9
txm,es mcreasg in bandwidth, is much too high. "Hence, we want to
tra.nsrmt chglt: zed images, but us1ng a much narrower bandwidth;
what is then required is a d1g1t1zed image transmission system '
which is much more efpﬁuent than "straight" PCM, so that narrower.
bandwidths can be used, or equivalently, so that the total n.uz"nber of
bits ;'equired to transmit the in_‘:a.‘gé will be minimized. ‘

To see how this can be accomplished, a closer look at
image characteristiés must be taken. Information theory states that .

most ‘communication signals convey information at a rate well below

~

-
|
i
)
1
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i
1
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the capacity of their transmission channels. The excess capacﬂ:y o~
is required t6 accomodate the red‘uﬁdancy, or repeated mformatmn _
whi®h the sign‘.als contain in addition to the;actual information. -
Removal of some of the redundancy would reduce the channel capa-.

city requlred for transmlssxon which is equxva.lent to bandwidth

W

reduction. -, - .

Existence of redundancy is particularly evident in pictures.
Many areas of little or no detail exist in an image, where the pels

have the same or nearly the same grey level, and so the pel-to-pel

1,

correlation is very high. Hence a stat1stxcal correlation exists o

between the various points in the 2-D plane of the image, which nges

LRV ‘0
LR AL e 1Y

Tise to a 2-D planar redundancy. The elimination of this redu.ndancy

. T

At

would reduce the amount of informatior that need be transmitted,
with a corresponding decrease in bit rate, but not in non-repeated
information rate. ' ' '

From the p‘k’ecedxng dxscussmn it is conceptually sunple to
visualize a system in which all of the lmage redundancy is removed
At t;x—eh?XMTR it would consist of an image scanner, decorrelator and
rate -equalizing buffer, this last to match the variable bit rate of the
decorrelator output to the transmission channel rate. Atthe RCVR, i
a%ll_ffer would adjust the channel rate to the variable rate required by
the correlator. The output of the correlator would then be 2 recons-
truction of the original 1ma.ge s:.gna.l from the scanner in the XMJTR. i

Qualitatively, if an image is agam considered as consisting’
of many lar

ge textured areas and relatively few sharp edges or contours,

it can be seen that there{ exists a high correlation among the pels ina

gwe

n textured area, a 1?1gh correlation among the pels that "trace" a
o

contour and low corre{atlon between the area pels and the edge pels.

[ T R LY P R T & KT PR

Hence, on the average,/ a high correlation among pels ¢an be expected

FF R

to exist in images,

e i



In effect, 2ll BWC methods no ma.tter what they are
called effect BWC by reducing image redundancy, the method used
being or not being mformatwn—preservmg ‘Four basic methods
ex1st to accomphsh BWC: pa.ra.meter extraction, a.da.ptwe sampling,
redundancy reduction and enceding. In general an image processing
’cech.n.xque for reducmg image transrrnssxon bandwidth will make use .

of more than one methed in an effort to optimize the digital image h

transmission system.

What follows is a brief look at some of the more important
approaches to BWC, "with a view to stressing their relative a&’vé.ntages
and disadvantages. It should be noted that the clas mﬁca‘cmn system
used has been chosen for convenience only and does not né’cessanly
correspond to any other system of nomenclature. Also, most of the
methods described here have already been examined in much more
" detailin [ 4] . They will be very briefly described here, the

emphasis being on their relative advantages and disadvantages.

Another very important point to be covered is the increase in suscepti-
bility of the processed picture signal to channel noise, since the large
amount of redundancy originally present served to immunize the
signal to chanm::l noise to a certain extent. Celltain techniques such

as PCM and especially DPCM will.be covered much more extensively
than in [ 4] , as they apply more té: the system to be discussed in |

section 4.
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2.3 : Methods of Achieving BWC: < ‘
2.3.1. Spatial Transform Coding: 1
2.3.1.1, Description: 'Spatia.l transform coding of

images is an a.t'teijnpt to make use of the reéundancy reduction offered by
both statistically-and vié;ﬁer-ori_ented t_p&y\chovﬁ.sual)codingf The ' }
adjective spatial is applied here to transform coding to underline the
fact that, when transforming an image, we are transforming in

space, the 2-Dy plane of the image.

Trangform coding consists essentially of two steps, the

first of which lindarly transforms the original set of correlated pels

[N =T o

into another set of coefficients, which we would ideally want to be

independent of each other, but which can be, at best, completely

a4 F

uncorrelated, The first step is the one which is dependent on the
imé.ge statistics. The second gtep consists in quantizing eagh, or a
subset of , ‘'the coefficients. -Hefe, psychovisual coding comes in :

the number of bits required to code the coefficients and the portion

of the coefﬁc:.ents examined will be dictated by the subJectwe fect
on the human viewer, ;f that is the u1t1mate use which will be made of
the tranérnitted image.. The ultimate use to which the encoded image
is to be put will largely determine the coding scheme for this step.
The scheme that produces the "be st 1magé>as far as the viewer is ¢
concerned will not necessarily be the one thak produces the best

image in the mse sense or for further processing, say for pattern
recognition. In other words, optimizing a reconstructed image for !
subjective viewing may degrade it from the point;;af view of information
content, making it unsuitable for anything except viewi%,

A
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~ Spatial transform coding ~{ STC) can be = considered
essenti as a process of difnensionality reduction. The transformation

rmerely changes the position of the frame of reference for the image

Wwith respect to the coordinates, so that the most n’nportant informa-

tion occurs along one portion of these a.xes, making the pmnts in

the coordinate system more indepecdent, i.e. reducing their redun-
dancy, so that some coordinates will become of negligible importance,
and so can’ be deleted. More pracmcally, the bandwidth com-
gression occurs as follows: in the original image all pels have more
or le.ss the same importance, with the redundancy appearing in the
form of mterrelat:.onslups between individual pels. After transforma-
tion horwever, all po:.nts no longer have the same :,mportance with the
p01nts carrying most of the "true" mformanon tenamg to appear in a
different part of the transform domain from the points due mostly to
redundancy. If the transformation is chosen properly, the informa-
tion-bearing transforrn values are many orders of magnitude larger
than those caused by redundancy, and so these latter terms can be

reduced by e1ther zonal or threshold coding. All transformatmns

covered are m,formatwn preserving, since thelr Jacobian is unity .

They are also linear and.reversible, otherwise no image reconstruction

would be possible. Another advantage of the transform method of
image coding is the inherent channel error immunity, for low error
rates, which results from the averaging aperation of the transform,
since each intensity sample of a recons;iteted image is a weighted
function of all transform samples. - This is all the more remarkable

gince most other methods actually decrease noise tolerance of the

L LIRSS
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.transmitted signal by reducing redundancy, that which gives

PCM signals pa.1;t of their noise immunity.

In practice, STC is achieved by.use of a digital computer,
which aéc,epfs a digitized image for processing and outputs the-
image transform. The rule by which this is accomplished will of .
course depend on the particular transformation used. - The next
step involves filtering in the transform domain, either thre shold
OT zone-wise. This'is also accomplished by a digital computer, and
the fewer thé“nurpber of T-domain coefficients transmitted, the greater
the BW(?\, ’and usué.ll-y, the lower the quality of the reconstructed image.
At the receivef, the invef'ge transform is used to reconstruct'the

image. A general STC image transmission system is illustrated in

block form in fig. 2-1.

Each of the two steps described above can be implemented
in different ways: the first step can use either 1-D or l2—-D trans-
formation, and there exists a very large numbelr of possible transfor-
mations,as well as many different methods of T-domain f;itering
for the second step. S L

. N

2.3.1.2. Step ! : Spatial Transformation

The main advantages of 1-D spatial transformation
as opposed to 2-D transformation are its compatibility with extsting
line-by-line image scanning equipment, le ssening of the high-speed
memory requirements, and the possibility of on-line processing of
the image, v_vhiéh cannot be done as yet with 2-D transforms. There
also exists special-purpose hardwafe for implere nting certain 1-D

»

fagt" transformation algorithms.
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Fig. 2-1 : Block diagram of a general coding image transmission system.
The dotted block labelled * is an alternate location for the
sampler and quantizer. In other figures, the filtering, scanning,
sampling and quantizing functions are considered to be included
in the scanner block.
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‘transformation [51
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- Its main d'is‘advantage'is' that, due to the. far;:t it works® ‘
on a pel-to-pel basis on a line, it cannot take into accéunt line~ ‘ R
to-line redundancy, and so less BWC can be e'xpecte;a than for : e
the 2-D case. This is because results indicate that line~to- ' - - f:"l
line 'redundancy (on a pel basis) is as impbrtant as pel-~to-pel
redundancy: clearly, wl_zy sh,ould‘ image redundancy be a

uniquely horizontal phenome non ?

Some important 1-D transformations used in image pro-

cessing can now be exdmined more closely as to their 'relative

merits.

2.3.1.3: 1-D Spatial Transformations :

(a) 1-D Karhunen-Loeve Transformation (KL T)

This transforrna;tion is used principally.r as a yardstick
aga.lnst which other transform methods for BWC may be compared
This is because the KLT can be derived mathematlcally as the
optimum transformation for a mean-square-error (mse) criterion.
As will be explained further in section 2.3.1.4 {a), if a threshold
is’ set in the transform dorna.m, then the KL.T is the 0pt1mum

transform for minimizing the number of transform samples lying

ab0ve\the threshold while satisfying a mse criterion. :The KLT is also
I . " ] -
known' 25 the principal component, eigenvector, or Hotelling

In an earlier report, the Hotelling and Karhunen-Logve trans-
forms were treated separately. This may unforfunately have
given the impression that they differ in some way. They '
describe the same transformation, with the same characteristics,,
but the KLT is usually defined on continuous variables, while the
Hotelling transform is define,d on discrete variables,
H L)
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As for its drawbacks, even though it minimizés,the mse o
for a given threshold, the mse is not a valid error criterion for
many types of images, espeéially if they are destined to be viewed _ e
and not further processed. (Actually no good analytical criterion |
for image fidelity as far as hi;ma.n viewing is concerned is known .
as yet). Secondly, this transform requires a great amount of compu-.
tation relative to other methods, and no "fast" transformation
algorithm exists for the KLT. So the search continues ,for.fa.st and -
efficient transformations, even thbﬁgh they may be suboptimal in

the mse sense.

A,

L T T Lo

S

Bl

(b) : 1-—-[5 Fourier ".i'rra.nsformation {FT)

T EAVa

-~ The main advantage of this transformation lies in the avai-
lability of special-purpose hardware which will very efficiently
é:ompute the 1-D Fast FT (FFT), using say, the Cooley-Tukey
algorithm, which can be i.fnplementec_l in 2 N IOgZ N complex
operations, where N = 2" is the side dimension of the square image.
* This results in savings in ha_rdwa_re costs: ..'I'he.fact that images
are usually scam;edAli\ne -by-line makes this a very tempting pro-
position for on-line image pr_océssing, even though to the author's

knowledge, no such implementation has yet been realized.

A modification of the Cooley- Tukey algorithm that implements

al-D FFT using N 10g2 N complex additions and subtractions and only

Al

[ log ,(N-2) ] +1 complex multiplic 'ons,has been developed.

TR R RV R A T S >
. <. L T Ry ot

Ry N LT

Since for most computers, MULTIPLY time is longer than ADD time,

the time saving is significant.
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Its main disadvantages I.ies in the fact that since the FT
c0ns1sts of complex numbers, -all multiplication and addlhOnS
mt::st consequently be comple:-:, and so are much slower than the same .. oo
number of operations performed on real numbers. Hence 1; is

slower than, say, the Hadamard transformation, which operates only

on neal numbers.

{c}) : 1-D"Hadama.rd Transformation: (HT)

Ll

The main advantage of this transformation lies in the féct—
- that spec1a1-—purpose hardware ex1sts to eff1c1ent1y comapute the 1-D
Fast HT (FHT), using N 10g2 N real add1t10ns, wh1c:h is faster by
about one order of magmtude than the FFT. Only a.dd1t10ns are

required since the HT consists only of + 1's.

[

2.3.1.4: 2-D Spatial Transformations:

-

For 2-D transforms, if the forward transformation matrix
is constrained to be orthogonal, then the transformation can be inter -
preted as a decomposition of the image data into a gener'ali'ze‘d 2-D
spectrum. Then each spectral component in the transform dbmaip
corr;:sponds to the ainount of energy of that spectral orthogonal

5

function contained in the original image. In other words, the

transform serves as an orthogonal.basis fof a decornpos:.non into ’ -:' 3
some genera.hzed spectral representa.twn. Hence thé "usual”
concept of frequency must be generahzed to include transformatmn
of orthogonal functions other than sine and cosine waveforms. )

Also all of the 2-D orthogonal transforms which will be examined

will have the added requirements that their kernel be sepérable

.
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‘and symmetric . In praéticé, this means thé.t the 2-D
tran'sf;ormatiOnAéan be implemented in two steps: the first . - I
step is accomplished by do.ing first a vertical row -by-row | | o

ansformation, then doing a line-by-line transformation.of o
tra.nsitioﬁé.l 2-D data (or vice —yersé). This is an

important consideration in practice.

<
- T e L .
The main advantage of 2-D transformations for -
- 7

.image processing is that they take both vertical and hori-
zontal correlation inta account. Their ma{n drawbacks

Eifzé the low speed with which they are implementable, due

to theé number and complexity of the required operations and
t:h<=: large-scale high-speediﬁénéory requirements. Following

are the more important fypes of 2-D spatial transforms.

~

(a) 2-D Karhunen-Loeve Transformation:

This transform, which is nearly identical to the
1-D KLT, suffers from the same problems : computational
comblexity and lack of a fast computational -algorithm.

Since it is difficult to implement, but optimum,itis used

nearly exclusively as a standard of'cor_nparison with other

coding methods, and in particular, spatial transfdrm coding
oot e

Ceiln

methods. This transformation produces uncqi'related
coefficients, minimizes the mse and packs the maximum . '

amount of variance into the first k coordinates, for any k. e,

LR et

{k >0, ke€l).
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(b) : 2-D Fourier Transformation : . oL

- : ’ - _— '} .

iy The main a.dv'antage of this trans‘ormatmn is with. ' . :

respect to 2~D eigenvector transformations : the FT has a fast '

‘compu‘tational algorithm, whilé the others do not. In block coéi_ng o |
of images, the FT produces a smaller mse than the Haar aod |

Hadamard transform for blook sizes' larger than 32x32, a.nd alsoperforms ‘r“‘_"’“

better than the slant transfSrm fof blocks greater than 64 x 64 . R

However, the FT st111 has some disadvantages; Ffor

-~

example, compared to the 2-D HT ‘which can be 1mp1emented using

the same number of operamoans, but which con51sts of* add1t10n of ' :;
real numbers rather than multiplication of cornplex numbers, there’ ' 5;
will be about an order of magnitude more time requlred for the . é‘:
Fourier transformation than for the HT. _ «;:" .

(c) —:r Good Transformations : (GT):

)
This classwof transformatiorsis a proper subset of Kronecker
Matnx Traréforms(KMT) (i.e., so-called "pow-ers of two KMT's").
One of theéir charactenst:cs is that they are all 1mp1ementable in
ZN log2 N operatmns , 1. e, they all possess "fast"® cdmpute.txonal

. !
algorithms. Following is an exanfination of the most important

Good transforms . f\ .

(d) : . Hadamard Transformation { or Disorete Walsh Transfexm)

This is one type-of GT. Its advantagellies in the fact

tha.t it can be implemented in N 10g2 N + N real additions , since

‘the HT‘cons:.sts exclusively of + 1's. S&nce for most computer 5,

e
- - ) M‘-\/
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ADD time is much less tha.n MULTIPLY time, the time dxfference

in 1mp1ementat1on for a FFT and a FHT is explained.

[T

- ..: .‘ ,._',

Hence the HT i5 faster m unplementatlon than is the FT o i
and is also fa.ster than the slant transfor‘ﬂ;étmn.

> ' Its main d1sadvantage is that the degradat:on due -to the loss

of h1gh—frequency (i.e. "edge™) informa;_tioa caused by zonal sampling °

: . . . s .
s greater than for the ¥T, -since it uses a rectangular waveé basis

instead of a sinusoidal one,

(e} T /.Sié'nt TfanstrmatiOn:\gST)

f . N . L .
.Thi's is the only transformation used for image transformation (;‘..__

which was spegifically designed to attempt to tailor itself to image E:P |
charactenstlcs and to computatxonal eff1C1ency requ1rement=s Itis Gg,

an atternpt to compact the image energy into as few transform “‘h !

~domain samples as possible. It possess,es a fast.computational algo-
o _' rithm, and in at lea.ét oné implementatioﬁ, the ST gave a mse only
slightly wor se than that bf the KLT and for some. range of parameters,
-.a.lso slightly worse than the ‘F'I.', but better than all others. For
}:ertain simulations, it was found to give subjectively much less

‘degradation than the HT,and doonly slightly werse than the KLT. No

informaﬁo\ﬁ on the time required for implementation has been given.

() - Haar Transformation :

This is an orthogonal but nonorthonormal transformation

.consistirrg of + 1's and 0's which is directly related to the Walsh

_-f-“h't:gm,.: P L £

(or Hadamard) trdnsformation. Its main advantage lies in that its’

r . . .
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implementation requlres Z(N 1) opegations, which is much less

than 2 NlogZN operations, Unfortunately the adva.ntage of this
very efficient computational algorithm is offset by.ts relatively
large coding error, and so the Haar transformation has not

generally been used for irage coding.

More recently, [ 6 ] ‘ ' however, it:has been found
that the Haar transformation could give results which are sub-
jectively as good as those obtained from the Hadamard transform,
/

while the 1mp1ernenta.t10n is much quicker. The results are

slightly better if block coding is used.

2.3.1.5:Basis Picture Interpretation of Image Coding:

Another way of referring to image transformation is to
consider the transform as a series expansion of the N x N image
onto say N x N basis pictures. Thus a picture is described as a
weighted sum of "basis pictures", In practice, as when approxi-
mating a waveform by a Fourier series expansion, the series
expansic;n is truncated after say k terms. Then, since the bas:.s
pxctureS are orthonormal the mse of approximation by the
truncated series is equal to the sum of the variances of the co-

effic1ents discarded by the fruncatxon

It has been shown that the Hotelling (or KL T) transfor}

mation in this respect ‘ . ( o
| (1) - produces uncorrelated coefficients
(ii). min%rhizes the mse of approximation
(iii) packs the maximum amount of variance into the

first k coordinates, for any k. .

o—

SRANT eSS S e W el

R T BT Y



3
Ly

\

- TSR
Of course, for any practical-sized image, the Nx N

basis subpicture would requi're- too much mer;-iory, so that,a

more feasible approach is to express an M x M subpicture _
(M <N, M/N) -a.s 2 linear combination of M x M basis subpictures.
It was found that the set of basis pictures resulting in the mini-"_
mum mse was the Hotelling tra.rnsform, followed by the Fourier,

then Hadamard transform .

2.3.1.6: Step-2:Transform Domain Sampling

The techniques used for BWC in the T~-domain can be
classified és either being based upon the unique structure of the
energy distribution in the T-plane or those that attempt to apply
conventional spatial doma.?n BWC methods to the T-domain rather
independentfy of tl}é energy distribution in the T-samples. The
latter type has a much poorer perf;rmance due to the large dyna-
mic range 6f- the transform samples and their low (in one case,
zero) correlation as compared to the o:.-iginal image pels which

genérally have a high correlation.

Many transform BWC techniques can be analyzed from
the viewpoint of 2-D sampling, in which the image transform is
multiplied by a 2-D sampling function which takes on the values

zero or one {"dropped" or “'retained ")} according to some a

\priori or adaptive rule. Then the reconstructed image consists

of the original image plus some additive interference that is.
dependent upon the form of the original image and the sampling

function. Both deterministic and non-deterministic sampling

have been used.

. *"i’/‘.;.,
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(a) : Zonal Sampling

Sinte most images exhibit a high\éggrge of correlation
-between adjacent pels,_ in the T-domain the greatest part of the
| energy tends to be clustered at certain spatial frequencies.
Hence in zonal sampling, only those areas (or zo-nes) of the
T-domain which are expected to contain a high proportion of the
energy are qué.ntized and transmitted. This does achieve a large
BWC but unfortﬁna.tely, at the CC-JSt of defocu‘ssing: loss of high-
i?requency but low~-energy T-samples results in an incorﬂrect

rendition of sharp edges.

(b): Thre shold Sampling :

To reduce this problem, T-sampling retains only those
T-domain samples which are above a given threshold level.
Unfortunately, though this methbd gives good picture reproduction,

since we cannot predict wh':.ch samples will be above the threshold,

the position as well as amphtude of retained T-domain samples

" must be coded and transrmtted. ‘Hence the bit rate will be in-

creased, thus decreasing the BWC,

- 2.3.L.7 Quantization Schemes for ng_i

' This step is necessary -to code the retained T-dgmai:-_;
samples (after .step 2) for transmission. Originally uniform
quanti;zati;n PCM was used to code the retained T-samples
after zonal sampling but more recently, ‘much work has' been

done on "matching" the quantization levels and quantum steps

~




to the T-domain coeffi._cient statistics, so as to achieve an even

lower bit rate,

In:the technique known as block quantization, a sub-
section (i.e. a subpicture) c;.*.:ti‘:e image is spatially transformed,
2 statistical parameter of the subsection pels is measured and |
the T -domain samples are quantized accordiﬁgly : where there
is more detail, the quantization will be finer. The .idea. here is
Lo achieve a high efficiency with respect to'bit rate while maintain-
’_ing the system complexity to a minimum; . the cost in complexity

for a very slight increase in BWC performance can be extremely

high.

2.3.2: PCM Coding of Images:

Even though, 2s mentioned previously, PCM requires
too large a BW for image transmission, it is still worth mention-r
ning since it describes tl'le basic or historical digital image tra.ns‘-.
mrission techniques. Its use is usually confined to being a standard

of comhparison for other image transmission systems.

PCM consists only of scanning, sampling and quantizing
the image. (see Fig. 2-1I). Ifthe quantized samples are then coded
and transmitted through a noiseless channel, an exact replica of the
duantized irr;age willabe' received; clearly, if the Ci{uantizat.i..on is not fine

enough, there will be some degradation in the received image, but

only as much as in the quantized original image.
. ‘ . . ’ i
Given a restricted channel capacity (restricted to less

‘than the Nyquist rate) and sampling the image af'the maximum

channel rate, the image will be undersamﬁled,so a pattern of

R N
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Channel
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. 2-I1 Basic PCM im
specified, the

<|Pisplay

Unit

in the block labelled "Display unit™",

Chanael

Predictor

ge¢ transmission system. Unless otherwise
/A converter will be considered to be included

Predictor

T

' Fig. 2-III Block diagram of a basic DPCM transmission

system,
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dots and/or lineswill appear in the reconstructed image.' This
pattern is that of the sampling function used, and is often
referred to as an artifact, since itis a structure which does not
appear in the original image.
Aa—other problem is that, if the grey scale is not quan-
tized finely enough, false contours ("duantization noise™) will occur
in the reproduced image in the textured areas, i.e. where there
is a gradual blending from one level to the next, The-se false
contours are especially objectionable to a viewer since they are
strucmred, and the eye is much i‘nore sensitive to structured than
itis to instructured noise of the same rms value. Use of this
fact ‘has been made in one scheme wherein pseudo random noise
is added to the anaIOg picture before quantization, an identical noise
being subtr,acted at the receiver; this serves to "break up"” the
false contours, permitting blending of grey levels in the recons-
tructed image. Un.fortunately, while this rnethod may be promising
for 1mages intended solely for viewing, it w111 of course degrade the

image with respect to any further processing, such as for parameter

extraction, etc.

.

Other attempts to arrive at breaking up false contoura
have b-een to use either random or ordered dither, which is a lotw
amplitude high- frequency perturbatmn pattern: -the penalty for this
is a slight increase in the background noise level of the image.
However, it does restore some of the information which a nor al

coarse quantizer would remove, such as spatial details and

rawa
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intermediate shades of grey. Again, this method should be used

for viewer-oriented systems and not for information extraction.

2.3.3: DPCM Coding of Images -

- Since the human eye is rhuch more sensitive to intensity

~

‘differences than it isjtd absolute intensity values.in images, and
since there exists a strong co’rrelation between nearby pels in
most images, it is natural to.assurne that the transmission of pel
differences as opposed to absolute pel values would afford a large

. BWC.

The basic difference transmission technique is differential

PCM (DPCM), in which effectively the derivative of the input is

¢
3
e
:

transmitted rather than the instantaneous amplitude, as in PCM.

VI ST SO

DPCM [ 7] systems are based primarily on an
invention by Cutler. His briginal patent in 1952 was gra.nticli for a
system which produced a quantized esti_mafe of the next pel, given
the previous pel or some combination of the previoﬁs pels, then )
transmitted the signed .quantize.d diffe.rence between the estimate of the
next pel value and the actual next pel value. His implementation.
to obta'i"xlal the 'estixha.te,which he called a predictor.origiﬁally con-
tained.integrators; this explains why integrators are mentioned

in the basic definition of DPCM. i

-,

' Wiener {7 ] had derived the basic equation for linear

prediction as early as the 1940's. In 1955, Elias [ 7] applied
linear prediction to PCM coding, while in 1968 Graham {87 applied
linear prediction to Cutler's basic DPCM system. Today DPCM

LR TR s LI LN ISR ST SRty
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is usually considered as a type of prediéﬁog quanti.zing system

( see Fig. Z-m ). iucidenta.lly, PCM can be considered as a
special (or degenerate) case of DPCM. , ' S

. While it has been determined [7] that nonlinear
predmtmn is supenor to linear prediction in the signal-to-
quanhzahoa €rror sense, it has not been determined how much
better it would be, so that most DPCM 1mage processing systems
have con.f1ned themsalves to the inclusion of a linear predictor
in the qua.nnzatmq feedback loop. This makesganalysis much

easier, since nonlinearities introdace analytical problems. '

L
nEAL L
A

)

DPCM as used in image proce ssing is'a system which

-
[

Traves
SR

" gains a bit-rate advantage by making use of some statlsuca.l rela-
tionships of the 1mage- it reduces the inherent redunda.ncy in the 7
image so that the transmitted S1gna.l consists mostlﬂ of non-
redundant information, - However, the very redﬁndaécy of PCM
is what gives it such a large noise Immunity ; a one-bit error in
a transmitted image sample will produce an error in one pel only

"in the reconstructed image, f‘or the case of DPCM, however,

there is less redundancy to provide noise immunity, and so this

system is much more vulnerable to channel noise than PCM.

This is qualitatively obvious if we consider the worst
case situation of one error occuring in the first transmitted

difference only; then the first and-all subsequent pels in the

inprgeifh TS

received image will be in erroreven if they are transmitted thfough \
C—l—’j '

D PCITPRPER

a n015eless channel, since the 2nd pel is linearly dependent on the

fady

‘1st pel, the 3rd on the 2nd, and so on.

e o E
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P Clearly, these erro’:‘rs:could affect at most one line
of the reconstructed image if resets consisting of the actual
(PCM) pel value were tran.smitted say,as the ﬁr;t pel oneachline. R
Or, if the channelerrorrate is high, resets (or ﬁp_datf:'s) could be

sent more often, say three or four times per line. ‘[' 9 ]

Also, it has been shown that [ 10 ] if DPCM is
used to reduce the quantizing noise by say k db, then the error
rate in the digital channel reqmred for sahsfa.ctory transrmssmn
1s reduced by a factor of (1. 26) However, this is of little

- consequence if the digita.l channel has a low error rate, and if

et

'\r)-‘\.‘_'. - 4' .'\ -

[N
T

the limiting degradation is that caused by quantization noise,

-,

then a decrease is quantization noise is desirable, even if this

3
¢

means increasing the noise introduced in the transmission medium.,

In short, DPCM provides a reduction in bit rate as
‘compared to PCM, or equivalently, an increase in image quality
for a given bit rate, at the price of increased system compiexity

(and therefore cost) and a reduction in channel noise immunity,

Returning to the linear predictor as described above,
in most cases the estimate is simply taken to be the difference
between the current pel and the preceding pel multiplied by some

factor P (0 cp < 1). This can be implemented very simply as .

shown in Fig 2-IV. p of course is the pel correlation coefficient,

However, there is no reason to believe that the above _
scheme is the best linear prediction scheme. Since there emsts‘w
a high pel-to-pel correlation in images, the question is whether

or not to confine the estimate to be a function of the previous pelonly:

cwE el it A e AR g s s 2 P

over how many consecutive pels does a high correlation exist ?

R N P T
P g . .



T T T T N P

i TR T

M~ | .

- 29 -

Channel

-

PCM

out

V oltage
Divider

out

eout(t) = Dein(t-T).

05951

[V oltage

Divider

Fig -2-IV Block diagram of a DPCM transmission system using
The predictor is a voltage
divider whose setting is the correlation coefficient p.

previous pel prediction.
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Martin [11] made a studM?-D- plan.. - redun-
dancy of images as a function of the number of "neighbouring " ' , R
: pels taken into a.céount He found that by far the greatest part of i
the redundancy is contnbuted by the first precedmg pomt {on the J—\ ;
same scan line}. The only other pel offering any significant ' |
contribution to the redundan_cy~for the pel under consideration is
‘the one immediately "above™ it, on the preceding' sca.ﬁ line.
Noting the relative importanee of these two contributions, the
case for the pel on the preceding scan line is weak, since the

extra required memory would hardly be worth the expense, given

the very slight increase in performance.

-
PR

This is in contrast to the prediction used in DPCM speech

QI Aaven,
o

Tl

quantization [12] ' ,where from 3 to 8. p,rev_iqus samples are used

to precﬁct the value of the.next pel. It would obviously be a waste

"S’:.
of'hardware in this case, except in exceptional circumstances. /-\ -

Unfortu.nately, Martin's results were for areas and did
not 3peciﬁca11y-e.pply to pel-to-pel correlation a.leng a sca.n line.
However, Habibi has shown that, theoretically the prediction error ’
from a nth—oraer predictor decreases with n up to n = 3, with no
appreciable change in prediction error for n >3. His results applied
to the (n-1) preceding pels along a scan line. Hence predictors

of order > 0 (i.e. utilizing more than the prekus pel va.lue in the

prediction scheme) are useful for image processing. Fig. Z-V_

. .. th .
illustrates a generalized non-adaptive n~ order predictor.

Rice and Plaunt [13 7] state that corrclation studies on
Surveyor and Mariner pictures indicated that of all pels preceding : -

a current pel on a scan line; only the one immediately preceding
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- the current pel coutnbuted s:.gmﬁca.ntly to the prediction process. == S

~dictor. required.

. S -32«

Obv10usly, there is no general agreement about the order of pre- ‘-"’lu

RapPid

Of course, if-the prediction scheme is to be near ~optimum,
it must adapt itself coutmuous}-y(to local image conditions, which
w111 substannally increase the predxctor cornplexity. 'I’he adaptive hl
part would be in the setti gs of the various weights or ga.ms asso-’ T

c1a.ted with each of the n previous pels to be considered. :

So now, throughthe a ency of some prediction and f

L . /. LI
quantization scheme, a DPCM/jgnal has been produced. .Some of S
: Lie

its characteristics can now be examined. - . N By

-

‘First, gwen a k-bit PCM input to a- d1fferent1a1 quannzer,_,'
the output will be a (k+1) b1t DPCM signal. At first glance, it
seems we are producmg bandvndth expansion 1nstead of BWC. ‘
This is due to the fact that the absolute value of the pel difference
can be the whole dynamic range of.the gray scale which requires
k bits to express; however, the difference also has a sign, which
requires an extra bit » hence the (k+1) bits required.r

Fortunately, there is a way out of this [ 14] - this
18 due to a factor inherent in human vision. The sens1t1V1ty of the -~

human visual system to small differences in luminance- decreases

at boundaries between light and dark areas. Thus, to match to
; _

this characte_ristic, small a.mp].itude jumps are quantized finely

»

N N - . - . § Fat - I N
Iy o . J T . rraliinr
“%"" TLTAE Ly na i A e Dyl e ;

other . .

while large amplitude ones are quantized coarsely,

R I

words, the DPCM quantizer must be a linear one fol owed by a
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method is used, the compressed DPCM signal is much more

11m1ted in dynamic range than with the origipal PCM or DPCM

_ﬁ
hat

signal, hence the DPCM signal can be reduced to k' bits (k'< k ) A ?

This will of course .?nly produce an app:\coxv.mate reconstruction .

of the corresponding-pel at the recejver! but it is possible to

keep the reconstruction error to a low rflative ‘value', as will bey — '

seen below. A '~ | ’ -
. Another point of intere sf‘caﬁa mentioned here; since |

in a DPCM signal,” the differen‘c\es ten occur in bursts‘of the o

same sigh, then the sign bit cap be replaced by a sign dﬁference

e —— """‘T’

A L

o
. bit. In other, words the sign bit wohld norma.lly be a 0 (say), and

“rs
'

L
e heatiTe

would be a 1 only if there were & ch@.nge 1n SIgn from the,previous

ol

" Ay ey

sign. . Clearly; this.does not ach1eve any bEy saving, but ’1t does
on the average reduce the we1ght of the DPCM words, 1ﬂ the

average length of a2 one-sign run 1s greater than 2, ‘f

|
Another pracncal problem is the following: PCM usually
contains an even number of levels, if all b1t patterns are to be
used for a given waord length Hence the DPCM words must
express an odd number of difference levels (i.e. 0, # 1 +2, . i
cea. etc) To remedy this situation, . usually the 0—1eve1 the odd
level, is combmed with either the +1 m. -1 level, so as to produge
an even number of difference levels - This will of course add sohe
| low -amplitude n01se to the reconstructed 1mage but it flmake mor
efficient use of the number of bits allowed for coding the DPCM
levels. ‘Cilearly. . this argument does not necessanly apply if
for k-bit.DPCM words, not all possible 2k words aré used for

=3
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coding the allowed DPCM 1ev_els. Then, -of the left-over words,
one might be used forkcoding the-OeleTel " and other words for
special purposes, such as START SCAN and STOP SCAN

commands..

The DPCM 3ystem as described up'to now would have
a conflgurahon as illustrated in Fig. 2-VIIL.

\ - Referring to Fig 2-VII the output & (t) for an input

\x (t} can be considered. Say X, is entered, then xixs transn_'u-
I
F

-~

tted and assuming a noiseless channel xi' is received, giving
;3. reconstruction Qi. Now generally there will be a differenc‘e
! between x; and’ Qi » and this _di_fference will tend to increase on
‘the average as i1 increases, as_sumin’g that the difference for the
first imé.ge pel \:va.s 0. This is because of the ponlioeari'ty in-
hez:ent in the compression step after the quantization, so that

rnost levels will not be exactly reconstructed. of course 1f the

" DPCM outputs a large Jump, then the recoustructmn error willbe
) large, but the relative error will be nearly 1:1dependent of the
magmtude of the _;ump However, since large Jumps appear
Arelauvely mfrequently, these large reconstructmn errors are rare.
_Also, érrors will be introduced if the O dlfference level is m.clu-

ded in either the +1 or -1 difference level; these last errors are

of smj;lil amphtude (that of the smallest quantton level of the non-
uniform quantjzer) but they will appear very frequently. Hence,

the effe'ct of these two systematic errors is that, as i increases,
even though 'the error in reconstructing a given jump may be
u\nnouceable, all these errors are being accumulated i the RCVR
adder, such that on the average, the magmtude of this error can goon

; \ ) T

T
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increa;.sing So the reconstructed image will at ﬁrst closely
approxunate the original image, but as the number of-trans- I
mitted DPCM words increases, the reconstruction error will

on the average increase in magnitude,then decrease again, ‘bu;: often
not without having caused long sequences of large a.mplitué[e L .
errors, since the syotem is not essentially self- correctmg This
effect can of course be limited to one line by resetting the first pel

of each ling to its PCM value, but may still be large for some portions
of -the line. | |

This problem has of course a simple solution conceptually,

_h\v o .

at the expense of more hardware. The DPCM coder must not use

A The oy

the actual previous pel(s) to form an estimate of the current pel, as.

e
-’ :\
o -
s T
. -
- !
.

th'er,e is no knowledge of the reconstructed pel errors and so the &
transmitted differences may tend to increase the reconstruction
errors. However, if the difference between the previous reconstructed
pel and the current pel are transmitted, then each new "jmbrnp " helps
to compensate for the errors of previous jumps.

| This is because, by finding the difference between the .

previous reconstructed pel and the current pel the next reconstructed

pel will tend to be closer to the current pel, so that the system is

essentially Self—correcting, given a noiseless channel. Of course,
due to the compé.nding scheme used, this error will not always go to zero |
but it will severely 1imit the ma.g:mtude and recurrence of errors.

This system then utilizes feedback from the RCVR and

would have a configuration as lllustx/"a}ted in Fig 2 VIII This system

~would seem to imply the use of a separate feedback channel to Lo
'tra.nsmit'tl'-xe reconstructed values to the DPCM predictor. However,
1f the part” of the RCVR which produces the reconstructed pel valu(‘a:s
is.a¥§o incorporated in the .XM_TR, the recdn§tructed pel values will | '
be available at the XMTR for its linear predictor. The overaﬁ system i A

| incorporating this feedback is illustrated in Fig. 2-IX. . i

, . I
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2.3.4: Delta Modulation :

This coding system can be considered as a special e
case of DPCM, in which only 2 levels (+1, .u‘su::Llly) are allowed,
and the linear prediction is the difference between the current
pel and the previous pel. Clearly, this s}stem is e;;tremgly

simple to implement fand so, reliable and cheap.

-

Refinements to this system have been devised in which
for instance, the step size depends on a weighting circuit, the
step size chosen being a function of the number of repetitions of

similar bits, such as would occur at an edgé. The weighting

revey

DLSTTAND -

circuit can be a function of some local average of the

signal, or  a function of the instantaneous slope of the signal.

Unfortunately, when using 2 M, for a given bit rate,
the reconstructed image is hea:z:ly always inferior to straight
PCM.

The principal advantage of & M systems are thdir simpli-

city. However, as just seen; the complexity of the system can be in-

creased in such a‘way as to reduce the bit rafe; and hence achieve

better BWC. I-‘Iowever,‘ some of these implementations are so

complex that the sifni)licity adva:;ltage of AM over say DPEM

is reduced OT lost altogether. S - |
The principal disadvantages of 4 M are the following :

at sharp edges, the delta modulator caﬁnot correctly track the edge,

since it isxres"tricted in step size; the solution to this is to increase

either the sal;npling rate or to devise a system where the step size

is adapted to local image conditions, The second problem is the

/
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p‘resence of.granular noise whenever .the coder "sees" a _
string of equal-valued pels, since then the coder outputs ' ST T
alternate positive and negative steps. Alga, for a given SI\'TR o
a higher sampling rate is required for 4 M than for DPCM. .N

2.3.5; Dual Mode Systems -

Nearly all of the systems previously considered suffer
from either or both of the following; if the system is designed
around proper edge rendition, rejuiring high spatial frequencies,
then u_sua.lly the low spatial frequencies will be badly reproduced
at the RCVR, and vice-versa. An optimum system would consider
edgeé and textured areas separately: it would sample the laws
less finely,but quannze them mmore f:.nely, and vice-versa for
the edges. It may be p0551b1e to ach:;eve this using adaptive
sampling, but this has not been done as yet. °

A dual-mode systefn'is one which utilizes a different

quantization procedure for different spatial frequency bands,
| usually separated into a "highs" and"lows" band.

The different general approaches have been two~fold;

one is to directly transmit a low-definition, analog image for
. ]

textured areas and to superimpose on it an image consisting

of the edges or contours (contours are connected edges). The

other is to code the "lows"™ and "highs" using different schemes,

M
LY
o
W
-

transmit therd sepa{rately, and récombine them at the RCVR. i
To transmit edge information, both the position and the ampli-

tude of the edges must be transm:.tted usually us1ng run-length

SRR
[ O

codmg This results of course in a bit-rate increase.

-
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~ Another approach has been to transmit the edges by
locating and traeing all contours in an image. Edge points are i
detected, using sorhe apprepriate propefty of edges, such as .
‘the grad1ent, then finding other points of similar amplitude |
wlnch are connected to it, thus tracing a coatour. - Of course,
1:,he positions of points in a contour must also be transmited.
In other implementations, curves are fitted to some of the

contour points to approximate it. From a psychovisual view-

point, contours .are very 1rnporta.nt since the human eye Judges . L

PO

the 1ntens:.ty level of an area by means of the contour surrounding it

.ll-\l‘

it.

ot
b4 .
L

»ar

The main disadvantages of these systems is first, the

~

fact that when only portions of an image are transmitted, the

1 T

positions of_ these points must also.be specified; secondly it has
been found that all the information contained in an image cannot
be reprod;uced using only a low definition "lows" image and a
ﬁcontour " (Q;- "highs") image. This i‘s because edge information
net located on a contour is lostif it is of low contrast when

contours are drawn,

=y

RN S

LA Y b

ol dwdadt.




- 42 -

3: Image Statistics of Interest - (157,163

Exé.mina.tion of a representative ‘image', say an aerial ‘
photog'rapl} of a city, poses the problem as to the specific lo- . '
cation of the actual information.and that of the. redundancy.
Eveﬁtually, an in_tuitive feeling is arrived at: the most impor-
tant parts of the il"na.ges seefn_td be the .'shap'es, rather than the
grey levels of objects in the image. The shapes ave de‘f’me.d by
connected edges, or cohtouré, which represent large jumps m
pel arnplitud;a'. This is wellillustrated in the work of cartoonists,
where the contoursof the d"r;;\;Vin:'gfsﬁ’c‘Eé'rry most of the information.

Since the information is mostly concentrated at the edges, the wi S

redundancy must also be distributed non-uniformly throughout - e
the image: it is very small in high—iﬁformation ‘areas and vice-versai:w\.;"., _
Thus the redundancy at ed'ge‘s and contours will be small. Thus it
is to be expe-cted'that little BWC can be achieved at edgeé ,
but most of it will occur in areas of low information, such as
blank or textured areas. |

Since the most relevant information is located in areas
of a,brrupt ghb.ngés in amplitude, it would seem noz.'ma.l.‘to represent
edges b);?; differential function, such as the Laplacian or gradient
function, or more simply, the derivative of the function. Noise

consideration of course preclude différentiating the analog image

signal, but if the signal is digitized, the differences between

successive quantized samples (i.e. "jumps in amplitude”) ¢an

L

he’considered, Clearly, large jumps or differences will correspond
: ‘ .
to sharply-defined edges, and in a typical image, these will be

relatively few in number .




I

- 43 -

Hence the problem ca.n be restated as follows | wiqat
is requu'ed is an efficient method of coding digitized images.

To find an efficient ‘method, we need some knowledge of'the
d1g1t1zed image statistics. Clearly, if these statistics are
about the same for all or most images, then some coding gcherﬁe,
‘adapted to the image statistics can be found,

One basic statistic would be the frequency distribution
of amplitude levels (i.e. pel values) for a given image. This
was done on a PDP-8 minicomputer for the three images avail-
able on perforated tape: MOON, GIRL and COUPLE. The
resulting distributions, are illustrated in Fig. 3-1. The actual
. numerical values for the distribution plots are given in Appendix
A, Clearly from Fig. 3-I, these three images have very d:.fferent
amplitude frequency distributions. Hence if 2 Huffman code were
designed to match to MOON say, it would give a BWC for MOON,
but it mlght actually give a bandwidth increase for GIRL and
COUPLE. So this statistic is of no use for image coding.

' 1f the frequency distribution of pel values is of no help,
then some other étatistic might be found to be nearly stationary,
t.e. independent of the image, or nearly so. Since, as previously
mentioned, most of the importaat information Ié;‘“fn the pel diffe -
rences, it is natural to examine the frequehc;y distribution of
‘differences between pel values. Here, for simplicity, only the
differences between adjacent pels is cop);idered. Also, at this
time, it is convenient to introduce a parameter p -, such that
the Ith pel difference 'Ai‘is given by
by =pely-pxopel, L 0 <p gt (3-A)

1 "
in which p is the correlation coefficient, an estimate of the correlation

h . ,th
between the it and i-1  pels.
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Fig, 3-1: Frequexié.ly distribution of pel amplitudes for
MOON (a2}, GIRL (b) and COUPLE (c) .
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-

Usmg (3-4), the frequency distributions of the pel
d1fferences for MOON, GIRL and COUYPLE were measured.
The graphxca.l results are presented in Fig 3-II, while the
numerical values are 'gi’.ven in Appendix B. . ‘ ) \ \

S . . Coc s
T It can be readily asc rtained from an examination of

dependent on p . One lmntmg case is for p = 0, which gwes
the same distributions as in Fig.3-1 . However, the most.

interesting case. occurs for p & 1, this gives a frequency

dlstnbutmn ‘which appears very nearly gaussmn centered at

Aty i

ABRA,

the zero-dszerence point. This is consistent with prevmus

A

\chscussmns of image propertxes and the high correlation Wthh

e -y

has been found to ex15t between adjacent pels. It also aprees i
approximately with'the results obtained by Estournet [157]. e
Hence the probability of 2 zero pel difference is hi'gh-,
while that of a la.‘rge difference is smell But what is of utmost
importance is that, for - i, a.ll three unages nge about

the same pel difference distnbutlon. " So pel difference

statistics are quite similar for all three images "and this’fact
can be used in the design of an efficient image coding scheme.

Obviously, this scheme will be some type of DPCM system.

-
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'consi.d‘éra_tion thé points discussed in section 2.3.3.

- 49 - .
. 3
A ‘ S “_“"* . R 3
‘4. Measurements and Simulations: . AR ¥
Work has'begun at the University of Ottawa on L "

simulation of 2 companded DPCM# system which takes into

A DEC PDP-8 mmxcomputer was ‘used for the actual. imple -
mentatlon with a high-speed paper ta.pe reader (HSR) for
reachng image-tapes, while a D/A converter was used to

output imagesl on"a. CRT display unit. All three $ample images,
MOON, GIRL and COUPLE were available with each pel
stﬁred as an 8-bit binary number on perforated péper tape.
Thu‘s the pels exhibited a range of levels from f 001 000 000)

to (41 111 111), or equivalently, from 0, to 377_. This

8 . 8

results in 4008 (= 25610) possible grey levels for the pels. _

The image dimensions were all 4008 x 4008,resultingin 65, 53610 pels. .

T hus the original images are described by’ (25616)3 = ._16, .

777, 21610 bits. g
The procedure arrived at was for an image processing ;' S

program to be loaded on the computer, then one of th‘e image tapes i

read in on the HSR. The pel’values, after processing, were then _.

reconstructed and outputtedon the CRT display. The resulting "

image was photographed using either a Polaroid Land camera

or a 35 mm Praktika LTL camera fitted with a 1.8/50 lens. |

In all cases, the olriginal image was, first displayed and photbgraphed ‘é\

as a.. control, then the image tape re-read in and the._astﬁfatl pro- ,:-u‘

cessing carried out, the reconstructed image outputted on the CRT

and itself photographed. | ' : : - |

* This is often referred to as non-uniform quantization DPCM _
or non-uniform step DPCM.. . .o
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s The measurement of the pel and pel difference ‘
frequency distributiéns.as” ciiztl_ined in section 3 was the

- first item dealt with.. This consistéd in obfaini.ng a frequency
distribution of pel amphtudes for MOON, GIRL and COUPLE.
(See Flg 3-1). . : L

Next the distribution of pel difference (A}, amphtudes

(whéfe 5, is defined as
Ai = pe:].i -p xpeli-_.1 )
was obtained for different.values of the correlation coefficient 0.
This was also done_for all three i.;hage, the results appearing
in figure 3-1I . ' Examination of these distributions clearly
demonstrates the Close similarity of the pel difference
statistics for values of  close to unity. _
A companc}x)!xg scheme applied to DPCM was then

arbitrarily devised and tested; it appears in figure 4 -1
This scheme was then incorporated in the DPCM -system as follows:
a pel value was read in from the HSR, the'difference between
- this and the ‘previous pel was calculated, then this was i;ipﬁtted
to the compression subroutine, which outputted a compressed
difference. The compressed difference was then "transmitted "
through a noiseless channel, the compressed difference ‘expan-
ded, and an estimate of the original pel reconstructed by addition
to the previous reconstructed pel. (A bleck diagram of this
system can be-examined in figure 4 1I ).

~ As expected, this scheme produced reconstructed
images:in which on the; Iaveragc, the magnitude of the differences

between the original and reconstructed pels was found to be large

1u
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Range of DPCM coder outputs Com rebfsor output Expander output
(octal absolute value) {octa solute value) | (octal, absclute val
0 0 0.
1 ) ‘.13 -1
2 2 2
’ 3,4,5 .3 4"
6,7,10 4 7
11,12,13, 14,15 5 . 13
16,'1?,20,21,22 T 6 20
23,24,25,26,27,30,31 7 26 =
- . ‘ v
32,33,34,35,36,37, 40 - 10 35 i
41,42,43,44,45,46,47,50,51 S ¥ : 45 -
52.53,54,55,56,57,60,61,62 12 56 -
63, 64,65, 66,67,70,71,72,73,74, 15 13 1 70 A
76,77, 100, 101, ... 400 14 103 &
' ! - F
R
\.. :‘ ‘..

N .
Compressor output.coded as 4- bit word, + sign bit, so transmitted
as 5-bit word. Left-over words are + 158 + 16 178" These

can be used as special ols, suck’as &TEST sequence. START
SCAN, STOP SCAN, - etc

Fig. 4-1 : Companding scheme used for DPCM coder output in all
¢ simulations. :
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,- . .
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Fig. 4-1I : Block diagram of image processing and transmission simulation

system that does not incorporate a feedback loop in the XMTR.
This was the original simulation system. The delay, counter

and —é— - scale reference blocks are used to generate the previous

pel value for the first pel of cach scan line.
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e -

and éppéar in bursts in the .reconstrjucted image lines, 'I;he original ima.gé
and their reconstructed counterparts can be examineld in

fSgure 4 -II1I . Since the scanning is from right to left and , ' ;

top to bottom,-near the right-hand margins the reconstructed - ’ l

1mages are very good approxlmatxons to the ongmal How -

ever, the approximation deteriorates . in bursts along a2 scanline as the

left-hand margin is approached.

To improve the quality of the reconstructed image,
, ‘ o
the original companded DPCM system was motlified by

insertion of a feedback loop in the XMTR section. This feed-

-F-\"l . '

[Ty

_\:,.‘_‘.

back loop reconstructs the prgévious pel at the XMTR exactly
as it wﬂ?’e reconstructed at the RCVR, given a noiseless

channel/

>

R e N

and so the difference between the previous reconstructed

'-i-i‘
yasedy.

pel and the current pel can be compressed and "transﬁitted "
The configuration of'the RCVR itself remains unchanged.
Figure 4 - IV is a block diagrarh Aof this system.

Using this medified companded DPCM simulation scheme,
the ima-g;e transmission simulations were repeated. The results
appear in. Fig. 4 - V. A subjective comparison of the recons-
tructed images  in Figures 4 - II and 4 -V clearly
reveals the improw}'emlent in image quality provided by the modified.
system. N )

Fipally, to prévide some immunity to channel noisg, an
algorithm to replace a pel difference by a PCM update value at |
ever;r k pels is being developed. (This is required since the ‘K‘ 3

feedback loop at the XMTR is located entirély within the XM TR
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- 4-III'(c) Original 8-bit/pel PCM version of GIRL
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(<)

-

(d)

and (d) 5-bit/pel reconstruction of GIRL,
using a companded DPCM system without -
feedback in the XMTR. (Fig. 4-II)

~
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Fig. 4-I1I: {e) Original 8-bit/pel PCM version of COUPLE
and (f) 5-bit/pel reconiguction of COUPLE,
using a companded DPCM system without
feedback in the XMTR. (Fig. 4-II).
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Fig. 4-IvV: Block diagram of system used for digital image

processing and-transmission simulations

at the University of Ottawa.
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fa} Original 8-bit/pel PCM version of MOON
and (b) 5-bit/pel reconstruction of MOON, using
a companded DPCM system with feedback.in

the XMTR. (Fig. 4-IV).
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{c) Original 8—bit)pel PCM version of GIRL
and (d} 5-bit/pel reconstruction of GIRL,
using a2 companded-DPCM system with
feedback in the XMTR (Fig. 4-IV).
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section and ha;nd knowledge of channel errers'. "Hence whenever
2 ‘cha.nnel errodc occurs, the reconstructed pel atthe RCVR and
the -output of the XMTR feedback 1oop will not be the same, so ' .
that the feedback loop will not tend to reduce the effects of
channel noise.)’ However, transmission of an 8 b1t PCM word
) interleaved in a string of either 5 or 4-bit DPCI\&“words requires
more complex hardware to implement, and by the fact that the
PCM weord is tw1ce as long as the DPCM word,,-_axt is twice as
likely to be affected by channel noise. Also, an error occuring
in 2 PCM updating word can cadse a much larger error in the'
reconstructed ima'ge than a DPCM wqrd, since the DPCM word
will be companded and limited in amplitude by the ex;;aﬁder
characteristic, while the _PCIVII updatingf word, ‘with its much greater,”
dynamic range, -would be transmitted directly. The use o_';’?a.

PCM update would also slightly decrease the BWC, by an amount

proportional to the BER of the c'hannel", since the number of

updates used per picture would be proportional to the channel BER to

achieve the same quality of reconstructed image.

*For these reasons the updating word was chosen to be
a DPCM word, 'its value bemg the dif“ference between the ha}f—scale
grey level (2008) and the pel value in éhe original imagﬁ Thus the 1 ,‘
update | while only as 'exact as the compandmg scheme can make it, é =
will be very close to what the PCM value would be, while requlrmg I\_

; 1
no more bltS than a.ny other DPCM wo:'d and reducmg the probability 1[
of error . in the updating word by half, as compared to -8-bit-PCM, -
since it is half the length. It also s'ir'nplifies hardware requirements . . |

\ S
slightly, since all words would have the same length Figure 4 - VI~

% For réasons of simplicity, in.the remainder of this discussion, ‘ o
&/ a DPCM system utilizing 4-bit- DPCM words will be assumed. - | n:

v . . o ' ) . :
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is a block diagram of a2 system which could be used to simulate
the effects of-channel noise ‘on the. sys_,té:m_eﬁd th/e ability of the

system to recover from channel errqrs.

In a practical system, it should be pGssible to.trans-
mit a test sequence Befo're an image is transmitted, get an
'esti.rna.te on the current BER for the channel, then adjuet the
value of k accordingly. This would require some feedback
from the RCVR. If S-bit DPCM words were used, some of the

mMeft-over " words (see Fig. 4 - 1) could be used to directly

" transmit the value of k before transmission of the picture.

To sxmula.te this latest system an a.lgonth.m to-

produce errors at random locatxonsm the Z-D image must be
“implemented, then the error sequence added to the transmitted
words, the number of errors per uimage being proportional to

the B‘ER‘. It seems concept'ua.l-ly poesible to transmit reasonably’
highA quality images for relatively,l@rge error 'ra.tes at little or
no cost in BWGT, the extra expenses occurring in the hardware .

Of course, for ma.x1mum efﬁc:.ency, the va.lue of k should

adapt itself to the changmg BER of the channel. However, imple -
‘ mentatwn of this type of System m1ght concewably increase the
bit ;a*t’e 'since test sequences of some kind would probably | :

T f the image.

have to be transmltted say at every, two lin
The 1mp1ementat10n would defimt:el)r be aw fd; and ‘probably
not worth the expense, since the 'BER/would not conceivably
change very much while one image £s bt}ing transmitted . For the
‘case where a coq‘nectxon is made rough a telephone ‘voice ¢hannel,
ence the conndction is made, ‘the hannel would probably not ch&nge
appreciably unti.l})'nothe_r coﬁnecj:i,ggn was made. |

J

-
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Clearly, there would be at most one connection made per image ,

so the implementation of 2 system where k was adaptive would
probably be of ve ry little help. |

In 2all of the DPCM si'mu_lations, since the correlation
bgt\ﬁeen the last pel of say the ith line of an ima-ge and the first -
pel of the (i-i-i)th Iine can be eﬁcpe’c{;ed to be véry 1’ow, the DPC‘M'
word transmitted for the 1st pel of any line is actually the,
difference between the actual pel value and half the grey scale
range ( being 2008 in this ca.se). Hence a large error does not

occur in the first few pels of a line of the reconstructed image.

‘Another point which should be mrade clear at this time
is the inherent Synchronization of this system . Since‘the received

and reconstructed images always have the same dimensions, and

fj%xce all transmitted words are of the same length, framing
</ : .

should be perfect at the receiver & long as the framing circuit

gates at the correct time. This can be ensured by transmitting

. 2 unique START word; the end can be determined at the receiver

_ when the next pel would overflow the standard image dimensions.

Hence it should be possible to reconstruct high-quality

images with a BWC of 8 11 with respect to 8-bit PCM , using

5 . .
the abo¥xe system, even in the presence of a relatively high BER

Howevef, fhe system is not Optlmlzed and further work must be

done to find, for éxample the optimurn compression characteristic.

Optimize ompression schemes have been developed using a mse

criterion [17], but this criterion is not necessarily a  valid one

for image processing systems. Hence some further experimental
? e

work should give useful results.

J




D

A BWC of % :1 is not very impressive, but as’
will be seen in sgcfion 5, the addition of some more hardware
* should provide a means of producing another larpge BWC factor
multiplying that achieved with tHeL_&PCM system described above.
The system comprising the DPCM system with added transforma- .
tions‘ will henceforth be referred to as th;e proposed systém, to

be described in the next section.

The BWC factor of 'g-:i could in all probability be
changed to a. fa.ctor of % :1 if the 5-bit DPCM is coded as 4-bit
DPCM. The only diséd?anté.ge of this is the loss of the "unused™

words (see fig. 4-1) and probably of some -imag,e quality as well.

These unuséd words could be used aé a START cofrimand for the

DPCM reg€iver or for implementing changes, given adaptive
procejs/sje dthe_rwise these woras could be used sir'r.1ply to
represen't DPCM levels, giving fheoreticaily a slightly impro-
-veld image quality, though it is doubtful that the change would be
even noticed in a practical Systefn. Clearly,thereis room for

improvement, even of the basic DPCM system as described

above, but a BWC greater’than 2:1 could probably not be achieved-

without 2 serious degradation in image quality.
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5. Proposed System:

‘As discussed in the previous sectioﬁ, the sfstem ‘
could obviously be improved up( It might be possible to
find 2 method of coding the syr;;boI stream emerging from the
DPCM codef before transmission in a very efficient manner
such that BWC could again Be.achieved, giving a larger overall
system BWC ‘faét-or. One class of codes which have been
suggested are the negacyclic codes [ 18 ] . They ::-Lre nearl‘;r

'uni’que in their ability to operate upon + ve and - ve multi-level

r

signals, instead of on hinary data alone, and can be easily

generdted since they a.re\qua.si-cyclic.

The system would operate as follows: the negacyclic coder

(NC) would examine the output ofthe DPCM codér, and when the
sum of the absolute values of therlemerginé multi-level signal
had reached a certain value, the‘NC would interpret this n-length
sequence as being an error patterﬁ,genera.te a syndrome ofiength s,
and transmit the syndrome itself to the RCVR. At the RCVR, the s-
length syndrome would be decoded to pr-oduce the n-length "error
patte.rnr'_ and this inputted to a DPCM decoder as in&th;a previously |
méntioned system. If, on'the average, n >>s, then a farther BWC
of ( -I;- } will be aghievéd; —

| It may ‘turn out tha;: the type of output from the DPCM
coder is not é'uital.ble lfo'r immediate negacyclic coding. In this
" case, intermediate p cess‘ing on the DPCM output ?vould transform
it to a form more amenable to negacyclic coding. Fig. 5 -1

is a block diagram of the proposed simulation’'system.

=3
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The system will complement one at the image proce s-sing
1ab/of C_‘,RC at Shirley Bay. The_tw? sys';‘:ems will be-.linked S0 that
spme of the conclusionsarrived at on an analytical basis can be |
checked under real life conditions. ‘

VOne,‘ practical aspect of‘i:he system that will be of g;eai
interest will undoubtedly be its sensitivity to channel noise. A
little thought immediately shows that the updating scheme,ps“'ed in
the system without negacyclic coding will be of no helf herf.la. If an
erfor occurs in a transmitted syndrome , then of course it will be
decoded incorrecltly at the RCVR, thus producing an incorrect input
to the RCVR DPCM decoder. Thus the outputs of the XMTR DPCM
decoder anci RCVR DPCM decoder will not be identical, and so the
upda.ting scheme will fail, | .
. . + This problem may be alleviated provided an appropriate
error - cobrrecting code can be found such that the Mss in BWC vn;'ill
be small ;ompared to the channel noise irnmﬁnity”prc'zovided. |
This can be most simply stuéied by simulation, using a random
number generafing é.lgo;'ithm to produce errors in random locations

in transmitted code words and viewing the effect on the reconstructed

image for various BER.

K
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6. Concluding Remarks o )

This report introduced the image transmission o
problem with some of the more important attempts which
have been made to date to solve it. ‘--’f‘hese have been briefly

examined as to their relative merits and disadvantages.

Next, using the three standard digitized 'i_rnages ,
MOON, GIRL and COUPLE, a study of pel value as well as
pel difference frequency distributions was made. It was
concluded that in the second case the statistics were very
similar , whxle the pel value -frequency distributions were,

deﬁnite‘fy not,being different for all three images.

Using tRese facts, cempanded DPCM followed by

negacyclic coding was chosen as the "best" source coding
(

- scheme for the case under investigation. However, the system

as proposed may still possibly turn out to require too
complex an implementation and so be too expensive to have any

practical applications.

ol

A simulation of the campanded DPCM portion of the
system (see Fig. 4-1II ) was implemented on 2 PDP-8 mini-
computer, and the results indicated that some control was required
onthe _recons_tructi&on error otherw_ise it could become Vrelatively
large. Thi.s error control was then implemented in the form of
a feedback 1eop pro&ucing a reconstructed pel at the transmitter
itself, Then a method was suggested to reduce the effects of

channel noise on the reconstructed image and was found to be effective.
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The BWC .-Of slightly less than 2:1'§roduced by this
+ system was judged to be too small 'te justify the system cost
in ha.'rd(va.re, so a2 negacyclic coder was inserted betweéi the
DPCM coderjand the channel. This coder considers DPCM v
sequengzi.s representing error pattefns and outputs a ehorf .
syndrome Which uniquely describes the "error pattern". The .
DPCM portion of the RCVR is then preceded by a negacyclic
‘decoder which will output DPCM sequences, given a syndrome.
Larger overall ba.ndWJ.dth reduction factors could be expected to

result from thzs system

Clearly, while the results to date are promising, only

preliminary work has been dohe. Howexger a 11brary of. unage o
processmg and display routines has been developed to. run on the
PDP-8, so the simulation system exists in its basm form, a.nd
could easily be altered ol added to by usmg appropna.te sub- -
routines. Of course, “the use of different input devices will
necessitate addltlonal Af/D 8IYA converters, J.nterfa.cmg hardware,

etc.

i

Another point that must be stressed is that the final
system configuration will not necessarily be as ouﬁined in| the
report. For example ‘it might be found worthwhile to use pr -a.nd
post - emphasxs on the analog image signat before A/D and. D/A
conversions. Ifitis found that the approach taken is 1ther not A
feasible for some reason(s), or gives unsatxsfactory/tesults,

alternatives w111 be tried. Agam since the requirenyents are for
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a physically-realizable sysi:ein. little time will be spent on a

system which may be excellent.in theory but is found to be un-

: wor_kablé in practice, as these systems are only of academic

interest.

The most interesting aspect of this proposal lies of
course in the use of negacyé:lic codes to aghieve BWC_.
The code itself can be simply generated using cyclic techniques,
‘even though the code is not strictly cyclic; the greater part of
the work will consist in making 2 .judicious choice of a proper
nega;cyclic code. V.C. Chau [19] of the UniQersity_ of Ottawa,
in a thesis to be published soon, has 'derived many generator
polynomials for negacyclic codes of different lengths, a.:nd the

choice of code will conceivably be made- from these.

C e
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Pel Distribution, MOON:

i

Pel

Value.
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+0011
+p012
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+p014
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+0018
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+PB32
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+0036
+0037
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+0039
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+0841
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+0043
+0044

* In all disfributiops, only non-zero occurences are %nd
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i

‘-éel
Value

- +0045
- +0046

+0847
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+3249
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+0@51

+2052
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+@855
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+0060 -

+2061

A}
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].No.of
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+0089 . 0202
T

. Value _Occure
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~

- ‘No.o
P g
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+3091- " p233
+0892 © 9226
+00693 E2R3
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+0103 - 0539
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+0105 | @564°
+P106 0558
+0107 0663
+01@3 0675

- +@189 - Q715"
+01190 0698
+@111 0720
+0112 8726
+0113 8716
+2t1la Q797
+0115 B339 .
+3116 #851
+0117 3370
+31158 19924
+B119 0372
“+0120 p362 |
#0121 0904
40122 0881
+P123 8906

icated.

+@126 1182
S +Q127 . 1r2t
+9128 . 1934
+0129 1851
+0136 . 1630
+0131 1127
+@132 -T118
+0133 1104

" +Q134 1054

+@124 _ .100S
+0125 = @947.

’
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Pel, Distributién, GIRL:
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: _ “ -
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