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SUMMARY

A character recognition systen nay be divided
into four systeÍE ; narnely, an input device, a

dreracter separator and preprocessor, a feature
extractor and a categorizer. Eactr of these sub,

systerc is investigated in the development of a

recognition systenn for Thai text.

As a starting point for the investigation,
a description of Tnai printing and of its 1arge

and unr¡sual character set is given.

The input deviee to the CDC6400 conputer

is a nodified piece of office equipment, a Gestetener

ES390 scanning machine, These nodifications and the

nethod of input fro¡n the scanner to the computer

are des cribed witå a detailed coruideration of
f i mi no ren rri ramanfq

, ,.r.v-¡ w a

ïhe isolation of eadr draracter from the

scanned image of a page is complex in the case of
Ihai printing. A detailed des cription of a

neth od for is olati on is given, togeth er wi tJr an

inves tigation into ttre irnplicatiors. of the angle of
tilt on the page in the scanner on this proposed

net]rod. Preprocessing of tine binary inage of
each Craracter after isolation, necessary to remove



tandom noise, is corsídered and character defects

that nay affect tJre result Of the feature extraction

subsys tem are des cribed. Some account is given of

other work on pte-processing and of the adopted metjtod.

It is found convenient to transforn tåe binary

inage of a scanned character to a point in

p-dinensional space for identification. A method

for cornputing suctr points, called rfeature vectorsl

is outlined witì ernphasis being placed on the

selection of those feature elements most suitable

fOr us e in the recognition sys tem. Having s elected

a s ubs et of the feature elements , a principal com-

ponent analysis is used to reduce the dimension of

the feature vectors. Experirnental results

illr¡s trating the effectiveness of t}re selection

tedrnique are Presented.

Mar¡y characters of the T:hai alphabet are

very similar in shâPêr but one out of eactr group

of sirnilar characters tendç to occur more

frequently tJran the others . This property is

exploited in the categorizer by using a statistical

mode|, optinaL in the Bayes sense, whictr is briefly

outLined. This nodel- requires knowledge of the

probability density functiors for eadr category

(or character), which are not easily es tirnated.



A nethod for approxinating these functio¡rs is

described and results presented.

Fínally the effect of introducing rejection as a

possible decision in the categorizer is investigated

and experimental. results given using both simulated

and s canner data.



This thesis contains no material which has been

accepted for the award of any other degree or dipLorna

in any University. To tJre best of rry knowledge and

belief , i t contairs no materi aL previ or.rs ly pub lished

or written by another person, except where due

reference is made in the text of the thesis.
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Ch apter 1. Introduction r,a)

t'!)

Dlirt¡:

1.1 Backsround

In recent years there has been an upsurge

in the interes t in the automatic trans lation of

langu-ages . For exanple, extensive work has

been carried out on both Russian-Ënglish and

Chi nes e- Englis h trans lati on and to a le-s s êr extent on

French-Englisir ancl Gerrnan-English trans lation

L1-r7.l. In keeping t^'ith this current interes t,
Strehlow and Perry tsl have made a study of the

autonatic translation of Tirai text into English,

since litt1e formal analysis has been made of this
language and a knowledge of the structure and

grammar of trle Tnai language is of some inportance

to Aus trali a generally.

The latter: authors wished to acquire data

ef fi ci ently anrl econol:rli cal1y in a forrir s ui tab le

for conputer use as is the cas e for the automati.c

trans lati on of ar'ry language . Th e fi rs t propos al

they ÐToposed i,r¡as to nurchase a card or teletype

punch enabling a suitably trained onerator to

tra.nscribe Trai inti¡ cards or teleWpe for
s ubs equent arralys is . Iiowever, th e exoens e of

buying or leasing such equipment was prohibitive
and, in addition, an operator r¡ou1d have to be

trainecl to interpret and puncir th e large and

unus ual ch aracter s et. l'his meth od of data input
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would als o be s low and there is no assurance that

an operator even after ttaining ruould be able to

transcribe the text accurately. To enable the

effort on the automatic translation of Thai text to

continue, it became necessary to seek some other

method of a-cquiring the data for co¡nDuter use

with the minirnum of huinan intervcntion and inter-

pretation during transcrintion and at the same tine

r"rinimis ing cos ts . T1,r us ân a.utorìated sys tem f or

encocli ng Tir r.i text was p ronos cr1 and i t i s wi th this

nrob lern th at tî e pres ent s turly is concerne c1.

Th e n.-:ed for machine rccogni ti on of Th ai

text f or au+,oi-nati c trens lati on w:ì.s not tire only

reas on f or tir is .s ttid./ . The large and unus ual-

cÌr aracter s ot of th e T'!r ai language whi ch is

intermed.i atc a¡rc1 comple xi ty ireføeen Inglish alld

Chines c, lnakes this an extreliely interes ting

ch¡rac.ter rercognition rrrol-rlern. An example of

T,r aí text is pres en ted j. n Fi gure 1. 1 . 1 .

L,2 Th ai Text

As outlined by Allison [4.] ' tire 'hai language

is printecl as a scq.uence of characters left to

right alon¡¡ a linc rui th th e f.in,.:s running down

the pe,ge as in English . Tâ erc i s no upper or

lower cãse in Thai, r:¿tcìl ciraracter altvays being

the same size irrespectivL: of its use. Normally
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ïhe dis tinct symbols can readily be divided

into classes which consist of consonants (C),

vowels (V) , numerals (N) , cornbined vorÀre1- tone

synbols to be cal1ed tort¡e1s (!.l) and special syrnbols

(S) . T\ ere are 45 cons onants in the Tn ai

alphabet rr'hictr may only appea.r in the middle

area [5 ] . However, only s li gh tly more th an

half of them are usecl extensively (sone are

even obsolete [4]). The vowels rnay be sub-

divided into those which occur in the lower area

(Vf,) of whic.h the re are two, thos e whidr occur

in the middle area (Vl¿) of u¡hich there are

seven, ancl five appearing in the upper area

(VU) plus one which occurs in the upper area

b etu¡een two mi ddle area s ynrbols (VS) - the dual

character case. There are ten numerals (N)

rvhich nay occur only in the rniddle area, There

^-^ -; -. #n+ra^ ..,L;'^L ^1,,^--^ :- rL.¿tr'Ç sl-j( r-(J¡ìcs ìvi¡isû atways appenï 1ït Enc u-ppê1

area. Two of. th¡:se have lirnitcd conbinatior¡s

with vor.,r¡els . Towels occu1 only in the upper

area anC consis t of conbinations o1' the five
members of Vr-, with five of the tones r or

conbinati on.s o,F th e "r1ual ch aracter" wi th f our

of the tones , denoted by i{V and tdq respectively.

l.lote t-h at each tone is orinted di rectly above

the vowel ltrittr r,vhich it is associated. Finally,
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there are seven specia.l .symbols, six appearing

in the rniddle ltrea and olr-o in the upper area.

Thcy can be summarized ín the following way;

l¡idclle -A"ree_ (SU,,,) :

Upper Area (SU):

,91"{

I

{

wold repetition
abbreviation sign

ful1 s top

opening parenthes is

clos ing parenthes is

h.ori zontal dash

quotation narks

(

)

rt tl

Figure L.2.2. il1us trates all the indiviCual

shapes of thr-. Tnai character set.
Table 1.2.1. is a su¡?mary of tìre vertical
combinations that are possible in the Thai language.

r.tla e n cons i dering th e prob len of machine

recognitioi:. of Thai text, one inrnecliately considers

the possibiliq/ af regerding each vertic.al combination

as one chrra-cter, but frorn Table L.2.L. it is
apparent th at th e numb r:r of poss ib le verti cal

comb i nati ons malc cs th is 3. f orni dab 1e pronos i ti on ,

if not impossible. It is necessary to consider

characters falling into the three natural areas,

U, I{, and L separ:ltcl.y, but even then it is still
necessary for thc recognition of some combinatiors

of syrnbols, in particular' t.5e towels.
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vow¡lc (Vd, 51 ¡nd SZ rpcelel
rynbols (S il , 55-ó2 nuncrelr (tf,),
65-6ó rpoclrl rynbols (Sil. Tho

üro nrrkod r era no lon¡er ln u¡¡.
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Fi grrre L,2.2. (a) Contirrüeçl.
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(a) ltd.ddl.e Area (cont)
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Figurc L.2.2. (b)

Fi¡-1ure L.2.2.

The Upper Ârea Characters.

Nos. 1- 6 are vowels, (Vu)

7 - IZ are tones (T) and

15 ís a special symbol (Su)

(c) l,ower ¡\rea vowels l(vl)
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(b U er ¡\reû

Vowe ls (Vu)
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I
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Table 1.2.7. h Suinrmary of the nur¿ber of possible
verElcal conD]-naEI.Ons 1 n En e rj_ a1 Ianguage.

i-Ipper

O

44x
4 4x1

44x
44xX

1544x
2xS

44
xZ

/14

x25

AA

x5
44
x6

45
iJo. of
Verti cal-

Conbi nati ons
10

V I

\¡
L

Lorv e r

T
V5

CCCCc,
i':i

IiICCC

T

C CNl"':i d,dle

SU V
S

T
T
vLIV

LI

Singlc ch:rracter pos i ti ons Dual
Ch aracter
Posi ti ons
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The symbols falling into these natural groups

are s ummari zed in Tab le I.2.2.
Table I,2"2. The number of s ynbols occuring

in dre three natural areas.

Lower

Total-

68

4Z

2

Nuinb er

10

45

7

6

z5

4

I

5

I

6

2

Area Type

l.¡

C

VM

s 
1,,

'r(Tu)

"r(lJ
SU

vu

Vc

T

i/,'L

Mi ddle

Upper
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It beconres clear therefore, that there is a total
of ILZ syinbols to be recognis ed, whi ch can be

divided into three clistinct groups corsisting of
6 8 , 42 ancl 2 ne mb ers . I t ru as menti oned earli er

that somc consonant..; ere rarely used and some are

even obsolete. Indeed, it appears flrat there

a.Te 2 consonants whi.ch are nct,us ed in modern

T.r ai wri ti ng t4I . Th us only 66 ch aracters need

be consirlered in the middle ârea grouçì and the

total number of syrnbols to be recognised is
reduced to 110.

Before an ar.rtonatic system of encoding the

data was proposed, a considerable anount of Thai

text f rorn t'ari ous s ources wâs coded nanually,

punched into cards, and stored on magnetic tape.

In exces s of IC ,0t 0 characters r,rere ava:- l-ab le

f rom r,vhi ch , unf ortunately , numerals and s peci a1

synbols weril excluded. Using this data a frequency

couirt of dr :.lracte r occurience !ü as rnade , th e

results of which are presented in Table L.2,3. in
the form of probabi li ty for both overall and witirin

aree occurrence. The overall probabilitv for the

upper are.1 cnly tak cs i nto account tir e i ndi vi dual

character occurrence, for example, a towel is

counted as one vowel and one tone. However, for the

within area probabili W a tov¡e1 is considered as
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Table L.2.3. The Probabilities
occurrence ]-n

Ch ar. Ff o.

of draracter
ex

I
2

3
4
5
6
7
B

9
1C
11
I2
13
L4
15
16
I7
1B
1.9

z0
ZT
22
23
24
?s
26
27

3.83
1.C9
2 .38
1.88
0 .01_
3 .26
0.?9
0.89
0 .31
0.00
0,02
0.0s
0.4s
0.10
0 03
c .0 5
0.8c

1..7s
û ,47
c.0,1
2.)s
c .23
5.51
2,12
r.7 2

'J.68

.70

a
/¿

J
0
c
z
2

0

Wi thin
Area Prob.
(xro * z¡

0.0 5
1.57
0 .lB
0 .31
4.85
3.36
7 .26

89
30

.26

.53

.61

.0 3
5.3s
0.01
0.c0
0.00
3.T2,
8,67

.16

.5C

2.76
0 .L4
c.06

61.60

! .82

.58

.c9

4
1
0
1

L

0.04
T,T7
0 .14
c .23
3.60
2 ,49
5.39
z.15
2.45
0 . s2
0.19
1.88
1.94
J.C2
3,9 7

c.01
0.00
0.00
2.3r
6 .44
5.09
1.11
c .41
,l .81
2.0 s
0.10
0.04

r.543B .40 ?,

Lorver Area

Itri t-h in
Area Prob
(xro+21

Overall
Prob.
(Xro+z¡

ar No.

s.16
L .47
3.7"L
2 ,53
c.02
4.3q
c .L2
r.20
0 .42
1.C0
0.0 3
c,Ð7
0 ,67
0 .14
c.04
0.06
1.08
2.4s
2 .36
0.13
0 .06
2 .76
0.31
7 ,4?
2.85
2 .32
),92

ZB
29
30
31
32
33
34
35
36

38
39
4)
41
42
43
44
4s
46
1/
4B
49
5C

51
52
53
54

reahli ddle r\

c .96

Overal 1
P rcril .
(-xto + z ¡
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Tab 1e I.2 .3. (cont).

¡li th in
\rea Prob.
(xro+21

T5,24
[5,10
0.0 1"

0.0 1
5.45
5. 80

llti thi n
Area Prob
(x13+2)

i Ch ar .l{o Overa1 I
Prob.
(xro.2¡

Llpper Arca (Vowels $ Tones )

3. 56
r.6 4
2 .7t
0.si
0.89
0.61

TI.47
12.rÛ

3.C1_
I,1,2
3.gg

12. s9

7

I
ñJ
1C

11
L2

3 .79
3 .57
0 .01
0.06
) .63
0,73

Uppcr Arce (Torvels )

Vowel
Tone

ombi nati on

Vowel
Tone

onbinati

1-
1-
1-
1-
1-
2-
¿.-
2-
2-z-
3-
5-
J-
3-

7
B

9
10
L2
7
B

9
tc
l2
7

B

9
I}
L2

0.7,8
q .28
0.0c
0.c0
0.1.{
3. ri1
2.66
0 .J0
0.00
0 .11
L.82
c .14
0.0J
0.00
) .10

2B
29
?1

31
3Z
33
34
35
36
5/
3B
39
4)

+
4
4
4
4
5
5
5
q

5

6
6
6
6

7

B

9
10
L2
7

B

I
10
10
7
ô
C'

9
104L

Ch ¿;.r , No .i Overall
Prob.
(xto*2¡

I
z
5
4
5
6

13
14
15
16
L7
1B
19
2i)
2T
22,
23
?,4
2S
26
27

1.61
0 .42
0.00
0 .00
0.c0
0.07
0.07
0 .0c
0 .0c
0.00
0 .56
2.66
0.00
0 .1)
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one symbcl, hence the reason for apnarently no

relation bei,ween the two probabi lities for eadr

upper area ch aracter. Note tir at ch aracter 10

of the mirlclle area group did not occur ín the

sa*nple as lJas alsc t'ne case rvith many tonels.
All ttrat may be concludecl is that these are very

rare symbols and snecial account must be made of

these in the ri'cognli-tion system. 1Ìte attention
of the reader ís dra'r¡n to the nunberíng system

for the characters presented in Figure I.2.2. and

Table I,2.3. rr¡hich rui11 be used in v¡hat fo11ows.

Special nention slìoulcl be rrlade of the

characters in tire upÞer area. Character 6 is
the "dua1 character'r which may be trsed by itself
or with aîy of flre fou¡ tones 7 - 10 incltsive.
All of the other upDer,/o'r¡/€1s may occur alone or

wi th c-Lny one of th e tones exctr uding 11.

IncludeeL in the ripÐer voivels is the symbol

"o", whiCr in fact i.s nc¡t â true vowel [5]. It
occur.s r^li tìr th e mi rjdli-- âTiiâ ch aracter rr /ì rr and

together they fcrm a vor,vei.. This middle ar^ea

character may alsc appear alone in v¡hich case it
is a cons onant, but rvÌr en i t- aÌlpears wi th t'ott whi ch

is always in flre upper area of the prececling

draracter, the cornbination is a vorvel. This

vor¡rel wr 11 b e referrcC to as u"t e t'speci al upper

vor,ire 1" . l'[gte th at th e preceili ng c]r aract.er i n
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addition to "o" nay sti1l have a tone in tJre upper

area. For purposes of machine recognition,

tlr is s peci al upper vowe 1 is cons i dered as two

distinct symbols and consequently the probability
of occurrence of symb o1 45 (rni ddle area onty )

takes into account the occurrence of 45 and the

special upper vowel in Table L.2,3.

1 . 3 . Th e Re cognj. ti on Sys tem

It is convenient to consider a Character

Recognition System as a number of subsystems (see

Figure 1.3.1.). For the proposed system it is

necess ary to examine each of thes e s urlsys tems in
turn, bearing in mind that dre overall objective

of this study is to develop a system for the

automatic reading of Thai text rt¡hich operates

ch eaply .

Input

Devi ce

Feature

Extractor
ecl-st on

Figure 1. 5. 1. Th e s ubs ystems of a Graracter

Categori zer
Separator a¡d

Preproces s or
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Tne Input Device or Scanner, is a standard

office Gest;:tener ESSgl copying nachíne, modified

to produce a rJi gi ti zed vers ion of the page being

s canned. fü es e rnocli fi cati offi , th e i nput f ron

the scanncr to the comiruter and the subsequent timing
cors i c1t:r¿¡i ntrt are ilres ented i n Cr apter Z,

The isolation of each coaracter for its
individual recognition fro.rn tl^rê s canned image of a

page is cornp lex i n th c cas e of Ti: ai pri nti ng .

It is r¡¡ith tiiis aspr:ct of the recognition system

witli which tho separator and. Prenrocessor are concerned,

A possible nethod for is ol,rtion is des cribed in
Chapters 3 and 4 togetht.;r with the preprocessing

needed to rcnove random noise from the scanned

image of each c':l aracter to innrove th e recogni ti on

rate . I t w as f ound conveni ent to s ilnulate th e

output of th e Scparator and Preproces s rf r s ubsys tem

to obtain expcrimental results in the development

of the recognitir:n systen, a description of r,rhich is
al.s o given in Ch airter 4.

Th e purpos c of th t-. Feature Ëxtractor is tcl

receive t\e orcprocessr-'d patterns and to derive a

number of feature elements or me?s urenents , thts

effectively reducing th e d-imension of the data. If
there ere rnr such me,3-sures then a pattern can be

reprels ente d by a poi nt in n- di mens i onal s pace ancl,

hopefully, points belonging to the same category
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will cluster near one another. .In this study,

nclrmalized bivariate central monents a.re w ed to
form the elements of the featurc vector for each

pattern and a method is presented for selecting
th os e mos t benefi ci al (alLtr ough not necess ari Iy

op ti inal ) tc tJr e re cogni ti on s ys tem . Res ul ts are

pres ented f or experi *rnenls lvi th s i mulated data in
Ch apter 6.

Sone grc'ups of ch aracters of tlr c Tn ai alph abet

are very simi lar in shape. FIowever, the frequenry

count (see section I.Z) has shown that for these

groups one character is far nore likely to occur

than the oti:er; for exanple, char¿icter 11 has a

probability of 0.02 of occurring while character 10

was not found in the sample taken. It was decicled

to exoLoit this nropert¡' in dre Categorizer, and

thr-rs a s tatis ti caL decisi,:n theory r.lodel optimal in the

Bayesr sense was adopted. .A review is given in
Ch aBter 5 . A prob lem ass cci etecl r{i th t\ is type

of Categorizer is the unknown forn of the probabil.ity

dens i ty functi cns as s oci at ed r^¡i th each category .

A method for ¿:ipìrroximating thes e functiorrs is
disctssed in Chapter 7 together wifa rcsults, once

again obtained using simulated data.
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Finally, in Chapter B, resuLts using both

simulated data and the scanner are presented,

together wi'tli a disclrssion of the difficulties
encountered when applying the scanner to the

recogni tion of this kind of text.
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ter 2. The P e Scanner

In this chapter e page-scanning device

which provides suitable input to the character
recognition s1'stem is described. The equipnent
usec is essentially the same as that described by
Jess up and üIellace tó ] wi th one nodi fi cati on;

eight grey levels are available instead of tü¡o.

Basically the scanner consists of a Gestetener

ES391, a piece of equÍÐment that can easily be

modified to provide a slow but cheap page scanner

suitable as an input device for arly computer, in
parti cular the cDC64c0 machine. T'he ESs90 has a

high resolution and is very effective for experi-
mental work in character recognition.
2 1 General Des cri ti on

The page of text to be scenned must be on a

loose sheet of p3Ðer which is placed around a

rotating drum and fixed in position by a flexible
clear plas ti c cover. '.,,hen operating, the drun
(which is abc;ut 5 inches in diameter) rotates at
approxinately 240 r.p.m. while a scanning carriâgê,
mounted on a Lead screvr, moves slowly past the drum

paralle1- to the axis of rotation. Tne page is
scanne<l in a spiral path but the pi tch of the s crehr

is sna11 and adjacent scans may be considered to be

both vertical and parallel with an error of less than
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0.03 percent.

A basic requirement of thc scanner is that a

digitized version of a page must be independent of

any variation in the drum rotation speed, and thrrç

it vras necessary to attach a mechanical clocking

device to the scanner. A clear plastic disc with
approximately 1600 fine rnarkings around the edge

r4r¿rs fixed. to one end of the rotating drum. A

focr¡ssed light beamr p6sing through a portion of

the edge of the disc, is directed at two photo-

electric cells nounted at such an angle that each

narking on th e edge . caus es' -two. dis tinct puls es .

Each -puls-e car¡ses -the intensity readins of the

scanning_ carriage to be eonverteel to..a_ ¿iscrete

grey level in the range C to 7. Special"_$arkings

on the-disc cause about Z0 'ûercent to be effectively
blanked out and so no grey level readings are nade.

Ihese markings are sudr that t"\is blanked portíon

cqincides with the clip on the rotating drun passing

the scanning carriage. A photograph of the

modified Gestetener is presented in Figure 2,L,1.

2 ,2 . Input to th e CDCó 41 0 comlrute r and Srs tem

Operati on

Input to the computer is via an interface
unit built for the 'rComputer Assisted Instructiônrl

project 1,71 , the scanner being connected to one of
tlre 6 4 LocaL controllers (s ee Figure 2.2.L.) The
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input is performed unrler the control of a drirring
program residing in one of the 10 available perilrheral

processcrs. A smnll buffer area of 5IZ (60 bit)
words is required in the computer central menory

(65K) and a second r-¡eripheral processor is r:sed

to write the contents of this buffer area onto

magnetic tape wlren rtleuested.

rt8
CA

Scannen
Code

4 92 0

I
pnevious data
point was not
accepted

11| '-- Data

Jigr,"r" tr,utI sígnal-s
the top of
a ventical
scan

Fi sure 2 .2 ,2. l\- Data tra,rord

liln cn operati ng, rlata f or one verti cal s can

is s torerl in a peripireral process or as i t becones

available, eai\ iata Þoint being stored in the

botton 3 Lri ts of one LZ bi t r.t¡ord., wi th s tatus

information stored in tire other 9 bits (see Figure

2.2.2). This rather extravagant use of storage

i s a cii rect res ult of th e CÐC6 4Ct s ys tea. Fi rs tly,

tire 12 bit dats worcl is trasic to the clesign of the

computer whi ch trans f ers r^¡orrls of th is si ze th rough

i ts data ch anncls . Secondly , flrere is ins uffici ent

ti rne to proces s each data poi nt (ch eck s tatw
information ancl teke the aonropriate action) and
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pack the data into the buffer area. It rnay be

verified from the specifications given in the

previous section that a data point becones available

at a rate of approxirnateLy 1 every 85 u seconds

(assuning no variation in drum speed.) To

interrogate and receive a reply fron the s canner

takes 53 u s ecorrds , thus leaving a maximutn of 50 u

s econds to process eacir data poi nt. However r for
safety, this must be reduced to allow for variation

in tåe drun speed or distance betl^reen rnarkir¡gs on

the disc. The ti¡re required to sinply store eactr

data word i¡ the buffer area is 11 p seconds and thus

i t b e comes aup arent th at th e re is i ns uf fi ci ent ti rne

for any processing as a point becones available.

When the clip is detected the contents of the

peripheral processor buffer area are transferred to

the central memory buffer area and the second

peripheral processor is signalled that the contents

of the buffer area are to be written on rnagnetic

tape. The q¡cle is repeated when the first data

point of the next scan is detected. Finally, when

the scanner switches off, or is slvitched off, âo

ttend-of-fi1e" mark is written on the magnetic tape

and t]re process is comÞlete, the tine taken for a

complete s can being approximately 6 minutes .
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One äray ask, ivhy not process the d.ata words

for 1 vertical scan when the clip is detected or

before th e d.ata is r¡ri tten on nnagneti c tape?

In the firs t case, ruhen the tine taken to trans fer
the data to central memory is taken into account,

about 19 u seconils ere available to process each

word; exactly the s aine si tuation as dis cuss ed

above aris es , tlr at is , insuffi cient time.

Secondly , th e magneti c tape dri ver, roi th *r e large

buffer area require.J fcr s toring tire inforrnation
for 1 scan, only just fits into a peripheral
processor, with only 26 locations not being used.

Far rnore storage would be needed to enable the

ins tructi ons requi red for proces s ing to be adcied

to the program.

Thus the inf,ornation for a comÞlete s can

nw t be processe<l at a later point in time.

The scanner may be r:sed d.uring normal computer

operati on, but, wiri 1e i t is in us e, one data CranneL

and a magnetic tape unit become unavailable to
other users, in addition to Lhe two peripheral

processors and buffer a-rea. This is not a

great dernand on t"he systen and as the central
processor is not required during the scanning of a

page th e re lati ve s lou¡nes s of th e ES 3gC is not

cos tly .
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2,3 Dis us si on

It was rnenti oned earlier tìrat the intensity
level picked up by ttre scanning carriage is converted

to one of eight discrete grey levels, 0 corresponding

to white and 7 to black.for each pulse. Experiment

showed that these levels were not reliable and, in
particular, when scanning a uniform black 1ine,

unexpected variation in the grey level occurred,

alth ough lvhi te background was always recorded as 0,

wi th li tt le or no vari ati on. Cons equently th e

w efulness of tì:is attribute of the s canner was

linitecl at tjre tirne and prornpted the following

action. lt has been found possible to cors truct
a frequency diagram (Figure ?.3.1.) of the number

of readings against each grey level for a conplete

scan and, using this to establish a reliable
threshold which enables a decision to be nade for

eadr point of tlr e s can rvheth er i t is b lack or

white. TTle nunber of readings with grey levels

C anC 1 was usually la.rge, which was to be espected

since black printing on a white background was being

us e,*1. At othe r levels the nunber hras consi clerably

lower rvitli a slight incre3se for grey levels of 6

and 7, ßy setting the threshold above the level

whicfr is obviots ly white, (that is above 1), good

results were obtainecl. Isolated areas of noise
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are of cours e introduced by droosing such a Low

threshold but tlrese are removed in the preprocessing

stage of the systen (see Orapter 4).

For the purpose of character recognition Ít is
natural to expect a point to be black or white and

so this problem is not as seriots as l¡as first
anti cipatec. I{oruever, i t di d prevent pos síb le

use of grey l.evels in determining the reliability
of a reading which could be incorporated in the

recognition process. This tedrnique requires the

processing of the magneti c tape on completion of

a scan, but, as pTocessing rnust be carried out to

cltreck status information, this tras not a real

problem, since ¿he threshold can be found at the

same time, âlthoug| it was nearly always found to be 1.

One inportant feature of the scanner is its
high resolution. Approximately 18tC scan lines of

251ì points each are available, giving a resoLution

in bobh the hori zantaL and. vertícaL direction of

approximatel./ 0 .C0 5 inches , thus making it ideal

for experinlental work. A "snal1'r mi.idle area

draracter generates about 32bíts vertically and 24

bits horizontally at this resolution.
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To process t'te magnetic tape takes about lz
ninutes of central processor time trsing a simple

FOF.TRAN Ðrogran which occupies the mininum amount of
central nelnory requirc.C by the computer systen for
a FORTRAN prcgram. Thís program is us erL to check

th e s tatus inf orm¿rti on ass oci atecl r¡i ¡¡ each data

point, to tak e th e approprj. ate acti on i f error
concli ti ons occur, ancl wri te th e Ðroces s ed s can

infornation cn anotlrer nagnetic tane.

For each clata point only three checks are

needed, namely,

(1) th e s canner code,

(Z) t?re acceptance of the Þrevious data

point, ancl

(3) the firs t '.Iata point for each vertical s can.

I f a clat a poi.nt does not h ave th e s canner code,

th en i t is as s umed th at tlr e data ori ginated f rom

anoth er pi ece of eq uipme nt connecteci to th e s ame

loca1 controller, anrJ tlie point is neglected.

In tirç event of a :\ata point being missed, a local
average of the intensity ís computed ancl a dummy

iroint r¿ith this intônsity is inserte<1.. If the

fírs t clata point for a ve rti cal s can is missed, an

error message is printed indicating the scan nunber.

The action taken in this case is to insert a series

of zero intensity data points at the beginning of
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Chanter 3. Line Posi ti on

Cbject isolation is all too often ignored in

laboratory studies, yet tiris is a rnajor problem in
autonatic reading of machine printeC text. In

secti on 3.1 the isolation nroblem is presented,

pointing out the difficulties in anplying usual

techniques to Thai printing, and thus establishing

the need to fintl a point within the left hand bouncls

crf the middle erea of each trinted li-ne. A method.

for finding s uch a pcint i^ri th a s tudy of the ef fect
of page nisregistration (or tilt) on it, is des-

cribed in the next section.

Throughout this stu4y it is assumed that each

page of Thai text is scanned from top to bottom and

frorn left to right acros s the page. Thus any

hori zontal coorcli nate on the ?age i s s peci fi ed by

the number of ð.ata points fron the beginning of a

scan line, ancl a horizontal line across the page

is rlefine d by data noints , l^ri th the same hori zontal

coordinate from successive (vertical) scan lines.

3.1. T:re Isolation Problem wi th Ttrai Printins

A usual methocl. adoote,J fcrr the is olation of

characters for their inCividual recognition is by

the so called scgmentation process tBl. Briefly,
the approximate nosition of each line of nrint is
found and a r¡ind.o',v of fixeii d.i¡nension is stepped
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açross the page, one scan at a tine, searching for
vertical white lines separating the individual
characters. To enable this process to be effective
?n certain conCition must hold:- namely, the

continuous Ðresence across the r¡idth of the page

of gaps betr¡een successive lines of print. These

gans nus t be sneci fi etl- s o thât t'here are a.t leas t
û¡o bi ts wh i ch are b l ank acros s th e r,vi clth of th e

?age. It l^¡ould be exDected that this process

could be extencled to Th ai printing n to separate
orcharacter blocks", with a secondary horizontal
segmentation b.eing necessary to separate the different
areã characters from each resulting b1ock. A

minor technical- Cifficulty would, of course, arise

with the clual character, but this might not be

too great a problem.

F{owever, these are two reasons why this method

does not suffícc for Thai text. Firstly, otr close

exami nati on of Tir ai nri nti ng , i t is f ound th at i n

some cases there is little or no separation

betv¡een the lcr^¡er erea of onc line and the uÏller

lrea of the next. For example, if the sample of
printine of Figure 5.1.1. was nlacecl in the s canner

exactlv hori zontaLly, it is unlikely that there r¿ould

be a clear white ,q,ap of at least two data points

between the two lines of print. Tnis is due to the
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rrrere founcl to be C.5 inches ancl I .¡l 4 inches,

resTrectively. Bearing in mjnC. that each character

block nus t be separatecr, bv a vertical luhite line

of fixerl wiCtir, say three scans, rclr is effectively

rcduce,i to anproxirna,tely ll .il I incli es thus malci ng

the critical angle of tile I. less than 1 degree.

(Tre relationship between h, I and d is derived

in ChaÌrter 4.) To a¡.]-r'l tc the problen the upper

arca characters are not ahn'ays printed exactly

aìr ove th e mi ci.<lle areâ. character wi th whi ch t"h ey

are a.ss írci ateC, thus reducing d even more.

It becomes apnarent t'lerefore, thaL a direct
,:irplication cf the nornal separation process would

not s uf fi ce f rrr Th ai ori nti ng . Thi s led to

consiCering the senaration of- the characters of

each area separately (so reducing h and increasing

th e allorvab 1e ti lt) whi c'h is a complex prob lem as

sore of the nicldle area characters extenrl into tjre

upDer areif anC others into th e lcr,uer ãTea. FIc'wever,

i f tir e ch aracters of th e mi ddle erea f or a 1i ne of

print are isolateC, then inforination cbtained in

tiris proces s can l: e us ed. to s eparate th e upÐer anð.

iower are¿L characters for the s arne line of orint,

s ince for Thai printing there is 3 fixed d.is tance

between the mi r1d1e, and uppcr anrJ lower areas . The

auth or has obs erveC tir at this dis tance is approxinately
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equal to half the height of the niddle area, the

height of each of the upìler and lower area characters

alsc being equal to this height, a towel being

larger. (see Figure 3.L.2.) ALthough a severe

restriction on I is still necessary, it is at least

possib le to ensure tlr at i t takes a nracti cal value.

The ner^r proceclure is not sinple but it is considered

neccs s ary bccaus e of tire corltprlexi ty of Thai printing.

,þt Upoer

ML ddle

,hl

Fisure 3.I.2. The relationshio of inter-area

distance h * 0 .1ó 7 inches .

3 2 . þii ddle Area Pos i ti on

Before any attempt can be made to isolate the

character patterns it is necessary to establish

the approximate hori zontaL coordinates of each

line of nrint. Once a reliable threshold value

has been found to distinguish bet¡een black and

white (see Section 2.3), it is necessary to make

another pass over the scan tape to convert each

data point to 0 or 1 representing white or b1ack,

respectively. During this conversion a count is
made of the black points across each hori zontal line

tlh
.t

fr,
h

L
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of, the scan. By nlotting a granh of count

(which ideal-ly v¡ou1d be intensity) against horizontal
coordinate, the approximate po.sition of each line
of print may be found by locating the regions of
maximun ?intensityt. liowcver, trecat¡se of thè need

to know to which area each isolated. character

belongs, it is necessary for the line finding
process to yielci a single noint at the left of
each line within the bouncls of the nidd.lc area,

wh i ch imrnerJi ate 1y i mp li es a res tri cti on on tg r

for the page in the scanner.

3.?.L. Thrt Ivlorlel for Thai Printins
Intuitively, a study of the line finding

technique and th e impli ca-ti on of th e above condi ti on

on the angle of ti lt c¡,,n be made by cor¡-si dering a

model of a line of Thai nrinting. The rnodel

cons is ts of tir ree dis ti nct h ori zontal b locks í n whi c,lr

all data points are set to 1, that is, it is assumed

tlr at no rni ddl e atea ch aracters extend i_ nto ei ther
th e upper or lov¡er area, and b oth upper and 1or¡¡er

ch aracters occur wi ih eacìr ni ddle area ch aracter.
Both of tir e s e as sumpti ons are not s tri ctl.¡ correct.
Fi rs tly ¡ .s one mi ddle are a ch aracters do extend i nto

the other areas, but the probability of a Large

mi drlle area ch aracter occurring is much less than

an ordi nary si zcd ch aracter (s ee Tab le I.Z.S.) and
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so this assumption is nade. Secondlyra count of
frequency of occurrence of middle, upper (towels

counting as óite, symbol) ane.l. lower area ch aracters

over ten pages of text shor¡ed that, if the rrroba-

bility of occurrence of a rnid<lle area character is
assumcrl- to be 1, the probabi li.ty of an upuer area

character occurring in any position is 0.184 and

that of the lower area 0.019. Since the intensity
along h ori zontal 1i nes is of interes t, alty contri -

bution of the uIiDGr or lower area to the intensity
is rvei gþ tecl accorö ng to th e above prob abi li ti es

to make the model more general. The model used in
this investigation is i1lrrstrated in Fígure S.Z.L,

for varior¡s values of 0. Tlre critical angle of
tilt, e ., is defined ¿LS arctan (h/1), where h is
th e pernencii cular h ei gh t of th e rni ddle area and 1

the length of the moclel line.
Tr. e ef f ect of 0 on dr e granh cf i ntens i ty

agaíns t hr-:ri zontal coordinate for the model Iine
rnay be inves tigate d by plotting the graph for
vari ous values of 0 (Fi gure -a.Z.Z.) , It is found

f or 0 les s 1å an 9., th e maximum i ntens i ty is not

unique, that is, the same mayimum intensity occurs

for several horizontar coorciinates. Howevere these

maxi ma are al l rvi th i n th e h ori zontal b ounds of th e

Left cnd of the middle atea. For 0 equal to g. a
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maxinum intensity results at the horizontal
coordinate corresnonding to one of the horizontal
bounds of tire middle area. Finall¡. for 0 greater

th an 0., the rnaximun intensity ls not well defined,

but i n Lh is c$s e all tå e corres ponding h ori zontal

coorclinates lie outs ide of the bounds for tlre

left of the ¡niddle area. To summari ze, a point

can be found witl¡in the left hori zontal bounds of

the niddle area for '0 less than oT þqUal to 0. and

for 0 greater than 0. it is- impossible to find strc}t

a point.



Figure 3.2.2'. The ì¿bdel for Thai Printins.
(a)0=0

(b) Q - L/2 0.

fc) g = S c

(d) 0'e.
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Figure 3.2.2. The Intensity (taphs for t{re I'bdel Line.

(a) 0rQ
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Figure 3.2.2. (cont)

(b) Q = I/2 0.
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Fi gure 3.2.2. (cont)

(c) 9=$ c
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Figu¡e 3.2.2. (cont)

(d) 0t0.
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3.?,2, Line Position for Thai Printin

It lvould be expect_cd, and it is indeed tfte
cas e, that tire preceding results can be extended

to thai nrintingrbut, due to the assunptions nade

i n cons tructi ng th e mode I li ne , mi nclr modi fi cati ons

are necessary.

The intensi ty nlot f or each line of Th ai print
does not forrn a s ärootÌr curve s ince trr e areas 2-te

not uni f ormly b.l_ack as in th e nod+I. Þany 1ocal

maxima occur, but in the region of each line of
nrint the intensities arc relatively high. From

the computational view point, it is desirable that
a single maxirnum intensity value indicates a point
within Lhe bounds of the teft end of each niddle
âl'ee, aud thus there is a need for a smoothing

'Jrocess to eliminate the local maxíma. The

f ollowinc' "moving average" nroces s is rirell known :

f or cach i ntens i t1' count, th e acij acent Inr ori gi nal
intensities both above and below, and the one under

consideration, are averaged with the average

replacing the original intensity level. If this
proced-ure is rerreated fclr the intensity levels for
a1L h ori zontal coordi nates , th e i n.leru i ty graph is
smoothed with the anount of smoothing denending on

the cì'losen value oI '!ìt. For a scanner with
Tesolution 0.005 inches and the text lsed, a
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sufficiently large value of Inr was found to be LZ,

However, for dris value tire inaxina indi cating the

upper (and to e lesser extent the lower area)

sti1l exist. It is found by increasing the value

cf 'nf s ti 11 further, these naxima dis sappear, and

then the only maxirn:r remaining indi cate the position

of th e mi ddle areas wìri- ch is a des i rab Ie f eature.

In general all tJre local inaxi ma are eliminated for
tnf equal to 16, and tir e s ingle tnaxima appear

r¡i thin th e bounds of th e mi ddle area f or each line
of print. Thcre is little advantage to be gained

by increasing the value of rn' beyond 16, the onLy

effect being to soread the intcnsity curve for
eacìr line witir a decrease in tlae naxirnum intensity
values. fn Appendix A the effect of increasing

the value of tnr on an intensiW graph for a

single line of print with 0 equ.al ta zero is

i 1 Lus trated.
In the model. i t is assumed that the three

areas of Th ai pri nti ng are dis ti nct, but th is is

not s trj-ctly Lrue becaus e of the exis tence of large

ni dclle area ch aracters whi ch extend i nto ei ther

the upper or lower regions. Flowever, since a

normal -size, mi ddle - a,Tea, ch aracter is nore líkely
to occur than a large one, the only di fference in
the internity graph for a real line of print and the
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model is a slight variation in the regions on

either side of the peaks corresponding to the

middle area. For sma1l 0, distinct naxinun inten-
sities aopear in boLh the upper and lower regions

before srnootìring, provi ded characters from these
groups occur in the _line of print under consideration,
(It is possible a lower area character wiLl not.)
I-lowever, .these maxirna are snaller in magnitude, ttran
those for the midclle area anð. there is no chance of
confusing then. rn anv c¿lse they are eliminated
with smoothirrg. These naxima are shown q,uite.

clearly in Figure 3,2.s. , in whictr the s eparation
points between the areas aïe clear. It should be

noted that at the separation point between the

uÞper and niddle areas, the intensity is not zeto

.because some rniddle-aïea characters extend into
the upper area in úre line of print for which the

graph is cors tructed.
Previous 1y it was stated that erre value of

gc for the model line was arctan ft/f ). To

discover whether or.not this result can be extended.

to printing, lines of Th ai text taken individually,
were rotated for vari ous values of 0 by comÞuter

progran and the intensity graphs pl_otted for each

(s ee Appendi x A. ) I t rr¡as f,ound th at th e maxi mun

i ntens i ty f or t}r e li nes alway.s occur b etween th e lef t
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horizontal bounds of thc middle atea for 0 approxi-

nately in tìre range tZ dcgrees without snoothing.

Results fron tire s cannet' show that the height of

the rnicldle ,1rea, h, and the length of the line,
1, to be apnroximately 0 .2 inch es and 5 . 5 inches,

respectively, th'us giving a theoretical value of

0 for the model of

0 c = arctarì (0 . 2/ 5.5) | 20 ,

whicir is in agreemcnt with the experimental result.
However, wi th snoothing (n=16 ) , i t is f ound th at,

the range of 0 is reduced wiür the new maximum

for each line occurring within the required bounds

for 0 in the range of -2 degrees and +1.5 degrees

(s ee .Appendi x A. ) Thus to guarantee th e rnaxi mum

indi cating tire required point, ¡0' should be

res tri cte<1 to thes e limits .

This sina11 value for I could h ave been

improved by us ing less of cach line of print to

establish the horizontal point in the middle area,

That is , 1 nay be reduced but care mus t be taken

to ensure that it is long enough to Ðrovide

sufficient information for each line of nrint. To

show how 0. may be increased, consider the model

of a Ðage of text nres entecL i n Fi gure 3.2.4.

Suppose all information up to the vertical scan AB

nay be '-sed in the line finding process and 1l and
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IZ are the lengths of the top and. bottom lines on

the page that are to be us ed t' "find,f the line. If
11 is such trrat enough info*ration is availabre to
establish the .¡tosition of the top line, 1, is
a-s sumetl s uf fi ci ent for th e b ottom li ne. But the
critical angle for üre top linr: exceeds ttrat of the
bottom line. Consequently 0c for the page is
deterninecl by the length of the botton line portion
72' Now Lz is less than tire length of the line,
1, and thus g. wÌri ch is nor{ equal to arctan (h/LZ)
is increased. Foï g opnosite in sign the critical
angle is determined by 11. It can hourever, be
dangerous to adopt this technique, since the length
of line necessary to give sufficient information
will vary because of the gaps which may occur in a

line of print. As ^ consequence, throughout this
study care was taken when ulacing a page in the
s canner to ens ure that i t was as hr:ri zontal as

Ðos sib le , and the full length of tir e lines us ecl to
<leternine the required horizontal point.

An alternative Ðrocess to finding the approximate
position of each line of print is to find trre position
of the first ancl second lines accuratel.y by the
method describc'd, and then make rse of the variable
dimension ruindor,¿ (see chapter 4.) This gives an

accurate es ti mate of t¡\ e i nterli ne dis tance and trr e
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angle of tilt from which the position of successiye

lines of print can be calculated. However, since
thc. interline gaps may vary where Daragraphing

occurs, this method is not satisfactory generally.

3. 3. The.. Convers i on . and Line pos i ti on pro gram

As mentioned earlier, hori zontaL intensity
counts for a complete scan, (1800 vertical scans),
can be made at the same time as the conversion of
each data point to zero or one. T'lris depends on

the threshold value found by the firs t of the scan

processing programs (see C,hapter ?,). TTre storage

requirernents of this program are not great. Two

arrays of ?,1500 locations ate neecled to store the

progressive a.nri the subsequent snootired intensity
counts, one of L25 anð. another of 42 locations to
s tore th e rrrocess ed and. th e converted inf ormati on

of one vertical scalrrespectively. The vertical scans

aïe converted one at a tine, with the resulting data

points rvritten on a second magnetic tape, having

been packed 60 points to a conputer word.

At the completion of the conversion, the intersity
counts are smoothed and the local maxima indicating
line position are found ancl printed for use in the

character isolation progl:am (see Chanter 4. ) The

total conputing tirne for this processing for a

complete scan is about Lz\ seconds. A block diagram
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Character Isolation and Preproces sing

In this Chapter there are two r;roblem areas

flrat are consiclered, namely:

(a) tite isolation cf ciraracters, and

(b) the rcnorr-rl of isolatecl areas of noise

from ea.ch resulting character pattern.

Because of the nature c¡f the outnut frorl the pege

s canner, th es e f-r,¿o areas were i nvi,.s ti gated by

simi;lating a possible reading machine for Thai

printi ng by cornputer program. Thi.s inves tigation
gavÐ an indication of the complexity of an automatic

reading nachine that r¡ould be needed, i f such a

mach i ne is to i; e cons tructed.

In section 4.1 a inethoC for isolating each

character fron the scan image of a page is described.

Since it is not expected that any pagecf, print will
be placed in Cre scanner exactly horizontally, the

effect of the ti lt angle of tlte page on the îroposed

technique nust be considered.

Once the character plttterns are is olated, i t is
necessary tc remove noise tc increase tjre chance of,

corre ctly i cienti fyi ng <: ach one. .A revi ew of prerri ous

work in tnis field, tire rrethod tsed, and results are

pres ented in section 4.?.

Bef orr: th e s canner b ecane avai lab le i t was

necessary to simulate the output of the preprocessing
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stage of t¡e character recogni.tion system. This

simulated data prcved to be extrcn*1y ts eful in

obtaining preliminery results, w\ich are incorporated

in the final systcn. A descrinticn of the preparation

of this data is given in section 4.3.

4. 1. Is olati on of Cr aracters

Once a point is found within the horizontal bounds

of the núddle area of each line of nrint, the procedure

to separate the characters for indiuidual rccognition

may begin. Tir'.: mos t dif fi cult problern to overcome

i s th c f eature th at s ome of th e mi- Cdle area ch aracters

extenrl j-nto either ttre upper or lower area.

Becaus e cf tiiis , i t is neces s ary to inplement a

"window" (cr a pfrot.orliode array iir the case of a

rearling mac';rine). A t'window" nay be considered

as an afÇraturc through rt'hich a portion of the scan

inage of flrr: page n^f -be viewed. This windoru is

fixed at 3 scans in i,'iclth an.i has a,{ari able height

(ca11el-' i ts di nens; i orr) rvhí ch can b e a.clj r-rs ted to

enable it to extenC over each cåaracter pattern in

turn. The proce elure is nrob abTy bes t cles criberl

by si-nply stating that, a:; i I novcs right across

th e ch aracter, this ivinc'l.ow of fixed width is expanded

verticaily anrl nnanoeuvered until it jus t exceecls

the vertical bounás of the ciìaracter lattern by trvo

clear horizoirtai lines b'rth above and be1ow. The
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ri gh t hand lini t of each ch aracter is ass uned when

the winclow reach es a t'whi tett area. An ttareatt ,is

considered "white" whr)n the bit count within the

ruinclow is 1es s Lh ali a fixed th resll olcl, vrhi ch is

cltos cn a.r:cor:clinq tc the noisr; level of the s can

i nage.

T'rís is olati on technique is inplenented by

comT;uter Ìtr')qran. Tåe portion of t'he scan image of

the page Ðncoriitsssing thc line cf print, (indicated

by the line nosition coorrlinate), is stored in
central mDmory, having bcen rcad from tJre binary

scan tape. As eacl cheracter is being revealed

by the rner¡ing window on each s tep to the right,
thc contents of. tl:r c left-nos t colu¡rn of the window

are s tored i n a column of a 2- di mens i onal array,

the current colunn being índicated by a counter.

I f i t is f ound th at th e rvi ndcw is not s uf fi ci ently

exp andcd to ex'Lend b e.y oncl th e b ounds o f tJr c;

draracter, it is set back to its 'riîost recentrl

s tarti ng poi nt , and th e i ncli cati ng counter f or

tår: 2-dinnensional array rcstcirecl to its initial
value (unity). The "nost recent" starting point
for the window ís ð.etc::rlnineci by tìre end of the

previous character or, if it is tire first character

cf a li rie , by th e fi rs t v<: rti cal s can line . I\4any

vari ati ons of th is s i tuati cn of i ns uf fi ci ent windor*



- 58

expansion arise. Tre aplropriate action for each

situation is best exnlained by the fl.'or¿

cli agram ¡:f Figure 4 " 1.1.

4.1.1. Iaidrllc Area Senara.tion

Tc is ol ate th e cir ¡¿racters of tir e mi ddle area,

the winr,iow initielly with a cl.imension of S, is set

at the l-eft end of, e line of print about the point
found. within thc bcunrlc cf the middle area, (see

Ch anter 3. ) I t is th en natìoeuvered, i ts di nens i on

necessarily being incree.se.j, to isolate the first
ch.aracter. A.fter isolating the first character and

assuming that no inforrnation is availablc about the

area heighl, the extremt-- upper and lowcr hori zontaL

coordi ltates of th e win'Joiv ob tained f or this fi rs t
draracter, are stored. Tire dimensiorr anclhorizontal
pos i ti on of th e r^¡i ne-l.oi,¡ arL- th en res torerl to th ei r
ini ti al valucs , the r¡¡inclow movecJ right, and the next

character scparated in a like manner. This process

is reÐeated for say, the first five character¡ of tìre

li ne.

A line of print always begins r.uith a word anðt

reference to a T¡¡ii cli cti cnary l,Zl reveals it is
thus assured. that at least one orclinary size ckraracter

wi 11 occur i n th e fi rs t fi r¡e of a 1i ne. cons equently ,

after five qlraracters have been isolateci, the stored
upper anc lower hcri zo-rLtal^ coordinates are examined



Ficure 4.1.1. The isolation technique emolovinc a

vari able dinensl on window.
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to es tablish the approximate upper and lower bounds

for the nex't charact.er of the line. It is possible

to find these ilounds since only a small angle of

tilt on the page in the scanner is nernissíble to
satisfy the requirements of section 3.2. As a

resuLt, there is tlûì chance of confusion between the

bounds of a large ancl ordinary character. For

example, s upnose t?rat i t i.s es tablished that the fiftjl
character of the line is of normal si ze with height,
h, and upner and lower bounds , 11 and TZ, respectively,
as illustratecl in Figr.rre 4,L.2. Then the approximate

liorizontal bounds fcr the next character are assumed

to be 1l and IZ and the winclow is shifterl right with
dinercion h(equal to T2-11), and horizontal bounds

Ll and LZ, to isolate tle ncxt character. If the

next character is large, then the window nus t be

expandecl and siiifteC to fit over the d:aracter,
SupCose that the uLlner arr<i l-ower li¡nits afe f,ound to

lre 1i- and lL respectively, tiren IZ an<l Ii will
be approxinately equal and the difference in 11 and

li relatively large. It is theref.rt're established

that the clrara.cter is large and extends into the

upper area, As a result, to separate the next

draracter, the window is set in the limitgs, G; -h),
and TL, r,vi tir a clinension of 'h r . Naturally, i f
the sixth character is nrt large, then 11 and fi *ould
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be approximately equal and the windol would be

s tepped ri gh t r^ri th li nri ts 1i ancl I'!2. If the fifth
charactcr ha.npens to bo rarge, dren the anproximate

bounds are found by using ¡hr, which is l<nown from

at Least one orclinary size character, plus the

appropri-ate bound for flre fifth character. The bounci

chos en clepends on lvhether it extends into the upper

or 1or¡er area.

The only di f fi culty encountered in this
procedurc arises when the character, þ , occuïs in
the first five chara.cters. Only h¿r1f, of this
character is generally isolated by the window, and

this fact is revealed by its hori zontal bounds

when they are comlrared to the bounds of the otJrer

four characters. A way to overcome this problem is
to s tep ttre irrindow back in order to isola.te the

complete character after the approximate bounds .for

the middlc area have been conput.ed.

If either the value of h is knorvn beforehand,

orr after the characters of one line have been

isolatcd, it is possible to use the first two and

not the first five draracters to evaluate the

approxirnate hori zontaL bounds for the. .next line.
I t is neces s ary to us e two ch aracters as i t is
possible, (but rare) , that the first character

of a line may be large and extending into the lower
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area, in which cilse the second draracter will be of

normal dimension, cr large, extending into the

upper area l'21 , At least one of the first two

characters will have a lower bound whidr is

approximately equal to the common lower bounds for

line . IJsi ng tJr j-s f act ¿rnd th t , th e approxi nate

Irori zontal bounds for the next character can be

evaluated. In this study the loler horizontal bound

for the firs t character w¿Ls us ed in conjuncti on with
th I to es tab lish th e approxi mate b ounds of th e

s econd ch aracter to reduce computing tine. This

can be done because a middle ^rea character rarely

extends into the lower area, particul-arly at the

b egínning cf a line lZl . To ensure tir at thi s as s ump-

ti on cti d not introduce errcr, â brief inspectic'n was

requireel of the scanned page and a flag in the

isolating program to signal whetl'rer or not a character

extends into the lor,,'er area. in the r"i.rst 1>osition.

.An alternative rnethcd for winclow-shift rnay be

used cnly after the characters of one line have been

s eparated. This entails taking into consideration

the angle of ti lt, 0 , and requi res th at th e window be

shifted up or down one position at fixed intervals

across the pa.qe. The direction and interval of

shift depends on 0. This tilt angle, 0, nay be

evaluatecl from the linúti-ni¡ hori zott'tal- bounds of the

line aLreaùy isolated.
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4,L,2, The Upper and Lower Areas

From the results founrl. for the mi,jdle area, a

reascnably accurate es timate of 0 can be rnade by

us ing tire hori zcntal bound.s at the beginni ng and

encl of a Line. Tie variable dimension window is

s et at the left encl of tire area concerned with its
.Ji nens i on and h ori zontal coordi nates fi xeel accorCi ng

to the area height and the inter-area distance,

res pecti ve ly . Tìr es e values are fi xecl (s ee Secti on

3.2) . The r,¡inctrow is tìren s teppecl across the page

taking 0 into account while progressing, as outlined

at the encl of the prerri ots sec.tion.

I^lhr¡n using the variable dimension window for

the upÐer and lower areas there are two minor

nodifications that âTe necessary to the orocedure

usecl. fcr the middle area. Firstly, if the windor.t¡

has tc be extended into tire middle area to fit over

a character, it is assumecl that a lergr; midelle aTee

ch ara cter ir as b een encoi-lntÐreiL. Secondly, i f th e

window is extenC,ecl signi fi cantLy below tire lower

bound for the lov¡er area it is assumerl that a towêl

has been cncounterecl from the linc belclr.,i¡. If either

of th es ¡¿ condi ti ons occul, th e wi ndovr is si mply

moved on :- thnt is, these characters are ignored.

To isolate each character talces about 0.6

seconds computing time. This time is excessive, but
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this is a direct consequence of the complexiÇ of

Thai printing and the vers atility needed in ttre

process to isolate the characters. Note that the

tirne required for preprocessing the scan tape is
ignored in this estimate.

It is founçl convenient to cornbine the pre-

processing and feature extraction prograns

requi recl f or th e recogni ti on sys tem, wi th th e

isolation Drogran. Thus the progranrning consideration

for the isolation proce.ss are given at the end of

ür apter ó .

4. 1. 3. Res tri cti ons on Ti lt Ansle.

For the character isolation procedure to function

wi th out crror i t is neces s ary th at: -

(a) in the miclclle area the v¡indov¡ encounters

each successive charactcr of a line before

it moves into either the upper or lower

area clelrending on t.he sign of t0 t , and

(b) at least 3 vertical scans separate the

characters of all arees.

The implication of these tr.^¡o requiremenets on 0

is considered be1ow.

Case 1. If the width of the last isolatecl

character i s -r¡r, d is th e interch aracter dis tance,

h the heigþt of the niddle area, ancl s the dis tance

between ttre areas (see Figure 4.L,3 (a)), then the
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angle of tilt is given by
s

tan 0 = A-i-;max

TypicaLly s = h/2, where h is ihe perpendicular height

of the niddle area, vI = 3h/4, and d = h/4, giving

a maximum angle of arctan (0,5), which is approxi-

nately 25 degrees. The dependence of 0r"* on the

intercharacter distance, d, should be noted. In

particular, if d is increased, then 0r"* it decreased,

and if there is a distance of reasonab'le rnagnitude

in a line of print then the restriction on 0 is

quite severe. For example, if d is some 2 inches

(which is quite possible for an interphrase gap)

then d is approximateLy equal to 5 h and 0*"* is
restricted to approximately 3 degrees. Howevert

this is sti11 greater than the critical angle for

the line finding process and the isolation nethod

does not introduce a further restriction on the

maxi num al lowab le an.gle of ti lt.
Case 2. If d and h are the same as above and r

is the resolution in the horizontal direction (the

distance between adjacent scans) then, from Figure

4.1.5. (b):-
d- 3 r/cos g

maxtan 0 max

whence h/T- cos 20 - d cos0 -3r, and
max nax

*gr2-h 2=o 
,(n2 *dz¡.ot?ø

max
-6rd cos e max and
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cos 0
rì ax

2 zz(h +d )

0n an average, d was found to be approxinateLy

equal to 5r, and for a large middle area character,

h equal to 40 r, giving a maximum allowable tilt
angle of approximately 4 degrees. Once again this
is greater than the restriction inrposed by the line
finding technique and so, in theory, it is possible

to separate all characters in the proposed nethod

without introducing a further restriction on the

angle of tilt. The restrictions imposed by the

isolation technique on the angle of tilt do hov¡ever,

becone significant if part of each line of print is
used in the line finding process instead of the full
line.
4.1.4. Touching Characters

Ideally a white line one bit wide is sufficient
in both the horizontal and vertical directionrto
separate each character, but, in order that a false

character end or edge is not generated by a broken

stroke for example, the minimum gap has been set at

5 bits for vertical and 2 bits for horlzontal
separation. If a space meeting these requirenents

is not found between adjacent characters (that is if
they are touching one another or the angle of tilt is
excessive) there does not appear to be an infallible

r 6rdt /(or¿)'- q(n2*dz) (9r2-hz)
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neth od f or s eparating th em.

To a human rea<1er eadr set of two characters of
Figure 4.1,4 should be separatecl along the ctotted
li ne, trut th e i s olati on Droces s lvoul..l. regard each

combination es one shâpe. There seens to be two

possible solutions to this problenr. one is to use

a trial .1Í,1 error technique to divide the shape

i nto porti ons at vari oræ r¡oints unti 1 th e two sh apes

become recognis abre. In otìrer words , untir the
pos i ti on of th e dotted li ne is f ounr.l [g J . This

i ncreas es th e com.n lexi ty of tå e sys tem cons i derab ly
and in view of the few tines in whic.h this problem
a-rose , the inclusion of suqh a process was consicered
too costly. The second, and adopted solution, is
to require the recoqniticn method to indicate that the
shape is unrecognisahle.

4,2. Preprocessins

The purpos e of th e preprocess c.'r is to reduce the

intraclass variety amongst the patterns ïrresentecl

in .such a way *rat the probability of correct
recogni ti on is increas ed. tias on and [4cFa1l t10 ]

h ave forr".ulateci four ways in ','rhi ch th e nreprocess or
can act to ;:chieve this:-

(a) Countering the effects of noise by filling
in gaps ancl removing is olatecl areas of nois e.
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(b ) Removing rJi fferences rvhi ch occur between

separate exanples of ttre same character,
(e.g. rotation and height vsriation)

(c) R.emcvi rrg redun<rant infornati on. (This
i nclucles res olrrti on reclucti on by local
averagin¡z or line thinni ng) .

('1) Removi*g infr-¡rrnation irrelevant to the
class i fi cati on cri teri on.

T?re most inportant of these four requirements
is the fi rs t. Requi rernent (b ) is adequatery clealt
with in tue evaluation of suitable characterÍstic
vectors to des cribe the character, antl because of
the choi ce of characteris tics , (c) and (,J) are not
a r:roblem and need not be considere,J here (see
Chapter 6.) Thus it is only necessary for the pre-
'Drocessor to recJuce the effects of noise, but ensure
flr at no dis torti ons are introduced r,uhi ch coulcl make

the chsracter difficult to recognise.
The possible <lefects of a character fron the

s canner are shov¡r¡ in Figure 4.2.r. ancl are enlarged
upon here. rn general cre gags mus t be cletectecl
and fi }led in,but idea1Ly, thev shoulcr be detectecl
anrl then a d.ecision rna,Je on their valiclity. In some

Thai printing the nunerous loops wh ch occur are
sometimes solid ancl 0ther tines srrorv a ös tinct
r^rhite spot in the centre due to varíation in print



73

Flgure 4.2.1. Char¡ctcr Dofccts.
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quali ty . For the s ake of cons is tency th es e areas

are rcquired to be always filled in. Other defects

are in the form of small projections in the

hori zontal and verti cal c1i recti oN ¡ and is olatecl

noise spots both of which shoulcl be removed.

4.2,I. Some Previ ous 1¡'Icrk on re roces sí h

One rni:thod is to considcr each point of the

binary input rnatrix in turn and reach a decision

whether it shoulel jtettonrJttorttzero'r by considering

tfi e nei ghb ouri ng poi nts . Ung er [l I ] reacJr es a

decision by considering the neighbouring points in ã

5 x 5 windor^¡ centred. on the target noint. However,

his insert and delete algorithrns only deal witjt
small defects affecting one or two matrix noints

on the ed-ges of a character stroke. Sherne,n [LZl
anC Ðr:uts ch [13] both des cribe techniques designed

for both srnoothing anc thinning of draracter s trokes,
a feature which is not required.

Perhaps a more impcrtant technique is that
cles cribecl by Dineen [14]. IVith a character matrix
of climension 90 x 90 he uses a 5 x 5 1ocal area,

The ooeration i.s perforned by observing the contents

of tìre 5 x 5 ruinclol centreC on each element in turn.
A count of the number of oners in the winclow is
cornpared with sone threshold, T, If the count is
greater than or equal to T, then tÌ¡e corresoon<ling
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e1e¡nent in th e new i mage is one , oth err¡¡is e i t is
zero. use of a low thresholrl eLiminates scattered

"ones " and fi lls íri holes , but for high threshold
corner anrJ junction l_roints are isolated. In
genererl f or 1ow thresholds , tire charactcr is
thickened ancl as the thresholcl is increased it is
th innecl. Ðincen s ugges ts th e us e of, a larger window,

say 15 x 15 arounrl the srnaller ¡¡indow to.Jeternine
tJre thresholcl fcr the sn¿rller rçinrlorv. For a clense

lyindow, a high thresirold would _he used, causing

thinning, anci for a sparse window a low thresholcl

causing smoothing,

Alcorn and Hol,Ear [1S] suggest a method for
inplernenting Dineenfs methocl. Usin¡¡ a 24 x 24

character matrix the thresholds for the local J x 3

window are cletermíned by a 7 x J larger winriow.

The possible bit counts of tre 7 x j window are

c'li i.i cled i nto th ree regi ons (by gates ) and a pai r of
insert anc delete thrcsirol'Js associated with eacfi

region. ',,,tlhen a new matrix point is chosen, the

large v¡in,Jow ccunt is firs t evaLuatecl and then the

appropriate threshotds selected rar usc in the loca1

are â cle ci s i cln .

4,2.2. Experimental ììesults

Binary draracter matrixes with the approximate

clinensicr¡s 40 x 40 , l^rcre ísolatec from a scan inage of
a page and recorCed on magnetic tape. fhis data was
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then used to test some of the above mentioned tech-

niques.

Tne Dineen nethcd r¡¿Ls the fi rs t to be tes ted.
us ing a 5 x 5 winclow anrl trying v¿rri orrs tl.r resh olds ,
(not set by a larger winclo'¡), goocl results were

obtained. Ilowever, there hr¡Ìs c1ifficulty in
deci,ling what value to allot to the threshold.
lhe processing time requireC for this method was

about 1.5 seconcls nÐr character.

The me'thod nroposed by Alcorn and Hoggar was

then applied to the s amc data. The large window

was drosen to be of d.imension 7 x 7 with a smaller
3 x 3 window for thc local area. Once again gooc'!

res ults we re obtained, lrut s ome di f fi culty was

found in choosing ttre values for the gate and

th resh olcl value s . rn accü ti on tl-r e prcces s ing time

was increased by abotit 50 percenÈ over the tine
rr:quir,:rl- by the ilineen method.

It w¡ts finally deciúcrl to use the metjroC

sugqes tecl by Bornba [16] in which a 5 x 3 local window

i s us ed wi. r,-r arì i ns erL th resh old of 5 and a delete
threshold of 4. The prccessing tine was reclucecl to
approximately 0.2 seconds per character, the process

rernoving isolated t'¿lnestt and irs erting ilones t' into
gans . If ins uf ficient s mcothin,g i.s obtained in one

apl:li cati on th en th e proces s may b e reneated .
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Figure 4.2,2. i 1lus trates the ef fectiveness of this
s nooth ing orocess on tir e ch aracter of Fi gure 4 , z.L .

applied once and then twice.

4,3, Simul-atetl, Data

rn crcler tc tes t pro"qrams and experiment before
th e s canner h¡¿Ls bui lt, tes t crr aracters were nade uï)

an,1 punched into cards . Later üris siraulated
output of the preprocessing section of the character
Recognition system, proved to be extrenely useful
in finding preliminary results rrhich were :

incornorated in the fina1 sys ten.

Th e bi il^ry rnatri ces s irnut ati ng th e output o f
Llr e pre Ðroces I o r j,{erÈ cons tructecl by taking large
characters from a Tnai primer [17], laying graph

par:er over each Craracter in turn, âDcl narking the

black squares. Tire resui'ting bì.nary natrices were

ounch ecl i nto cerds . To f ul1y si nul ate th e output
fron the scanner, aoise was intrcclu.ced into the

binary rûatrices l:,/ ,sii_r.g a Þseudc-randon nunber

generator. Tne noise was i¡itrodu.ced by stepning
th rough t'h e bi nary natri ces e lernent by e lement , a

raltilcim number gener?.tr-"1 arcter each s te;p. If the

ranclorn nunb er exceeced a pres ent levcl , th e element

was ciranged Èc white if i t was black , anð, if i t was

v¡hite and in the vicinit,v of a btrack point, it was

ch angeel to b track . oth er"wis e i t renaineri unaltered.
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Fleurc 4.2.2, The rcsult of snoothlnE.
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Fi'gure 4.2,2. (cont)
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This fully simulated a\e output of the preprocessor

in whicir isolatecl blaci< points r{¡ere eliminated.
A neasure of the noise leve1 was available from

the threshcld value. The ranclon number generatetl

nurir.bers in the range of 0 - 1 and û\us the threshold
must be in this ranger sây 0.9 for examnle, giving
a. noise levei- rJefined at 10 percent. Figure 4.3.1.
.qives aî exanple of a maually constructed character
and the effect of noise on the sane character for
various noise levels.



Fieure 4.3.1. lhnuaf ly

(a) No nois e

(b) Noise Level = L0"ó

(c) Noise Level = Z0%

(d) Nois e Level = 302

Cons tructed Ch aracters
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Cir a tcr 5. Th C ¿:.te c11 zer

Ì"or each binary pattcrn presentec to the feature
extractor, an n-diireræ j_ona1 vectLlr, y, lVãS COmpUted

which was useil as the input to the categorizer.
lfhe latter rcas a cievice whicir applied some decision

]¡r'ocedure to assiqu each r¿ector to Ðrle of a finite
nurnbcr of ca'tegories , s ay r. rt was required ûrat
tlre output of tÌrc categori zer be an integer i (=1r2....r)
under thr-' ccnven'tion that an outnr;t j was to rnean

r.h at tir e sys ten h ¿ri assi gnecl. an i nnut to the j th

category af the r tossible ones. In effect the

catcgori zer coulc1 b e consi clered âs a procedure to

compute i =R (y) , where R (y ) is Lh e recogni ti on functi on.

rt r^ias as sumecl th at each s ampl-e rrrL-s ented to th e

cate,gcrí zer for recognition belongecl. to one of the

r categorics but if rejection is rccorîrnencle11, tJrat is,
thc systern cannot in.;ke l <lecision as to which category

an ilrnlrt belr:ngs rri th. certaj.nty Lhe sys tem would not

l¡r: consirJerecl in error. licriever, if the systern

assigned an input to category j (r,ùen in fact it
belonge.J to sonre other catcgory), then it was

corìsidered to have made an error.
The use of statistical decision functions is one

of th e many pos s ib le Crecis i on proceclures us ec1 i n th e

implenerntation of a categorizer. They r/ere cho.sen for
tl:is s tudy becaus e they plovided an opportuni ty to rnake
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us e of th c a pri ori probabi li ti es th at are avai l-
able (section I.2) for character occurrence.

Decis i on functi ons ni nini zi ng th e 'raverâ.ge risk,o and

tre probabili'i-:y of error for a given rejection rate
were first corsiCered by drow tlgl. Many other
workers have done work in this area in more recent
tines . (See [f 3] to IZSD. Tìre theory of Bayes I

decision functions are reviewed here.

5.1. Bayesr De cis ion Functions

Suppose that S ={slt sZ¡....sri It the set
of r catefipries and each input y = (y 1,, y 2t,.. rI^)
belongs to one and only one category si. Assune that
the a priori probability of an input vector belonging
to category slis pi for i =Ir2r. .. ,r and

(1)

Because of noise in the original binary
pattern of an unknown charactett y is sub ject to
random variation ancl thus may ire coræidered as a

randon variable. Let us assume that flre probability
dj-s tributi on o f y is determi neC by the categori es

and is given in the forn of a conditional probabitity
dens i ty func.ti on on th e meas urement s pace y r. Th us

i f the c.ategory is s i , th en t.h e prob abi -li ty of an

input y is f (yf s1).

r
I p., =1.

i=l I
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Given an input vector, y, the probl.em is to

decí,:1e to which category it belongs . The sys tem

may nake arry one of (r + l) decisions do, dlr... ,rir,
for e-ny input y, where do is the decision to reject
y as being r¡nrecognis ab le, anil d, , i = L ,Z ,. . . ,r ¡

is the decision that y belongs trs category si. A

clr:cisi on function or decision rule g t{ ly) is
defined for every y in Ye and decision E, i=011¡... rT¡

s uiCh th at

I, and

(2)

p('lilÐ ì0, j =o¡1¡....r.

Note that Ø (di lyl ís the probability rhe categorizer

will nake the decision cli given a ranclom vector y in
Yr. The problem is to find a deci.sion function

whi ch is I optimal t in s ome s ens e.

Define a loss (or cost) function, fV(s1rdi),

wri tten wi I :0, s uch th at wi I is th e 1os s í ncurred

i:y naking the decilion di when t-he input y belongs

to category si. Since it is requirecl that the

clecision be E i f y belongs to si, vre have

wi¡twr0,1uii , ifii irj=lr2r....r, (3)

where wi¡ i.s Lhe loss incurre<l on the system by

rejection if y belongs to si, and wii is the loss

associ ated with correct recognition.

lv)
r
l, økt,j=0 ¡
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The probability of making a decision dj,
when the input is fron category si is

I
p fdj lti l=Jr,r(y lsi lø Gj ly)dv U)

where the integration is over the whole of the

measurement space.

Now the loss or risk incurred when the random

vector bclongs to category si and the decision

rule I is used is
rî

R(si ,Ø)=,,llot: I F(y lsi)f,(a1 ly)dy. (s)
i=o " t''

Taking into account the a priori orobability of
occurrence p= (p LrpZ, . ¡ . .p¡) , the ¡average rislc I

for the whole system is R(prfl), where
r

R(p,Ø)= .I-piR(si,Ø),1=l

rT
= rl, :!o 

*t ''rlr'F(Ylsi)Ø(d, lY)clv (6)

T'lre optirnun categorizer is defined to be the

implementation of the decision rule which minimizes

the average risk R(prfl) given by equation (6).

The optinum categorizer can be found without
difficulty [18] for equation (6) and can be

rewri tten as

R (p ,fl) = R0 *Rl (p,fl) , (7)



where

whenever
min
j

8ó

Ro (p) = Piwio'

Rr(p,Ø= q G j lr) v, (y) dy,

1

r
LI

Yr
r
I

=Q

r
Jr,tur. j-wio)pi.F (v ls1) ; j=1, . . . ¡ r

J

Y (y) =j
1

0

Note that Rg(n) is the

is nade for all inputs

adjusted through ø.

,

;j=0

average risk when rejection

can obvious ly beand

Now

J

R1(n, Ø)

Rl(p,ø)t/v, min [Yj
and eq uali ty ho lds i f ,
rule Ø is chos en €LS

þ(dvly)=o(drly)=r

lGj ly)=o(d3 lr)=o

(y) I dy, ( 8)

and only if, the decision

for j=k,

all jlk, (e)

iYj (y¡ I =Y¡ (r)

Eqüations (9) yield the optinun categorizer when

the criterion of mininun risk is adopted. The

expected loss is given by

rR(p,ô)= I piwi0* nin [Yji=1
Yr J

(y) I dy. (10)
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To assign an unknown point, y, to one of the

categories, or reject it, as being unrecognisable

it is necessary to find the value of j for whictr

Yj (y) has its minimum value, j=0 r1r... rr, assuning

that wiOl0,i=1 ,2 r. . . ,r. Then the aim is to find
the value of j for which

r

iå"ijpiF(ylsi), 
j=ù,1,...,r, (r1)

takes its ninimum value. Having found such a

j(say k) y is assigned to s¡. If j is found. to
be zero then y is rejected as being unrecognisable.

5.2. Probabilities of Error and Rei ection for
Equal Losses

Let wij=w, wi0=w0 and wr,-0, the costs of
mis re cogni ti on ,

respectively.

of the pattern.

rewritten as

rejection, and correct recognition,
These are taken to be independant

Then equation (6) may be

R (p,(/) = I /x"tt oø(% lY)r(Y Is,)n1dx
i=1

r

="0 It

r
1

r
I

1

+
Ij=1 f" ,"t iØ 

(d: lr) n1F (Y 
I s, ) dr

Ø(dolr)11r(y lsr)dr

r
T

r
I

Ii=1 Yr

j=l
jli

+W

i=1 Yr
ø(djlr)n1e(ylsr)d)', (r2)



but
r

and tht¡s

wh ere

8B

PiF (y ls, ) ,

åO,u¡ 
ly)=r-fl(do ly)-Ø{d, lr),

).

J *i
( 13)

R(p,fl ) =wPe (fl) +wOPr(Ø),

p JÐ=rifr,ø (d0 lr)n1F (v ls i ) dv=åîo?åiå:i

v 

'ul'=ri, I,u 
1a' lr)n1F(Y ls '

.ty
].On,

) dy=p rob ab i li ty
of correct
recogni ti on

Pe (ø) =1-Pr[Ø) -Pc(ø) -probabi lity of , error

5.5. Ilnirnurn Error Rate

Chow [18] has shown that, for a given

rejection rate, the error rate in a recognition

systern is ninimized if the following decision

criterion is used. Choose category, k, for the

input, y, if
PrF (y Irr):p j F (y ls, ) for all j lk,

15

PtF(ylsn).ß r
tÀ

o<ß<1,

(16)
and reject y if

njt(ylsr)<ß r
iå

n1F(rls1)for all 1 .j <r.
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The constant ß is chosen to force the systen

to meet a given rejection rate deternined by the

condition PrU) E c. It has been shown by

HighLeyman [19], t]rat the optimal systen ¡uininizing

the average risk and errors for a given rejection

rate are equivalent (in the case of constant costs)

if

ß=r- þ= r-c. (17)P-w

The decision rule given by equations (16) is the

one used for all experimental work described

below.
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Se lectins Features for the Featu.re Vectors

Printed c\aracters rvoulcl anpear, ãt firs t
sight, to ire of fixeC size ancl shane anel to lend

thenrs c1'ues to a s imple rrTetnnlate l,ratcÌri ng" reccgni ti on

techniq.ue at leas t on nrima f aci e exarai nati on. A

irrachine shoulcl therefore look f,or a rnask among i ts

s et of rnasks wiri cÌi is "s oätrlthi ny¡ lik e " tJre ch aracter

being exa-rnint:d,. "Sonlethin.q likc" is, horiever¡

f ar too vague a con<li ti on to b e i ni¡ lemented di re ct1r,¡ ;

it is usually hurna-n ¿lssessaent which is by no neans

undcrs tood th at perf orms this proccss . Ilow do

'r^rc r¡eas ure th e degree of "s omething lik enes srt?

Tlhe fix.-:cl size and shane of nrinted characters are

more annarent than real; they vary in thickness,

angle of preserrtation, snacirlg¡ height and stvle,
to ',vhi clr can be aCde d di f fere nt fonts , abi li ty

and cryptograohi c canabi li ty .

¡\ more re as onab le ann roach is to b re ak th e

Ðatterns down into s ul-¡-patterns of t'f eaturesrr,

whic:r are l-ess varia-ble rvithin categories, and

to re- <]es crib c th e patterns i n terms of thes e

features . One can consi d.er the innut iratterns in

matrix form, mapped into a vector feature space of,
sa¡ n-dimensions. An i ð.eaL choice of features

shouid nrovi d.e :Eeature vectors whi ch :
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(a) f orn clos ely nack clus ters i n f eature s Ttace for
a-ny one category with clusters reDresenting

di f ferent categories wi dely separateri,

(b) are indcpendent of the posi tion of the

character on the Dage,

(c) are independent of thr: size and orientation
of tÌr e cir ara cter ,

(d) are inde¡rendcnt of the boldness of thc: print,

anrJ

(e) vâry only slightlv in the oresence of a

reas onab le a¡nount of t'nois e'e allor,ving for

other minor d.i f ferences strclr as snal1 changes

of ,'-rroportions , s light bending of lines and

50 0n.

I'1any rnethocls have been usa¿l to extract

features to form fcature vectors, some of w?rich are

urentioned bclor¡¡. Bonba [15 ] des cribed a cross-

corrolation technique to extTact features from a

ch aracter. Tn e meth oc1 may b e vis uali s erl as th e

comÐaris on of the t tr¡¡o- diniensi onal r inuut pa.ttern

with a set of stanriarcl natterns, or tcnnl:rtes n

Tenresenting the features to be detected. For

optimal performânce, the temolates should be

natched l¡ith the unknown pattern in the correct

orientation and position, and the templates

shoulcl be tire same size and shape. This technique
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has been extended to auto-correlation for feature

extraction (see [24] - 126) ). The basic principle
underlyinq feature detection by auto-correlation is
the tße of features actually Oresent in the input
pattern as tir ei r oI4In templates , neki ng i t unneces s ary

to nosition and orientate the pattern. Another well-
knor^¡n technique is tc us e geornetri cal Þroperti es

of th* inout pattern for recognition purposes (see

l27l - 1"291 ) " In this cas e, recogni ti on is made

by the explici t us e of the relative Þosi tions of
continuous line segments of specific shane and

orientation of each character.

Th e ruai n di f fi cul-ty wi th th es e meth ods of

feature extraction is the need for extensive pre-

processing of the innut patterns. In all of the

above cases it is neccssary to remove redundant

i nf orma-ti on by th e thi nni ng of li nes and, i n

addition, to cross-correlate rotational and height

vari ati ons . i'lowever, ch aracters may b e recognis ed

by using features fa.r more abstract than those

outline<l ab ove ancl whi ch nây be s elected s o ¿rs to

eliminate the neecì. for line thinning and other

norrnelisati on process es in the preDrocessing s tage

of th e re cogni ti on sys tem. Such a rneth od h as b een

des crib ec.l by Gi uli ano, Jones , Kirnb all, lvreyer and

Stei n [50 ] and Alt [31] . Th es e aut]r ors us e hi 9.h er



- 93 -

bivariate moments of natterns (blackness being

analogors to mass) to derive features with the

properties (a) - (c). For this study this

srethod of feature extraction hras chosen bÊcause very

little Dreprocessing is required on the innut

binary patterns and eacir noment is easi Ly evaluated,

The renainder of tiris chapter is devoted to t'\e
4eri vati on of th e bi vari ate moment i nr¡ari ants and

to a rûethorl of ch oosing thos e s ui tab le for us e in
the feature vector to give the best discrimination

b etweeir clas s es .

It sÌrould be noted i. t r,vas s tated in (c) that

the fea-ture vector for each binary oattern should

be inC.ependent of orientation of the unknor¡n

ch aracter. Iilornali s a.ti on r,'ii th res Þect to rotati on

has been oni tted but "s lantinq" such as that r,vhi ch

occurs in italic type is inclucled in its pla.ce.

This d.ecisi on r.^ras motivated by the fact that only

small angles of ti lt of the s canned page are

adrniss ab le s o th,3.t s eparati on of ch aracters f or

their individual recognition is Dossiblc. (Chapter 3).

Consequently any rotational variation in characters

of the same category would have little effect on

the moments for each character. FIower¡er, the

derivation of moment invariants taking rotation
into account rnay be found in a ÞaTler by F!¡.¡ l32l .
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6.I. ûerivation of Bivariate Moment Invari ants

The binary matrix of an input character can

b e repres ente c7 by a real e two- di mens i onal dens i ty

function, p (xry), 0.p (xrI)<1, where p (xry)=1 for
completely black points, and p (xry)=0 for completely

white points. It was rnentíoned in Chanter Z

th at tir e s canner .should b e canab le of as si gni ng

one of, eig¡t intensity readings to each data point
depending on the grey level. This feature could

be conyeni entl-¡ us ecl here, wi th the densi ty function
p (xry) taking one of eight values in the range 0 - 7

However, since these intensity readings r^¡ere

unreliable at the time and it was necessary to

convert a data point reading to either C or L,

then p(x,y) is either 0 or 1.

In general the transfor:nation of tire input
pattern into feature space can bi; done by computing

the correlation between the unknown nattern
p (xr1r) anrl a s et of fi ltering (or rlis crirni nant

functions) r Þi (xry), to yield a set of n measurements

{ "i , i =1, 2, . . . ,n} . The correlati on integral is
given by

"r- lloi(x,y)p (x,r)dx ûy, i=1, ?,...,Í1. (t)
The set of n lneasurements thus define'-1 constitute
the output cf the feature extractor. The functíons

o1(xrI) shou-lrl be cirosen on the basis that the
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meas urements

(1 ) s atis fy condi ti on (a) , and

(2) r,ray b e trans forrned s o th at th e feature
vector s atis fi es condi ti ons (b ) to (e) .

Firs tly , gooci dis crininati on can be obtained by

selecting the fi ltering functions o1 (xrI) so that
the neasurernents , ai, represent the leading coefficients
i n a s eri es expens i on ai:proxi mati ng th e dens i ty
function, p (xry), of, the unknown character. If the
filtering functions are set as

o, (x,v)

o2(x ,v )

or (x,Y )

P, (xrY)

o, (xry)

ou (xrr)

etc;

1,

x,

Yt
2x,

xYr

zY,

(z)

then the set of nc'asurements { *i, i = !rZr,..rn}
reÐTescnts tre inoments of the pattern, â black
point being considerecl as unit mass. The set of
di.scri-minant func'tions, o, (xrI), i=1, Z r... rî
are th e Tay lorts s eri es coef fi c.i ents of th e Fouri er
transfi:rn of the censity function of the pattern.
Other series expansions of the <lensity function,
p(xry), or of some transform of it, are possible
(e.g. Fourier coefficients ). The neasurements
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"i, i=1r2r...0n, must be characteristic of the
function p (xry) , since p (xr),) can be approxinated
as accurately as is rvi shed by taki ng s uf fi ci ent
terr.E of th e,xpproximating s eri es expansi on.

I{or¡¡ever¡ to d.is crininate between characters of
differerrt cJ.asses it is not necessary to have an

accurate expansion but nerely a few 10w order terms.
Secondly, the feature neasurements must be

indepenclcnt of tuïnasst' (or boldness of print) , size,
position on the pdECt and slant of the character
under cons i de rati on . lvbments can b e conveni ently
normali s ed rvi th res Ðect to al l of th es e vari ab les .

If the filtering functions o 1(xrI) ri=1r... ¡r¡
are the ascending powers in x and y, then the
neasurements given by equation (1) represent the
rnornents of the nattern, and may be rewritten as

*iJ= Il*"t p(x,y)dxdy,i,j=0 ,r,2..., (3)

where the or<ler of each nornent is defined as (i+j).
It is assumec that p (xry) is cons tant over smarr
fini te areas (u-euâ.l to C or 1). Thus (5) may be

rewri tten as

t4.
1 I

p(x,y ) lo "*il, (4)
J

where c is the ttmass" of each

The zcra order moment is
trmass" of th* pattern

S¡=c &1,

ce11.

equal to the total

(s)
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where M is the number of black cells. Normalisation
wi.th respect tci nass is achieued by dividing all
luantitie.s by Þtoo. The centre of gr:i.vity of the
prttirn then has the coordinates .

o=to 
ïo*/*'o 

=Mlo /\o'

F=.0Io, ,I'bo =Mo yl14¡1t1 ,

and the central moments

of position on the page)

Ìir
I

The vari ances

(i .e. moments independent

are given by

j, 
e)

(6)

ì=c I (*-*ii(y-ylt plo

o*= lMzo /r\lo, o (8)
v

can be used to nornalise the coordinates (thus

nalci ng each cocrcii nate i ndependent of li ne wi dth )
by s etting

x*=(x-x)/6xt y*=(y-Ð/or. (g)

The moments must be normalisecl with respect to
"mass", and the new monents nrpy then be written as

ml. =c ¡**tu* i / r%o (10 )
L J p#

Í'le finally set

[= I
fo

*2**
/vX Iv

foÞ p

b=x*-}l- , d=y*,tFxZ

,

( 11)



and refer the moments

il;;=c I ui¿j /\^oo,lJ 
oio

are invariant under conditions (b),

Becaus e of the trans formations

the derivation of equation (IZ),
t00 =rZ0=o0 Z=1, and

*10=mo 1=m1l=o ,

- 9B

to these coordinates. Then

(12)

(c) and (d).

involved in

which arq of no use as feature vector elements since
they provide no information about the input patterns .

If tJre moments are arranged in des cending i values

to form the feature vector:-

*1

x

*so

*2r

tlzX

f,=

m.1J

ìriÞ can refer to this ss the natural order of the

features in later discussion.

If an input pattern is affected by noise, or

there is s ome other ni nor di f ference (". g. the

slight bending of a line) then a few of the

cells which should l¡e black are white and vice
versa. For our purposes r âtry difference between

z

3

xn
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ân input Þattern and the perfect samlle of the same

character may be regard.ed as clue to noise of some

kind. rf the nois c level is small then only a few

terms in the summation of equation (Lz) wi11 be

af f e cted anil thi s wi 11 mak r: li ttle di f f erence to
the numerical resul.t. However, the effect of
noise on the indivi duar mo¡nents for a given pattern
is not readily solvectr. Algebraical,r.y the task is
for¡niciable ancl about the only two conclwions that
can b e narJe aïe th at, fi rs ttf , th e ef fect of nois e
on i ndi vi dual momcnts depr:nds on i ts dis tributi on

and, s econilly , th e hi gh- order moments are af f ected
more by noise tiran thc low-order moments.

6.2, Selection of the l'dom ents for the Fe ature Vectors
Knowin.q th at nois e wi 11 be pres ent i n th e patterns

frr:m thc; scanner, r-ìve[ after preprocessing, and that
an infinite number of moments could bc computed,

for each pattern, one is faced witÌr the problem of
deciding which noments should be used in the feature
vector to give ttre 'nbes to' res ults . us ing s tatis ti ca1

decision functions in trre Bayes sense, the "best,
set of feature me asrlrements that can be used in a

recogni ti on sys tern aro tir os e whi ch mi ni mi ze th e
I avera.qe rí sk I or , i n th e cas e of eq ua1 cos ts of
misrecognition and rejecti on, those whictr mini míze
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the error ratt for a given rejection rate. In
practice, however, this Ërocerlure is difficult to
apply for the following ressons:

(a) The underlying probabi 1i tv dis tributi ons

associated with the pattern classes may

not be knownr or cannot be easily calcu-
rated to a1low an anarytic carculation of
the taverage riskr or rejection rate, and

(b) The analytic expressioll for the raveraget

risk or rejection rate may not be suitable
f or th e mi ni rii zati on req ui red i n a

specifi c <lecision structure.
It is therefore necessary to find a methoc for
selecting the mornents witrout conputing ttre rejection
rate, or having a complete knowledge of the probability
structure, for the inrut patterns und.er consideration.
An attempt can be made to select a subset of contri-
buti ng moments l¡y excludi ng t?r os e whi ch are r detrinentar t

to the recogni tion sys tem. I-lere rdetrinental r is
defined in the sense that ncise causes variation in
the numerical value of a mornent, and the inclusion
of such a moment íntrodnces nore error than

i nformati on into the sys tem. Th e rbes t s et I of
rnoments found by this screening procedure is not
necess ari ly a unique s et, but a sy.s temati c procedure

i s propos eC f or s electi ng a ilrc:1i ab le'r s et of moments .
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A "reliablerr moment is clefined as one for whictr

there is little variation in its numerical value.

From a computational point of view it is not

feasible to deal ivi th all the I reli able I moments.

Thus a s el-ecti on of th os e ccntaini ng si gni fi cant

i nf orynati on i s req ui rc d . In th is s tudy th e

selection is Cetermined by performing a principal
comnonent analys1.s.

The results ries cribed in the following text
were obtained '"rsing the simulateC input characters

(see section 4.3.), for which moments of orders J to
7 inclr-sive were calculated for the "perfect,'
images and for Z0 images of each draracter for each

noise level. (Monents for tìe perfect images can

be founcl i.n Anpen<lix B). ,{11 recogni tion
experiments were carried out using the special

case of the Baycs t rrminimun riskt' sys ten with equal

misrecognition costs and equal e þriori probabilities
of cccurrence of eacir categüry . (s ee Ch apter S. )

Th e condi ti onal prob abi li ty dens i ty functi ons ,

F(X lsi) ri =Lr?e.. . ¡Í¡ rdere aprrroxirnateC by

DF-AD

F(xls 1

(2 r¡n/ Znn'
exp -(x-\)'(x-Xj.)

t
L

I
J2h2

where

n = the dinension of the feature vector,

( 13)
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Xi = the training vector for the category si

and in this case is the feature vector
for the rperfectrsimulated pa.ttern, and

h = a'fsmoothing parameterrt.

It is well knorqn that noments are not inrlependent
and that the variances for different rnoments do

differ, this is nct implied by the fcrn of equation
(13) , th e clens i ty f uncti on f or a mu1 ti vari ate
nornal distribution of n indenendent variates
vrith equal variances. It was decic1ed to use an

approxinating function for the probability density
functions (see Chapter 7) given by

r(x þr)= 1

(2 n) n/
m

i
L

1
2, n m-'

n

(x-xir)'(x-xik) (14)
exp

k=1
2h

2

where

,thXik =k "" traini ng vector {.cr cateÊory s' r

ancl the other parameters are the s ame as for
equation (13). Equation (19) is the first
anproximation, and suffices for the following
ct-iscussion.

5,'¿,7. Seiecti on of Feat¡;re Elerne nts

It wouli- be exnecteC that the o'bes t" set of
moments or f eaturc vector elements r+ould. b e th os e

with mininum i-ntraclass and rnaximum inter-c1ass
s catter or si:read. A method for cjroosi ng elenents
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according to this criterion vir¿rs nrogrammecl and

tested on a conputer, but ít was found that this
method did not give the best resurts. However,

it is profitable to consider this method to enable
comparis on wi th th e adopted meth ocl.

SupDose, as before, there is a set of T

categori es denoted by {s 1, , 2, .. . ,s r} , and there
are 11, n'r,..11, sinple vectors of n dirnensions

from each category res pectively. Thus art trre

sanple vectors can be represented by

¡*it: *Ltr,..,*tr' ij=1¡"'rlr5i i=1,.. ¡r Ì,.

Let {uj=(uir... rul) , j=lr... rr} , be the set of vector
means for each of the r categories, and u = (ulr,..run)
be the vector of all s anple means.

Within each of the r categories compute the
surn of the square deviations about the group mean

for eadr elenent of the feature vector rrsing

ci x¿
n.

I, (

1.=1
J

2
t.-

J

k=11...¡I1. (1s)

Thus for a particular element of the feature
vector' the poolec r¡ithin category sum of squared
deviations about the group mean, Ak, can be

determined by



Ak C¿

- 104 -

, k-lr... rn. (16)

The total sum of the squarecl cleviations about the
grand mean may be founcl from

( 1z¡

The sum of the squared deviations between group

means and the grand mean rnay be obtained by

subtracting the pooled urithin group sum of squares,
Ak, fron the total sum of squares, \ or

fo=Sn-A¡ r k=lr... ¡rr. (1g)

The criterion for serecting the first elenentr s4[
*t, is

B

r=I
j =1

r
=I
j=1%

n.
1

,I_, (*or=-% )2 ,k=1r. .. rn.
I.-I IJ"

t %
ç

%r
K

B
V

Ã-
V

q ,k=1¡,..;fli (le)

and. the second t sày xv, is
k=1r... ¡rI¡

' klt (20)

and so on. In the rare event that equality
occurs, the procedure arbitarily selects the first
feature in the order 1¡... ¡n.

An alternative rnethod, and one yíelding better
results th an the one des cribed above, is to s inply
conpute the variance within each category for each

of the n feature vector elements, find the naximum
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variance over all categoïies for each element and.

select that one with the snallest naximun variance,
ttr e s econd wi th the s econd s mar-les t maximum, and, s o

on. That is, the firs t element is chosen suclr
that i t has li ttle intra- class vari ati on, the
second a little more, and so otr, disregarding tåe
i nter- category vari ati on.

The variances for each ele¡nent ftithin each
category are cornputed by using the trsual fornula
for vari ance, namely,

n
T

jI
Ivi= c*i r j

iii j (vi )

J

=|
-uil2 k=1r"'¡tr¡

K' ¡ J=lr...rr? (zL)

(22)

since there exists a fínite number of categories, r,
for s', fixedrralue of k there will be a j, say 

"k,such that Vk^ is a minimum. The cri terion for
selecting the first variabre, Sâr *t, is to choose
that value of k(=¡¡ such that Vrut i, a ninimum, i.e.
choose t such that

a-
L nin

all kt {

all k

V Ì

ïlre s econd vari ab r-e t s ây xv, is crr os en accordi ng to
th e rule

max
all j (zs)

and so on. In the case of equal rnaximun variances,
once again the procedure arbi tar.y selects the firs t

n¡.
a

Vv=
V

nt
#tt )i,
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feature in the order lr... rn.
To test these two methods of feature erement

ordering the test data for each area r^ras generated

ruith a noise level of 10 percent and the feature
çlements record.erl accordin¡r to the criteri on

firstly, defined by the inequalities (19) and (20)
and secondly, by equations (ZZ) and (ZS). The

ner¡/ orders found by these two nethods is presented
i n Tab le 6 .2.L. f or all th ree areos together wi th

the ratios %/\ ana vU% for k = 1¡...¡n.



Tab le 6 .2.I.

(a) The ìfiddle Area.

-L07-
The recordecl feature vectors

inequali ti es (19) and (zo

(22) and (23 ) for the

usi ng th e

) and equations

It{i ddle, IJDper and

using test data with a 10Lower Areas

percent noise 1eve1.

Maxm

Vari ance

0.00
0 .01
0 .01
0.02
0.02
0 .0 3
0,0 3
0 .0 4
0 .0 4
0.06
0 .06
0 .14
0.14
0 .?z
0.27
0.30
0 .35
0 .47
0.55
0.60
0 .66
2.9 2
3 .34
3.95
4.ZL
5.0 3

L8.32'
50 .62
63,05

B6 4.11

Ori gi nal
Fe ature
Elencnt

,
J
7
4
B

6
1
L2
13
9
20
19
L4
27
5
11
1B
2&
26
2T
15
?,2
29
1t
I7
10
3t)
24
16
23

Rati- o

% /Ar

2

II
t4
'12

27
5
7

1
4
29
18
20
10
15
26
13
)c,
24
6
Õ
¿)

3D

9
16
2B
L7
2I
'))e¿¿

23
19

6L.0 2

57. B3
45 .7L
38 .27
36 .r4
32.70
28.31
24.7L
21.6s
2L.L3
zr).79
20,0r
19.01
18.86
17.9 5
1ó .33
16 .28
16,22
15.4.5
15.13
14.41
13.42
LZ.9g
12.81
12.50
L2.T2
I1.47
9.44
g.g5
7.73

Ori gi nnl
Fe a. tu re
Element (k )

Re orde;re
Element
Numb er

1
2
3
4
5
6
7
(i

9
10
1t
T2
L3
1.4

1s
16
L7
18
19
20
ZL
22
23
24
z5
z6
z7
2B
z9
30
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Tab le 6 .2.I. (Cont. )

(b) The Ufiper Area.

Maxm
Vari ance

3
2
7

Õ

L2
6
1
4
15
11
19
1B
T4
5
9
?0
27
26
25
2T
L7
2B
15
10
29
24
22
16
30
23

0.00
0.00
0.00
0.01
0
0
c
0
0
0
0
0
0
0

.01

.01

.01

.02

.02

.0 4

.0 4

.05

.0 5

.05
0.06
0.0 7
0 .15
0 .16
0.35
0.35
0.40
a .44
0.óó
0.80
I.g 7

3.42
4,92
7 .0I

29,62
7 2.69

Ori gi nal
Feature
Elenent

0ri gi na1
Feature
Elernent (\

I
Rati o

% /Ar

1
2
5
4
5
6
7
0
I
1.0

11
L?,
13
14
15
L6
t7
1B
19
20
2I
22
z3
24
z5
26
27
z8
29
30

3
2

7
11
1

54.2r
53.44
5L.32
45.40
4r .70
34.7L
33,27
32.52
29. s1
29,49
29 ,09
z6 .27
25 .70
25 ,39
24,6 3
23.48
22.76
2L.09
20 .LB
20,01
19.87
L9 .43
L9.29
1B .66
14.59
14.39
L3 .4e
12.88
LT.25
8.76

t4
10
4
15
I
L2
1B
20
27
6
L7
24
5
25
50
?,2
23
29
26
13
o

19
16
2L
2B

Reordered
Element
Numb er
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The Lower Area
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0.11
0.10
0 .0 7

0.01

67.24
41. BB
?,4 . 89
24.7 2
L7 .99
16.76
15.89
11. sB
11.43
8.49
7 .70
7.62

.07

.75

.07
,63
.11
.56
.32
.0ó
.87
.80
.40
.2L

0 .00
0 ,00
0.00
0.00

Reordered
Element
Numb er

1
j

3
4
5
6
7
ôo

9
10
11
L2
13
I,+
15
L5
L7
t8
19
20
2L
2Z
z3
24
2S
26
27
ZB
29
30

Ori ginal
Feature
Element (k )

5
16
11
24
4
2
15
3
30
t4
7

3

I
22
2L
2B
29
19
2{)
13
1B
23
27
T2
L0
26
6
25
L7
1

14axm
Vari ance

7

ó
6
5

5
4
3
I
1
1
0
0
0
0

.42

.45

J
z
7

B

6
5

L2
A+
L3
1
20
19
L4
I
18
11
27
26
2L.,a

25
L7
15
10
16
29
24
22
30
7,3

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01
,02
,02
,02

0
0
0
0
0
0
0
0
0
0
0
û
0
0
0
0

.06

.06

.0 B

0.09
0 .14
0,16
0 .24
0.24
0.26
0 .26
0.53
3.45
,1 .96

Ori gi nal
Fe ature
E lement

4o /At
Rati o
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Note that the scatter ratio method selects several
high or,ler moments on r,vhich noise has an adverse
affect, before lower order rnonents. However,

tsing variance orderihg, the general trend is for
th e hi gher order nor-,c'nts to be s elected 1as t.

'I'o tes t th e ef focti veness of trr es e orderi ng
procedures, the recrdered. features were subnitted.
for recognition accorcling to the criterion
des c'ib ed i n th e pre rri ous s e cti on, There is no

real reas on f or ch.osing the elements i n trre
natural order. To compare the results wittr a

standard, the feature elem.ents were rearïanged in
a random order by naking use of a random number
generator and were also submitted for recognition.
Thr¡s recogni ti on of the tes t data was attempted
us ing natural, rand.orn,s catter rati o and vari ance

orderingr by firs tly attempti ng recogni ti on based.

on the firs t two feature elements r s e condly on the
first four, and so on until all g0 feature elements
v¡ere tsed. The Þercentage of correct tecognition
was computed af.'ter each experiment. A sirnpli fi ed

f low di agram shoruing the conputer sinir.ulated recogni tion
systen wing all four inputs is presented in
Figure 6.2.r. rn each case there were ls recognition
experiments , the results of ruhi ch are given in
Table c.1. of Appendix c and presented graphicalry in
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The Recosnition Experi ments

Illow Di agran

Generate feature vectors
¡t-(xl ,...r*¡O) for each
c ategory

Sinplified

Rearrange in
Random order

Start

the vari ance

feature
ti mate

or each

Using 214r...r30
f ee,ture e lements
Xes, if F(Xlsj)'F¡xls¡)
all klj.

Find max, variance
for each feature for
aII classes.

Reorder feature
elenents s uch tfi at
feature with min.
vari ance ín posi ti on

I and so on.

Coutpute s catter
for each featur
within each cat
egory and sum

for each feat.
(\)

Compute overall
s catter (St )

.Reorder feature
e l"ements accor
ing to L-At-rç-

Stop
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Figure 6 -2.2. It was found for the Lower Area

that 100 percent correct recognition was achieved
irrespcctive of the order of the fe¿ture elements

for this nois e Ievel, arth ough i t is s trs pected
that if ele¡nents 23 and Jû were the first two

elenents used for recognition, then this would not
be the case. Hourever, for thc present discwsion,
the Lorver Area was not the mos t important.

From Figure 6,2.2, it is aÞparent that variance
ordering of feature elements is nore a<lvant,ageous

than the other two ordering methods, arl three
being better than ranrJom ord.ering. For both the
upoer and Nñ.ddle Areas the variance orclered elements

yi eld. maxi mum recogni ti on rates ru i ng th e fi rs t 16 .

However, as the nunber of feature elements is
increased beyond 16 in the recognition systen the
recogni ti on rates decreas e s teadi ly, showing that
the inclusion of featurcs with large variation is
detrimental to the system.

Special note should. be made of the natural
order recognition rates. In this case it is expected,
and it is indeed the case, that the recognition
curve would be c10se to the corresponding curve
for the variance ordered elements since the low order
moments exhibi t less vari ation than tåose of hi gher
order in the presence of noise, rt appears that



Figure 6.2.2 Recogni ti on Curves using 2 r4, .. . ,30 feature

elements comparing variance, scatter ratio,

natural and random ordering.

(a) The lvä cidle Area.
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Fi sure 6 .2 .2. (cont) .

(b) The Upper Area.
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ttr e recogni ti on rates us i ng th e fi rs t 6 or g

natural order elements yie1d better results than
the first 6 of I orderecl by the other methods .

However, as tire number of feature elenents is
increased a higher recognition rate is obtained
ts ing vari ance orderi ng.

The recogni tion curve using variance-orderecl
feature elements is reasonably smooth but there
are smal1 fluctuations in the gradient, the
inclusion of more elements sometimes being detri-
ment al and at o th e rs i rnp rovi ng th e s ys tem. Thi s
phenomenon can be explai'ecl by obserrring that sone
feature elements may have a smal1 intra_category
and i.nter- category spread, which do not provide
much information for the recognition system. As

a result the small variation which occurs in the
elementrs value is sufficient to cause a sLight
decreas e i n th e ïL-cogni ti on rate i ns tead of i t
renaining cons tant iìs would perÌraps be expected.
On tlie other hand, the recogni ti on rate may be

increesed sligntry wifli the inclusion of erements

with a large intra-category variance, when the
inter-category spreaci is sufficiently large. For
example, in the variance-ordered case when the
nunber of elements us e<l i n the recogni ti on sys ten
for the l6.ddre Area is increased from 6 to B thus



- 116

including elements 5 and 7, there is a decrease in
the recognition rate of c.g3 percent and u¡hen trre
nurnber of elements is i ncreas ed from 24 to 26

(inclucing elenents rT and 10) there is an increase
of 0.38 percent in the recognition rate.

So fat the experirnental- work has been res_
tricted to rnornen'Ls of orrJers i to 7 inclusive and

a ques tion that one rnight ask is : "Can the
performance of thc recognition system be inproved
by taking higher order inoments ?rf It nas shown

earli er th at vari ance- orderecl moments yi eld
naxi mum recogni ti on rates tu i ng trr e fi rs t 16

feature elernents for both the upper and Middle
Areas. For the Upper Area in this 16, there are
no moments of order 7 and, since noise has more

effect on higher order moments than low order, ít
is apparent that the inclusion of moments of order
higher than 6 is of no value in the recognition
system. Fíowever, for the rr.6.ddle Aree. ordered,

elenent 14 ís a moment of order' 7, and thus there is
a Ðossibi li ty that the performance of tJre sys tem

can be improved by inclucring moments of .rder greater
than 7. consequently a recognition exneriment was

carried out for the Middre Area including moments

or order B. tlsing vari ance ordering i t r^,as found
th at th e s ane maxi mum recogni ti on rate v¡as ob tai ned.

using the first 16 feature elements and they were
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the same elenents ¿rs in the previous case. Hence

the i'cltsion of higher ord.er moments did not
irnprove Lhe performance of the systern.

To thís stage, characters with a 10 percent
noise 1evel have only been considerecl - but what
of other noise levels? To investigate this
question, the procedure for variance ordering was

repeated for characters of alr areas with noise
levels and 20 and S0 Þercent ancl the recognition
experinent repeated using the first 2 feature
elenents, the first ¿l and so otr¡ and the percent
correctly recognised calculated for each. The

results are presented in Table 6,2.2.
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eature e lernen

20

vari ances

usin¡1 2,4o.,.
wi th nr:is e levels

and Þercent correct

, 30 e lernents

ts, the maximun

recoqni ti on

for recosni ti on

and 50 percent

Noise Level sa%

? correct
recog.

(a) The MiCrdle Ârea

llois e Level Z0%

35. 38

70. 83

t1 ôôt I . t)ö

78.79

7 B .?,5

79.62

79.gz

82.50

81.06

76.44

74.92

7 4.55

75.58

6 5.15

62.42

I,{axm
Var.

0.00ó
0 .00I
0.009
0.024
0.024
0.028
0.044
0.c 53
0 .0 55
0 .0 83
0.110
0 .123
0.259
0.332
0,367
0.407
0.429
c .,1.41
c,544
0.98C
1.090
L.474
1. g59
4,363
6.ZZB
9.486

L0.782
B 4 .342

L27 .479
L902.151

Feat.
81.

2
7

3
Ìt

4
9
6
1
TZ
13
z0
1,+
19
1B
11
2t
27
5
15
26
2B
zz
29
25
L7
10
30
)A

1ó
23

? correct
Tecog.

55.I1

77.73

BS ,23

87.65

36.52

88.11

89 .24

87.8C

85.6 B

86.06

84.02

85.11

3,1.47

76 .D6

75.00

0 .00 5
0 .00 B

0.008
0 .015
0.022
0 .0 35
c .0 39
0.042
0 .0 53
c,062
0 .L26
0.164
0.132
0.327
0.351
0 .351
0 .33s
0,492
0.ó61
0 .6(¡ 7
0 .836
L.760
3. 39g
4.9 3C

5.17.i
6,937

LZ,LT?
6 3.9 36
92,358

r37 r .5 47

Naxn
Var.

Feat
E1.

2
3
7
/1

t)o

9
6
1
L2
13
20
L4
19
LI,
11
27
5
l5
2L
26
'lllLO

22
29
25
L7
10
zn

z4
16
z3
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Tab le 6 . ?. .2 . (Cont ).
(b) The Uprrer Area

Noise LeveL ?,0%

Ir{axn
Var.

.0 79

.0 79

. 119

.L32
,I32
,r47
,200
. 313
.56 2
.6 96
,7 Z2
.854
.9 51
.0 g2

.7 27

.0 24

.422

0 .010
0 .010
0 .011
0 .01s
0.c24
0.026
0
0
0
l-I

0
0
0
0
0
rì

0
c
0
0
0
I
I
2
5

B.O9B
10 .0 41
15 .05 7
62.002

200.893

,0 37
,0 37

Feat.
ET..

Noise Level Sq%

46.90

73,81

78.45

77.L4

77.14

79.L7

B0.60

81.31

75,L2

72.86

7 4.r7

7 3.4s

7I .90

69 .40

55.95

correct
ecog.

l,4axm
Var.

correct
lecog.lz

I
¡

59,05

83 ,2L

85. B3

84,40

83.33

81. 79

85. /XB

87.62

85.48

BA ,T7.

82 ,12

BL.O 7

79.52

76.L9

66. 19

2
3
7

1
¿I

B

6
T2
t3
1l
L4
19
18
5

9
20
26

?

3
7
B

4
1
6n
L3
11
1B
5
1.1
9
19
20
25
26
L7
27
15
2I
2B
10
24
29
Z2
16
3A.,2

16

20
')

1
19

0

0.00
0.c0

27
2S
L7
?t
15
2B
10
29
24
22
16
30
23

0.0 51
0.07L
0.095
0.398
0.104
c.11ó
0 .L76
0.185
0,332
0 ,4LZ
0,622
c.642
0.726
0,944
1.0 86
1_.599
3.953
5.995

L4.666
15 .6 g3
54, 841

1,55.,85ó

0.0
0.0
0,0
0.0
0.0
0.0

Feat.
81.
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Tab le 6 ,2 .2. (Cont) .

(c) The Lower /{rea

Noise Level 2Cz Noise LeveL 30"6

Ilaxn
Ver.

corre ct
cog.

10 0 .00

100.00

100.00

r00.00

10c.00

100.00

100.00

lC0.00

100.00

100.0c

97.50

97.5C

100.0c

10c.c0

lj) 0 .,1i

ôo
3
)
7
4
5
6
1Z
f,J

ZD

I
L4
I
L7,
19
2I
11
27
L8
Lt\
Z6
29
15
t7
2s
10
16
24
22
30
23

0.092
0.095
0 .148
3.196
0.24A,
0 ..ï47
0.486
0.610
c.738
0.8c1
0.351
5,0 27

r1i52r

0
0
0
r)

c
0
0
c
c
c
0
n

0
0
0
0
0

.003

.00 3

.00s

.0) 7

.0 10

.c18

.c18
^')^

.0 2r

.0 22

.a 23

.024

.c 27

.c 31

.c 47

.948

.c6.n,

Feat.
81.

I correct
ïecog.

100.00

l¡J0.00

100.00

100.0c

100.00

100.00

100.00

110.rlt

130.0c

130.00

1û0.00

lC0.00

10c.01

100 .0 0

1C0.cc

0 .001
0.002
0.005
0.901
î.006
0.cJ10
0.011
0.01_1
0.014
0.015
0.01s
0.015
q ,017
0.021
0.c54
0 .D 3,1
0 .0112
0.043
0.068
0.c37
0.l¿]ó
0.183
c.t92
0,2r5
c.337
0 .4L2
0.426
c.732
4.627
6.348

Feat.
81.

Maxm
Var.

B
7

2
7

4
13
5

6
20
I2
1¡i
I
7
19
11
27
13
ZT
z6
Lö
29
T7
15
25
1Ð
16
4,1
L,I

)J

30
z3
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The maximum recognition rates for the lf.ddle

Area are 94.32, 89.24 and 82.50 percent for noise

levels 10, 20 and 50 percent, using the first 16,

f4 and 16 feature elements, respectively. In all
cases the first LS el.ements are found to be the

sane with s light vari ation in the order. There is

not a fixed set of elements giving a maximum rate,

but elernents 5, 11, 18 and 27 are all included in
the next 5 reliable measurements. 0n inspection

of the results, however, it is found that whenever

element 27 is added to the recognition system,

(irrespective of the element it is paired with),
the recognition rate is decreased. This element

was therefore excluded and the other three added

to the first 13. In addition it is found that

element 21 is associated with an increase in the

recognition rate for two of the three noise levels

and so this element was added to the other 16 to

make a total of L7 to be subrnitted for a principal
conponent analysis (see next section).

For the Upper Area maximum recognition rates of

95.69, 87.62 and 81.31 percent occurred using the same

first 16 feature elements for all three noise levels.

With the inclusion of elements 15 and 2L for noise

levels 20 and 30 percent, there is a sharp increase
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in the recognition rate. Thus a recognition
êxperimr:nt us i ng 18 feature elenents (i ncludi ng

15 anC 2I) \^ras carried out for the samples r^¡ith a

noise leve;l of 10 percent. The expected increase
in the recognition Tâte r¡¡as not crrirlent, in fact
the z'ecogni t-i on rate was gc .0 2 percent. - a clecreas e
of 3.67 percent. Tirus oniy the fi rs t 16 were
s ubmi tted for a pri ncioal con'Donent anaiys is .

rrlthouglr the selectio. of feature elements for
the two areas þ/as carrie.J out íncrenencentry, trre

first 16 selected for each atea '¿rere the same,

nanely, {*r-*g, xll-xl+, *13-*za| and in adclition
x,l was selected for the micldle area.

There is ri ttle noint in s ubmi tting orclered

variables for the Lower Area for a -rrinciiral
connonent anatrysis since 1l.q,C0 pcïcent correct
recogni ti cn is ob taincrJ for all nois e levels us ing
the firs t trvo elenents , :,rhich ho.er¡er, are not the
s ame in all c.,ses . Feature elements g ancì 3 are
founii to be t'he mos t reliable for the higirer noise
1eve1s anC .s ti aI1 recogni ti on of lower ar ea

charactcrs is b¿rsed on these two elenents.
6.2.2. Dirrension Reducti on

It was pointed ou.t in the nrevious section that
some feature elements provide nore information than
others for the recognition system. For example,
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th e fi r.s t il e lernents of th e ,naturalr' or<1er provi ,Je

a !r etter recogni ti on res ult th an the fi rs t B of
the varience ordere,l feature vector for the mid.lle

area characters using a noise level of lC percent.
Obviotrsly it woulcl be an aclvantage if the elements

of the feature vectcr selectecl by variance ordering
could be reorclered or weighted according to their
relative inportance in des cribing the Tlatterns .

Soine work has bç-erì clone on this typr of
s electing anð. ordering of featu.re elements . But

m.ost of the neflrods pronosed require a knowledge

or make an assumption about the underlying
probabi 1i ty dis tribution associ âtec1 with each

categon¡ . For exannple, Kul1b acl< [S3] ÐroÞos ed a

method for selection based on the nrincipal of
cli vergence whi ch was later inves ti gateC in rletai 1

by l.rari 11 anil Green [34] . For this methocl, i f the

condi ti orra"l prcb abi li ty dens i ty f uncti ons of the

categori es are Gaus s i an v¡i tir eq ual covari ance

rnatri ces flre divergence is uniquely related to

tbe recogni tion e rror of tire Ilayes I cl.ecision

theory classifier. fl.olvever, lvhen the covariance

matrices are di f ferent, the clivergence is nei ther
uniquely nor mcnotoni cally relatecl to thc recogni tí on

error. Thus , l.{ari11 ancl Green provided the upper

ancl lower bouncls on the recognition error as a
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function cf the divergence by wing a l4onte-car].o type
sirnulation. The feature elements are serected to
maxin'ii ze the divergence between a pair of categories
anrl at th e s ãmri ti rlìe mi ni mi zi ng th e recogni ti on

error rate . other nethods vary from tìre simple
approach of '^¡ei ghting tìre feature elements accordinq
to tirc "goodness" of the meâsurement t3s] to the
nore conplex met]rocl of using an information theory
neas ure to r:limi nate the less us eful elements tJ6 l
Is7I.

In this work , a ÍtethcC for selecting and

orderi ng th e feature elements rvhi ch d.oes not
reauire a knowledge of flle probability structure of
the câtegories under consiCeration was used.

Essentie"Lly the procecl.ure is that of pre-weighting

thc feature elencnts according to their relative
inoortance in ries cribin.g the nattern, regordless

of- the ¿ecisi on s tructure or the recogni ti on sys tem

by the nethori of principal compcnents [SgJ.

Suppose that the elements chosen by variance
cräerinq for tir e recogni ti on sys ten, f .orm ¿¡¡s

general ¡,i-rLirnension vectors , Zí= (rli , *2j.r... ¡ z*¡ ) ,
a.nci the overall nean vector is y=(vl tv2c...rr*)
(no mc'ntion is rnarie of lr¡hich category each zí originated).
Then the procedure is to fincl a set of principal
components, tr, in whidr ell the variation in the
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systern is summarized in fewer variables. The
.rhJ prlnclpar connonent of a sample of rn-variate
obs crvati ons is clefined to be the linear cornpound

Yj="jL*^jzzz*"e*^'^'r , (24)

wh os e coef fi ci ents are th e e lernents of th e

characteristic v.ctor of the sample covariance
matrix, S, corresponding to the jth largest
characteris ti c root, À j , where S is definecl in
th e normal w ãy ¡

$..= 1
1_J

(N- 1)

(zik-v, ) (z¡¡-v5). (2s)

If ÀilÀj then the coefficients of the itr and
.thJ cornDoncn ts are ne ces s ari ly orth ogonal . I f
À, =À5 , thc: elenents can be chos en to be orthogonal
although the infinite number of such orthogonal
vectors exi s t. Tir e s anple vari ance of the j th

cornpcnent is 
^ 
j , and as a consequence of the

orthogonality conditions for the coefficient
vectors, the total variance of the feature elements

is

À1*l Z*,.. *Àr,,= trace S.

The importance of the jth component is measurerl by

À j
trace S

o
t>

='l

e

N

T

k

The algeb ra.i c si gn and nagni tude of 
"ji i ndi cateS
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the rlirection and importance of the contribution
of the ith response to the jth comnonent.

The importancc and usefulness r:f each component

is measured by the oroportion of the total variance
attríbutec to it. For exanple, if g0 percent of the
vari ati on in a sys ten of 10 feature elernents could
be accourrted for by a sinole r,ueighted average of
the element values , i t would aDDeaï that alnor t all
tl¡e variation coul.ct. be exÞressed along a single
continuum rather than a 10 d.imensional space.

This would be mos t useful in i tself , but, in acldition,
thc coeffi ci ents of the 10 feature elenents rvould

i ncii cate thc. relati r¡e importance of each i n th e new

derivecl momcnt. This nay be summari zed by stating
that the importance of the nrincipal component

technique is that of sumnari zing mos t of the

variation in the system in fewer variables.
If the <iimen-sion of the original feature

\¡ectors is m, anc less than m nrincipal components

are taken, then sone vari ance wi 11 always be

unexplaineLl. Hcw then should. one decicle how many

cormr:nents prorricle an adequate description of the

system of fcature elements? To gain further
insight into this question a principal component

analysis was perfcrmed using tire selected feature
elements of the sample ilata used in the previous
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section (10 percent noise level,) for tbè Ìô.ddle

anc unper Areas. The selected elenents of tl¡e
traini ng vectors r¡s ecl i n the recogni ti on experiments

of the previous section were transformed using the
calculatecl coefficient vectors and r¡secl to identify
the irrincipal componcnts of the tes t clata,

recognition bei.ng basecl on the first 214r...¡16
conltonents . Thes e recogni ti on res ults ere

tabulatecl in Table 6.2.5. to,gether witir each

characteristic root and the relative importance of
each component in describing the variation in the

feature elements. These results are also presented
grapirically in Figure 6,2.s. in which the recognition
curve usi ng vari ance orr:Jered fe,l.tures is includecl
for comþarison. The eigenvectors corresoonding

to each of the cigenvalues may be founcl in Appendix D.

The nroperty that each successive çrrincipal
component contains less informetion is illustrated
clearly in Figure 6.2.5. a.s the acldition of more

components to the recognition systen result in a

progressively smaller increase in the recognition rate.
Each comÞonent adds information to the systen whieh

is shor,r'n by the curve of recogni ti on rate agains t the

number of cornponents being s trictly increasing but,
in the case of variance ordering, the adclition of
some features may be cletrimental.
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Table 6.2.3, The roots of the

(a) Ì,fi ddle Area

J

(B) Unper Area

1
2

5
4
5
6
7
a)o
9
1,1

11
L2
13
L4
15
16

ch aracteris ti c

equation lS-fIl=0. the amount of
variance in each conponent and the

recogni tion rates using 2,4.6....
11 nc1 aLc onents

% correct
recog.

j

62,42

89.92

94.24

94.62

I4.70

94.77

94.77

I4,77
I4.77

'r of total
Vari ance

37.77
19.61
72.L8
9.53
8.33
4 .43
3.08
2.34
1. 31
0 .6,4
0.39
c .25
0.09
0.05
0,02
c.c1
0.01

À.
J

L.2308+00
6.3848-01
3.9658-01
3.092F'-0r
z
1
1
7
4
2

.7118-01

. +42E'- 0 I

.01 2E- 0 1

.6 ZsE- 0 2

. 2ó gE-

.06 BE-
cz
02
02
05
03
a4
04

L .26 7E-
8. 10 2E-
3. C 14E-
I .4968-
7.7578-
,+ .57 7E- 0 4
2.990E-04

1
2

3
4
5
6
7
o()

I
10
11
T2
13
1¡i
15
16
L7

? correct
recog.

6 +.29

89.33

9L.A 7

91.90

93.10

93.69

93.69

93.69

I of total
Vari ance

58. BB
25.53
16 .0 B

6.78
4.72
2,73
L .92
L.25
c.B0
0 ,52
0 .29
0.17
0 .10
0.03
0.02
0 .01

À.
J

1. 1158+10
7.4098-01
4.612E-01
1.9448-01
1. 354E- 0 1
7.840F.-02
5.209F.-0?
3.577F.-02
2 .2868- A 2
L.4868- û 2
8.2498- 0 3
4. 899E- 0 3
2.864E'-C3
7 .4?98-0 4
4. 80 ZE-0 4
1.8148-04
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Fron the view point of developing an efficient
recognition system therefore, almost all of the

variance is contained in the first B principal
components for both the Upner and Middle Areas

s ince tìrey account for 9 7 .84 anel 9 g. SS percent,
respectiveS.y. Thus by using the fi rs t E conponents

in the recognition systern almos t all the variance in
the sys tem is accounte,l for ancL the riirnensi on of
the feature vectc;r reCuced clramatically.

It shoul.d be notecl, tiiat it is only necessery

to perform one princinal component analysis for
each area, in the Recognition System. To be more

expli ci t, the mÐments chos en by vari ance- orrlering
are generated for a set of "training data" and a

principal comÌlonent analysis perforrneo on these;
for each area. The rr-)sulting eigenvectors may

then be used to form linear combinatir:ns of the

noments generatcd for characters subrnitted for
recognition at s onre later point in tine. The

"training data" in ttre experimo-ntal sys ten of this
chapter was the set of monents for the character
i mages actual ly s ubmi tteri f or recogni ti on. However ,

equally as gooc.l results vüere obtained by using the

moments f,erru-rated for tite perfe ct irnages . These

¡noments alsc form the training noints for the

concli ti onal prob abi li ty dens i ty functi ons . I t was
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found convenient to store the eigenvectors in
cards so that they coulri be used in later recognition
experi ments . llr c rlri nci lal comÞonent program us ed

to compute th es e ei genvectors si mrrly conputes the
covariance matríx for 'rhe data, ancl the corres-
pondi ng ei genvalue.s an¡i ei genvectors t¡y th e s tanr'¡arcl

Ja.cobi meth od. The sys tem f or prepari ng the
ei genvectors is îrres ented s chernati calLy in Figure 6 ,2.4.

usinli the scânner, the samc technique is apnlied
wi th only mi ncr rncdi fi cati ons b ei ng neces s ary to
the sy.stern cesign. The simulatecl d.ata is replaced
by a binary scan inaqe of training characters (on

magnetic tape), togetheilr^¡ith the line position
rroints. The simulating nrogram is replaced by a

corresponding program usecl for scanner input. It
was nientioned earlier (.section 4.1.) that character
isolation, Dreprocessinq and feature generation can

all l¡e convcniently include,_i in the one conputer
program. It is this Ðliogran whi ch replaces t.he

sirnulating program. The program. i.s basicalry an

i molementati on of th e i s orati on process cles cribecl
in section +.1. The preprocessirg technique (see

section 4.2.) and the gcneration of tìre selectecl
moments are appli er1 as each i s olate c1 i mage b ecomes

avai lab le, the moinents bei ng recorcied on magneti c

tape. 'Ihis complete procedure requi res an average
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tine of about one secon<l per character. For the
exneri mental i nrres ti gati on i t was f ound conveni ent
to record the information for each of üre areas

separately, that is, disregarcling the order of
ch aracter occurrence.

The systen for qenerating the coefficient
vectors using the scanner is shown in Figure
5.2.5. It should be noterr at this s tage that the
princi pal coml-ronent res ults usi ng the s imulatecl
data was usecl in tlru- final system for reasons given
in section B.?..

lronent
Feature
Tape
(training)

Figure 6.2.4 The simulatecl sy s tem of roduci

Isolation,
preprocessing
f¡ mornent gen.
prog.

TS

tem for p

ns

ana lys i s

Coefficient Vecto

P.C
Þro

Bi nary
s can tape
(training)

The scanner s ys

rampro
P. C. analysis

Coeff.
Vectors

Si mul atíng
Program,
Introduci ng
noise into
each image,

Si mu1 ate C
data

Coe ff.
Ve c tclrs

Mbment
Feature
Tane
(trainin )

Li ne
Posi ti on

Figure 6.2.5.

Coeffi cient Vectors .

rcduci ng
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Ch apter 7 . Es timates of Conditional probabilitv
Densi ti es .

In order to use the Ïìayes I decision rures for
character recognition it is necessary to evaluate
the a pri ori prob abi li ti es pi , the loss es (or cos ts )
, i j , anC th e condi ti onal n rob abi li ty clens i ti es

r(yfst); i,j=112r...¡r. Th" pi can be estimated
by making a frequency count of characters from text
ancl tlte ruU evaluatetl_ by tri a1. I_lor¡ever, the
concli ti onal prob abi li ty dens i ti es are us ually un-
known, and thus a categori zer basecl upon the
ontimurn decision function is not practically
realis ab Lc. There are at leas t tÌrree possib le ways

to overcome this problen.

1) Ässurne a certain form for the condi tional
clcnsity functions. It is common to assume

norrnar di s tri b uti ons anel i nde.pencJence f or
each category [59 ,4f].

z) l,4ake no assumpti. ons about the condi ti onal
densities involved but rather make certain
res'Ëri cti ons on the s tructure of the

cates,ori zer [40 J .

3) Annroxi nate trre concri ti onal prob abi li ty
densities by using an interpolation function.

It is the third of these alternatives that is usecr

and the ncthod of annroximation is discussed in this
ch anter.



7.I. Backgroun

I

rn (x) = |r+- K ( #t]¡ an,, (r) ,
JrrP (n)

d

13s

r¡x-xt)
h (n)

Parzen [4r] was one of the first to derive
the asyrnptotic properties of a class of estimates,
fr, (x) , o f a uni vari ate prob a-bi li ty clens i ty functi on
f (x) b as ecl on the ranclon s ample *l r*2 ¡ . . . ¡x' from
f (x). Larer Xturthy IIZ] and CacoulLos l4lt
extencled thi.s theory to the nultivariate case which
is of direct innortance here.

The estimate, fn(X), of the true nrobability
densi ty f(X) is of the form

n
I
=f

, (1)
nn P (n)t

where Fn(X) denotes the enpirical distribution
function base'J on the sampre of n independent
obs ervati ons Xi r X? r . . . ¡ X' cf the random p- dimens ional
vector x with censitv f (x); K(v) is a kerner whicir
i s ch os en to s ati s fy s rú tab le concli ti ons ancJ {h (n) }
is a sequence of positive constants satisfyíng

lim h(n)=0. e)
n+æ

The integration is over the entire range of the
integral variable. Note that trre contribution of
one pattern to tire overall estinate is not dependent
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on tho dther Ðoints in tlrc tr¡.ining set.
If the kernel r((y) is a real valuecl function

i n p- di rnens i ons s ati s fyi ng th e concli ti ons

(a) K(y)' o ,

(b) sgg K(y)ì- ,all y

(c) li+ lylPr(y)=o ,
lv l*-

ltrhere ly I ¡lenotes
I(.1)l K(y)iy=1 ,
)

an'J h (n) satisfies (z), then the fol-lowing asymptotic
properties can be founcl for the es timate fn(x) l4s1 .

1) The es tirnator (l) is consis tent (asymototi calry
anproaches the tiue clensity functi on f (x) )at aLL
points x at which the true clensity function is
continuous, oroviding
li rn nhF = oo

ll-¡ co
(4)

2) If f (X) is uni formly continuous then the
estimate is unifornlv consistent (anproaches

f (X) everywh ere) i f
lim nhZÐ= s
ll+oo

(s)

3) The theoretical solution f,or the value of h
which minirni zes r lfn(x)-f(x) ]2 for particular

(3)

the length of vector Yr ancl

values of X anci n is founcl to be

h= [i] (nr 2) - tr(*) 
In' rr) dv lI / (P+4)

wheret=l I f *r+p-yiyjr(y)dy.'i=1 j-1 âxtâx,

, (6)
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Note that the value of h cannot be evaluated
and thus all tha-t can be concluded is that the
ontimurn choise of h is D (r¡L/ (p+4). However, a

sequence satisfying (Z), (4) and (S) with hog(n- Q/p+Ð)
for a fixed value of X is

h(n)=ç n-o c = (p*4)-I ancl (7)
c = constant >o

rt is clesi'ab le th at the overall es ti nated
density function shourd be snooth and continuous
over the domain of x, ancl trrat the kernel approaches
zeto as th e Eucli c'rean dis tance f rom th e trai ní ng

sanples tenås to infinity. parzen I41l presents
a table of kerners which satisfy all the properties
of (3) of whi ch

K(v)= I exp r- ry ( B)

is the one with the nost desirable characteristics.
Thtrs i f n ranclom p-dinensíona1 vectors are avai 1ab le
fron'r f(x), namely xlrxzr...rxn, then the estinator
may be written as

Qr¡P / z¡v l

f-(X)= | 1L 
(JTl2hl' n

xp[- (x-xi )l(x-x{ )] (e)
i7¡, Zho .:

n
Ie

i =1

using this estinator or approxinating function,
tå e concii ti onar proìr abi li ty densi ty functÍ ons f or
the r categories in the p-climensi onar princirral
component space ¡ frây be written as
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Fn, (l Iti ) = I
eryvt znn (

n.'l

I u*pr.
n.I

)1

ni) j =1

,tJL

" L7 p

7 .2. Experi:_:;.nts

specht 144, 4sl has maclc use of such approximating
functions as given in (10) in a recognition system,
but in doing so has restricted hinself to two

categories (r=z), ancl chosen h inclepencrent of the
number of training points for each category. fn
the rrresent study r is increasec to a maximum of 66

and h is chosen accorcring to (T). Note that for
a fixecr, value of n, ir may be varied by changing c

and thus as c tends to zeto the decision rule
?:ecomes t,nearest neighbourr¡anc1 as it tends to
infinity thc rule is "minirnum clistance" [44],
7 .7,.L. Data

To te-st the effectiveness of the approximatio¡rs
for th e condi ti onal prob abi li ty dens i ty functi ons , i t

i- = Lrzr.,.eT, (10)

where tri= the number of training points for
cateqory ti anr1, yi j = jth training point for category
S.

1
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was fountl convenient to 'oconstructrr a piece of
Thai "text" by malcing use of simulated characters
(s ee s ecti on '1. 3. ) . The text was cons tructetl by
sinply qenerating a noisy inage of each c¡aracter
from a section of text. Becâuse of relative
si zes, the images frorn the s canner of characters
of the upper and lor¡er areas are in general
noisier than those of the mi,Jclle area.. Thus the
generaterl i nages were gi ven nois e 1eve1s of 10 ,
15 ancl 15 percent for the miJ,Jle, uÊDer anrl rort¡er
areasrresÐectively. The selecterJ monents were cal-
culated fcr each image ancr linear combinations of
these taken according to the nrincipal component
res ults iJes crib ed i n chapter 6 . Each feature vector

r.^r¿ts r¡ritten on nagnetic tape. In tire samÐle of
text useci, there l^/ere zr40z, s73 ancl s4 characters
f rom thç' ni d,lre, upnL'r ancl lowe r areas, respecti vely .

Tt'uenty training feature vectors vrere generated
for all categori es ancr als o wri tten on magneti c

tape. The noise revels were the same as for the
'rtext" anrl. the s ame princi¡ra1 comÐonent results
14¡ef e US eC.

7r2.2, P.es ul ts

Recogniticn of the 'f textil vuas performeC by
using the Bayes I decision rule with forced decision,
eq ual rni s re cogni ti on cos ts , ancl eq ual and a pri ori
probabilities for each character. Note that for
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characters which dicl not occur in the sample of
text frcn which the a priori probabilities were

evaluate4 (sec section !.2,) w.hichrhorarevet, are
sti11 used in the Thai language, â s¡na1l positive
prob abi li ty was assi gned to each .

Us i ng S trai ni ng poi nts f r:r each category,
and ch oos i ng h accorcli ng tc (7) , th e text !ú as s ub -
mitterl for recognition r^ritir a fixed value of c,
nakíng use of the approxinating functions (10).
A flow diagram of the expe riments is presentecl in
Fi gure 7 ,2,L. The recogni ti on exl:eriment wa-s

repeated several times, varying c (anr_l thus h) on

each occasion, ancl the correct recognition rates
compute,l f or eq ual and a pri ori nrob abi li ti es .

Thes e res ults are pres enteci i n Tab le T . ?, .L. and

Figure 7 .2.2. for the three areas . Genera.lly i t
is found when using a priori_ nrob aìri li ti es , as

the valrie r¡f c is increaseci the correct recogni tion
rates ,lrop clramati cal1y, but for sma1l c the results
are quite gooei. on the other irand rtrhen assuming

eq.ual '¡:robabi 1i ti es the recogni ti on rates are good

fer a large reníi€'of c, with only a -small decrease
in the rate"s as c is increasecl.

{ pri ori prob abi li ti es are i nceecl an aclva.ntage

to the recognition system for the uoper area.
Us ing both equal anrj a pri ori. probabi li ti es a
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Fi re 7.2.1. Reco tion e eriment to test
concli ti af rob ab i li dens i functi on

app¡pxi:,trti ons .

Si mulated
data
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7.3,I, R.ecognition results for sirnulateC

using 5 training samples for each

category and varyins h (n) accordins to
h(n)=cn *,*-(p+4 r-1J rl,tn e re n = the nunber

of trainin oi nts ant'i the dimens on

of the feature vectors.

Percent Correctly Recognis eei

Â Priori
Prob abi li ti es

text

c Eq ual
Prob abi li ti^es

95.2L
95.2L
93.14
$7,7I
63.2L
46,77
34 .48
19.87
12.53

t-I'¡ner Ärea

96 .61
96.63
96 .51
I 4.76
93.02

9 7. 33
97,9L
g7,gT
91.59
oo o7i-r,.t . u J

61.08
48.69
3ó .30

I Z. t34

92.67
92.67
92.67 19 90

Lo',.¡er Area

100.00
100.00

9 +.L2
6 4.7L
55.38
55. [ì8
5s.3C
55. BB
55.88

95.13
9s.37
9 5.ZL
94.97
94.3L
94.81
O /' a1

94.81
I4. 81

0.063
c.125
0 .250
0.500
1.0c0
2,000
4.000
8.000

I6.0C0



Fìgure 7,2.2. RecognitÍ.sn Curves using Equat add

A Priori Probabilities for Simulated

Text. The snoothing paremeter h (n)

= cnÎ*¡.=C¡**(p*4)-1, for n-5 and p=8.

NN= Nearest Neighbour Classifier

M) -ùf.ninurn Dis tance Classi fier.



100

10t

143

t2(c)

94.91

2

hs

0¡
¡¿
6

Fd

èt
o
CI
q,
&

80

6û

4A I

97 "9L

lt¡lta

.1-.00 
" 
00

95.13
95.21

4

Eqgal. Probe .

A Prforl Probs.

I
Constant

Ëqua!. Probs 
"

96.6I

(a) Ht,ddIe Area

I3(c)

a I
MD

*NN

0

0

D

80

60

0

0

4û l6

16

\

,!

12.53

92 .67
r00

2

È'{

(u
IJ
qt
&

o

èô
o
a)
ql

&

80

60

40

20

0

Þ*

6)
ùJ
d
&

I

èÉ
o
U
oú

I

PrforL
40 Proli e .

I
Cons tant0

19. 80

100.00
Hqual Probs.

{c} Lower ,¡\rea

A Prlorl Probs.

IConatant (C)

55.88
dlr

40

HÎ,f

t2 16



- 1,14

maxinum recogrú tion rate is obtained for c equal

to 0.125. llowever, there is an increase of !.?,2

percent frorn 9ó.6 S to 97,91 percent in the

recogni ti on rate wh en a pri ori nrob aili 1i ti es are

tS e,J.

The s ame c¿nnot be s ai d for the micldle ä,rea.

I{ith c equal to t).L25 naximum recognition rates of
95.37 anci 95.2r percent are obtained using equal

and. a priori nroitabilities, resnectively. In
addition as c is increasec the recognition rate
using equal nrobabilities is clecrease<J by only
0.32 percent. Bearing these rates in mincl, it
woulc s eeìn Íì. consi dera'¡ 1e advantage to ass ume equal
probabilities for the mirlclle area characters, choose

a large value of c thus ,:nabling the use of the
polync;.:'ú ¿r1 expansi,:n of thc :rÐproximating functi ons

(10) (see snecht í441). This nol.¡nerúa1 exnansion

i-s f ar ¡äore ef fi ci e nt th an the s eri es f orm f rcm

tire coint of viev¡ of storage and conpurting con-

siclerations. llorvever, it has been c'lomonstrated

by Edwarcls ancl ch rnbers t46 I that cs nois e in the
festure vector (or binaïy nattern) is increased,
t'hen a priori nrobabi 1i ti es 'recorne increasingly
useful in a recognition system. Thus a snall value

of c (0 j125) anrl c priori nrobabilities are used

in the systern fc-rr the mi rldle erea.
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Assuning equal probabilities for both characters

in the lor¡er srea 100 nercent correct recognition
is oLrtainerl for all values of c, but using a priori
nrob a,bi li ti es 1û 0 percent re cogni ti on res ul ts f or
c equal to 0.063 ancl- 0.LZS on1y. Thus it woulcl

seem that there is no advantaqe to be gaineti by

using a rriori protrat:ilities for this area, but,
it was cleci.,Jecl to use them for the sake of con-

si s tenry .

It rvould be expectecl that increasing the

number of training points for each category woulcl

yielci more accurate estimates of the conditional
problbility tlensity functions, thus irnnroving the

recognition rate. Since there could not be any

imnrovement for the 1or¡rer area, further recognition
exneriments .l\rêre carri eJ out on the simulateci text
for tìrc: unnírT anrl r:lirjrJlr: âreâs only, but in this
cas e using I9 training pttints for e ach category.

For the ulrner flrÇ1 ni th c s et to 0 .l?,S there was

an increase of 0.52 and C.70 percent in the

recogni ti on rates r,rs i ng eq ual ancl a nri ori
probabilities, respectively. ì,Vith c equal to 1.0

there were ccrresponrling increases of 1.68 and

I.52 nercent for the micidle area. In general as

n is i ncreas ed tire curves of Fi gure 7 .2.L. are shi f ted

unw arC.
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To obtain these increases in the recognition
rate, the coniputing tirae for recognition was

anproxinatelv doublecl. using s training points
for each categ.ory, tÌre sarnples ire recognisecl at a

rate of ap'orc¡ximrtely 10, g :,rnd, 20 per seconii for
the up.er, midcle ancl lower areas, resnectively.

Because of thc necessity to store all training
noints in central nlemory there is a neer] to place a

restric.tion cn the number of training points for
each category . ,4. res tri cti cn of this nature
i mmecii a-te lv re s trí cts th e amount of computi ng ti me

requi re cl- to i denti fy each s Arn',"rle. consi derati on

rnust also i;e nacle of the siqnifícant increase in the
recognition Íate for tho middle area using 10 training
s amÌrles . Thus i t was rleci tlecl to res tri ct the upper
and lower areas to a maximum of 5 an.l the nicLdle area

to a rnaximum of 10 training ooints for eadr category.
-1llith these restrictions, if th; first B nrincipaL
components arc -rrs ed tc forn thé feature vector for
the' upper and. micidle ereas, ancl the feature vector
of the lower area is of dimension 2 then about 71000

central melmory r¡f orclS ATe requirerl to store the
trai ni ng 1:roi nts .

7 .2,3. Ðis cussion

I{hen the approximation functions for the concl.itionat
prc'-\ cili li ty dcns i ti es ere us ed i n a recogni ti on sys tem,
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dimension reduction is oarticularly important.
For exanole, if the dimension of the feature
vectors for the upper and mirldLe areas üras

increased to 10, then with the number of .training

s arnp les s Þeci fi ed ab ove , a furth er L ,Z 40 central
nenory locations woulci be requirecl by the training
poi nts .

Thc results trresenterl in section T.Z.Z. show

that for recognition in all three areas it is an

.r-ãvantage to u3 <: a pri ori prob abi li ti_ es i n the

recogni ti on sys tem wi th c equal to C ,IZS. This

indi cates th at the optirnel decisi on s urf aces

.between the cetegories are highlv non-linear [44J.
Thus it can be seen that it is an advantage to

approxi mate th e concli ti onal irrob abi li ty clensi ti es

lry ( 10 ) rath er th an as s uae ncrmal Ci s trib uti on f or

each cate.qory, say; (Norrnal distributíons with
uneq ual covari ance rnatri ces r:nl-l¡ vi e ld q uarlrati c

s urfaces ) .

Note t}¡at the range of h for which the decision

rule yi,:Ir1s oltimal results is sma11, and tirus i t
mus t ': e s e lecteci r.,vi th care .
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Clrapter t - llles ul ts

In this c:"rÍÌnter tire recogni ti on res ults
ol¡ tai. ni;,j usi ng si mulatet-l text ancl the Ðage s canner
are clis cusseri. i')f n:.rrti cular intercs t is the
introcl.uction of rejecti on as a Dossible d.ecision in
the cate gotizer , anil. i ts subs c.luen t ef..+-ect on the
recogni ti cn sys teri.. Th e di f fi culti es encountere¡.1

us i nq th e nagJ s ca.nner es th c i nnut rlerri ce to tìr e

recûgni ti rrn sys ter are a1s o exoleine,.-1.

For c.onveni ence thc Baryc"s r i.le cisi on rule for
ertrual co.s ts ',¡f nis recoEni ti on anr] re j ecti on, whi ch

rcas ¿'!.erived, in Cha¡ter 5 j.s res tateci here.

yÊsk fr-',r oul.'(ylsl):frr(ylsj) for att jlk

Fi.F(yls1), o<ß<1,

anc', reject y ¿l.s 'rcinq unrecognisable if
rojF(vltj).url, ?iF(yls;),j=1,...,r (t)

Thc. ccnstant, ß, is chosen to force the systen to
meet a qi ven rc j ecti on rate, an,J f or equal cos ts

for rÈ j ecti on, wo, anJ eq ural cos ts f or nni s recogni ti on,

T4I ,

ß = l. -tv o/rr

8,L. Simul ate,l Text

using tìre sinuleterj text, with the constant c
set to 0 -Lzs and using lc, 5 ani! 5 training sanpres

r
n.,,Ir(r¡ls,-)tO I' i=l
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for tlre nni dclle, uÐper and. lower areas respecti vely r
the recogni tion exoerirnent cLes cribec1 in s ecti on T .z
v¡as repeatec. I{owever, in this case the i centi fiedrcategory, si, "iF(yl1) antt 

¡lro:F(yltj), 
using

both a priori anrl equal Fi, were recorcJed on magnetic
tape for each input, y. This tace '¡il1 be referre,l
to as tire decision taDe. A s eries of exoeriments
hrere tht:n nerformed on these results by imnlementing
(1) in a conÌruter nrogren and using a d-iff,erent value
of B for each exoeringnt. The 'ercents of text
correctly recognisecl and rejected were conouterl for
each area for cqual an,J a lri.ol,i nrobability of
character occurrence. These results are sumnarizecl

in Figures 8-1.1. anc B.L.z, the forner showing the

correct recognition rate, the latter showing tìre percent

of the sannles rejccted nlottecl against B. Table

8.1.1. shows the confusion tables for forced decision.
Note that there is no ad.vantage to t:e gaineci

by introcucing rejectio¡r as a îlossible decision for
the lower area for this dats. r,l/ith forced recognition
Pû percent correct recogni ti on i s o!: tai nerl (s ee

ffrarlter 7). Thus this aree is not considerecl here.



Fisure '8.1'.1. The Percent of the Sinulated Text

correctly recognis ed plotted agains t

ß using ! Þriori and equal probabilities

c * 0 .125.

(a) l"f ildle Area r.rsing 10 training pts.

Cb) Upper Areo using 5 training Pts.
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Fi.sure Percent of Sinrifated Text re-jected,
'Þlot ted aeai'nst ß trsing a priori

and eq ual Drobs'. . c-0 . L2'5.

(a) lrf.ddle Area (10 training pts.)

Cb) Upper Area (5 trainilg Pts.)
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Table 3.1.1.
r5z

The confusion table for

Dï]. Cr]-

ext. i (

ua
Prob

forcetl t1¿cisi- on

nrob abi li ti es

) rae ans th at

usinq equaL and a

tusing sirnulatc4 t

CJ arír-cter l.
(a) triddle Are'r for irroise Lcvel, rz.s perccntrc=0.r2s

an<.1. us i rti; 10 training'p¿rtterns for each categorlr
Ch ar. E rro rs Ðistribution of E rrors

or].
P b

I
7

3
4
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6
7
a\
l.,l

I
1C
11
L?,

15
T4
15
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L7
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141
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0
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3
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9
0
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0
I

L4
0
?

B
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1
il
c
c
0
0
0
7

I
0
I
0
0
c
0
0
aL

I3
32

1
0
0
0
c
0
0
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1
0
0
0
0
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13
3r,

4(e)
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0
0
0
1
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0
0
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0
0
0
c
0
1
0
0
0
0
1
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0
0
0
0
0
0
0
0
0
0
û
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r(7) ,1 (ss)

1(4s)

2 (22 ,L (2e)

1(s6)

2 (s2)2 (s2)
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Tab le

Ch ar.

i.1.1. (b) u

Total
ilo.

pper ;\rea f
c=9.125 and usin

each cate ory.

or Noise Level

s5t rai ni ns

bu f, r
Prob. Prob

15 percent

natterns for

o

,
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4
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6
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9
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0
0
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0
0
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c
0
)
0
0
0
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0
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0
0
0
0
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0
I
0
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0
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0
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c
0
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I
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0
0
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0
0
c
0
I
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0
0
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3
0
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1.1
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0
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3
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0
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I
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0
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1
n
n

0
11

2
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0
0
1
1
0
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0
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I
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I 2 Scanner

In order to obtain reasonable recognition
results using the scanner, it was found nocessary
to photograoh each Þage of text, for reasons enrarged
upon b elou¡.

A prinary requirement of the scanner is that
the pages of text to be scanned nust be on a loose
sheet of paper. f t was found t}rat print of
reasonable quality suitable for machine recognition,
could only be found in expensive books, and the
renoval 0f individual pages for recognition w¿rs out
of the question. cheaper magazines and journals,
fron whictr pages could be easíly (and cheaply)
removed, contain print of poor quality, with nany
characters being distorted and snudged. Another
comnon fault with magazíne printing was found with
large rniddle area characters, whicrr have a single
s troke extending into the upper area. These hrere
quite often printed in two distinct parts, with
one portion in the niddle and the other in the
upper area, thus apoearing to be an ordinary rniddle
atea character with a tone above it.
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To adcl tÕ this di fficrrlty â tone may be

coubined with the portio¡r i n the upper ¿trea

{s ee Fí gure 8. 2.1 . ) . The í denti fi cati on of
th es e ch aracte rs , ancl th os e r+,hí ch åre di s torted.

{parti cuLarly mi ¿1c}.1e area c}r aracters whi ch art}

s i mi lar) , hy a hurnan reacier is di f fi cul t, and

å n rnanr¡ crls es r¡ntry context ¡rllows i denti fi e ati on 
"

Thr-rs there is tri.ttle point i_n suhmitti.ng such

text for nachi.ne reco.q¡rilion"

{a)

I
)

j

(rr l

rni. d,d1.e åre¡äÍ;i gure 8. ? , l . A 'fr rak err 1* nec

cltaracter

LUJ

(i) )

x i th nit{ {r f üne

t¡i tlr n '[*tre.
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Fiilally, anql nerhaï¡s the most significant
requi rrÌl1eilt, ".ras the need to enlarge t":e Ðages of
têxt, (effectir¡ely increasi:rg the resoli.rtion of
the s can'er) , to enanle a reasona.b le corïect
recogni ti- on rate to be ob tained. iiri thout en-

largement, ii f fi culty i,,ras als o encountered í n

isolatínq tlre ivrrl.iviciual characters since lnany

ldere found to be "Èouching" (see section 4.Z).
Tlre s anple o:! text i 1lus trated i n Fi gure l. r. r. is
of the size a.ctuai.ly usec to obtain tire results
ç1es cri'cei be1ow.

,4s iJas to be exnectecl,, the collection of
training cï-ata. was a lrob 1em, Ðarti cularlv as the
iì.ìcf)ssi t""' for '-rhotogranlrin,; res tricted the number of
pages tirat coul<1 ìre Ðrocessec.':. The metiìoc*; ad.opted

f^ras to sirnrly scan a fern¡ Ðages of text an,J. gather
s ui tab le trai ni Ììg s avnn les f ron th es e . sí nce s ome

characters a,a.e rately us erl and becaus e of t-re

lini ted nunber of .pages avai 1able, i t rvas not
Ðos sib le to ob tai n ti1.- reconnen.led nun'¡ er of
training s annle-s for erl categori es (s ee chanter T) .

rn aLL the recognition exneriments using tìre s canner,
t*re categori es for :^¡iri ch no training s anples rdere

avai1ab1e r4rere autor¿atica1ly given zero proba¡ti1ity
of occurring.



- 158 -

since training s amrrles r^rere not avai lab le for
s oae catetori es and ã r¡ari a.b le nunb er of others , a

princinal cornÐonent ana.lysis of tlre r.n.oments for
the avai 1ab le cla.ta rvould not yi e1d realis ti c

res ults . Th e ca.tegori es r^¡i tir more trai ni ng

s anÌples r,,¡ould ha-¡e the mos t inf luence, wiri ch is
an unri.esi ra-g1e con,j.i tion, since, ultinately
rnenbers of all cateqcri es mus t be i d.e:rti fi ed. Thus

li near corìbinati ons of- ti:e qenerated monents f or
eacir c"taracter Ì{ere tâ'ren according to the princinal
comÐonent analysis of ch ante r s , lui th tire res ulti ng

fe a-ture vectors b ei ng s tored on maqneti c tane .

The-se conbinations aTe obviously not ootimar, but
thev are Setter than those that coulc be obtainecL

using the at¡aíLable data.

The syste¡i used to construct the training
points in p-dim.ensicnal nrincinal comÐonent s,Dace

for the s canner input is Ðresented in Fieure B.Z.l.
Tire sen.: recogni ti on expu-Timent as was

describecl in section 9.1. w¿trs nerformed for the
sèanned version of the sa¡i:e aiece of raai text
from which the sir:rulated text was constructed.
In tlris case, ìlor.vever, insteacl of I)r 5 and 5

ttai ni ng s a¡rnles b ei ng avai lab le f or each category
of the niddlc, u'þer ancr lor¡er arees resþectivel1r,
a varial'¡1e nurnber were available for eacr. The
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number of training sanples were restricted. to
maxima of lC, 5 ancl 5 for each cate,qory of the
resDecti ve areas . Tiris exnerimental sys tern is
Dres entea 11ía.granati ca1ly in Fi gtrre ?,.2.2. v¡i th tire
results Ìreing given in Figures ia.Z.S. and g,2,4.
Table E-2.j. sÌrov/s the confusion table for each

area in the case of forced- recognition together rvith
the nunber of training s amples t1r a.t h¡ere avai lab le
for each catcqoT'y. .i..lote tha.t 100 i_rercent correct
recognition ¡,rras once aga.in obtained for the loi¡er
area cil aracters wi th f orced recogni ti on a.nd s o there
is no noint in including this result diagranatically.
8. 5. Ðis cus si on

A pos sib 1e a.Iternati ve f or cons tructing a

training set, woul,j be to cut specinens of each

character from tÌre pages of a text boor<, nhoto-
graph anC enlarqe them an,J then scan tjre print.
Iior.,veverr once again this r¡ould involve tjre des troying
of a text b ook and i t rioes not overcone the neces si ty
for nhotoqranJring.

A s eccrnd artelnati ve r^Iould h e to lurch as e a

tycev.rri ter, pref erab ly rvi trr large letters anc us e thi s

to artanÃe training sets. ¡iowever, since the
pres ent s tudy is not concsrned vri th recogni ti on

of ,li f f'-,T :trt, fr.:rts i t ;urrrlC bD nr.ìr:ess:lrv to
transcribe Thai text onto loose sheets of paner.

This r¡oulrl of course d.efeat the Duroose of the oroject.
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Tat¡ 1e 8 .2 .2 . The confusion tab le for forced decision
usi ua1 anr]. a ri ori rob abi li ti es

usi ng s canned text i (il me ans that i
cir aracters were rnis reccl gnised as

ch aracter l.
(a) l4iddLe Area. for c=0 ,r}s an,i using a rnaxinurn of

1û traini nc s a:npLes f or eac'h catego fY¡
Ch ar. No. of

T
,)

ra1 ni ng
les

lJo. f o
Re cog .

Dis tributi on
of Errors

I
2

3
4
5
6
7

A Priori
Prob

2 (s)

e (8)

L (24
r (47
12 (L
32 (L
t (42

B

I
10
11

L2
13
L4
15
L6
L7

L (27)
1(53)
r (42)

3(27),
L (tr7)

18
19
20
2L
z2

),
)
s)
8)
)

3(29),
e (40)
1(33),
6 (42)

Eq ua1
Prob

A Priori
Prob .

No.of Err ors

Eq ual
Prob.

2

c
0
0
0
0
5

0
I
0
4

0
0
0
0
0
2

z (s)

e (B)

2

0
t
0
0
0
3

77

0
9
0
4

0
0
0
0
0
2

3(27),
r (42)

3(2e),
7 (40)
1 (33) ,
6 (42)

r(27),
r (47)
13(le)
32(18)

2(27),
L(42)

T2
7''

1
0

L2

L3
3Z

0
0

10

7¿,

1C
3
D
?

0
3
:1

c
4
/i_

63
9
0
4

0
9

14
0
)
I

14 r.

35
56
39

0
10ó

10
10
t0
10

1
10

1

,to.¡()

54
?,

z
7L

10
10

5
zJ

10

23



z (2s) ,
s (32)

L(22),
2(40)

s(56)
L (42)
1(1)
3(5J,
2(L8),
1(1e)

)

)

1

2

(
(

(

(

1

2

3
3

22) ,
2e)

3 (24)

0
c
5

0
0
0
c
1
0
0
c
0
c
2
0
a
0
0
0
0
0
c
0
0
0
c
0
0
0

t1

0
0
0
0
2

U

0
!¡

{)

5

I
1
6

11

0
0
{)

0
3

I
{)

J
0
E

1
1
3

\)

0
6

0
0
0
c
1
c
0
0
0
c
2
,,J

0
c
0

0
0
0
0
0
c
0
c
0
0

r20119

0
Lc

0
10
13
10
10

3
1C
1C

1

0
1
2

1

3
I
1
1
I
z
5

I
1
0
3

0
106

0
70

29L
L29

s4
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35
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4
0
0
D
ô
J

1
0
0
0
D

0
I
0
rJ

0
0

10 L82
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76
19

c
3L

0
1B
7I
77

191
56
87

oU

z3
45
49

13
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10

Ð

10

0
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10
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L)
1C
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2

10
10
1C
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(cont)
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33
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55
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4.0
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L (42)
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3(3),
2(18),
1(le)

4 (24)

2

3

(
(
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4Z
43
44
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46
47
48
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51
52
53
54
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58
59
ó0
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6s
66

I (r)

2 (2)

62
63
64

't'r)T,AL 2402
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Tab 1e 8. Z.L ont)
(b) IJoper Area for c=0.LZs and using a maximum of,

.5 training s anpLes for eacn category.
Ch a-r.

.(c

Ðis tributi on
of Errors

A Pri ori
Prob.

I (3)
L(Z),
5 (4)
3 (3)

r(r2) ,
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5
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)
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5

0
I
0
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c
5
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0
0
1
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0
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7
?

c
0
0

1

573

5
t:

I
0
5

L66

Tab 1e 8,2.I. (Cont )

38
59
40
4L
42

TOTAL

Because of the availability of training àata,
the res ults obtained. using trre simurated text are
more nieaningful than those obtained for tire scanner.
Ho¡¡¡ever, the res ults ob tained usi ng the s canner
at leas t siìovr that the nrooosed reco¿¡ni ti on sys tem
is feasible.

Frorn the confusi on tables for both si¡nulated
and scanner data, it is observed trrat most of the
erïors are accounted for by several confusion pairs.
rt v¡ourlcl seem that context may b e the only uray to
resolve these nairs.

Generally, ôs the value of .-ß is increased, the
percent of sa.nrples correctlT recognised increases.
This is because the confusing sampres are rejected
as being unïecognisabre by the recosnition systen.
Notice for the middte area that the Dercent of
characters correctly recognised. using equatr

probabilities just. exceeds the corresponding percent
using g priori nrobabilities, for all values of ß.
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This feature is nìore aÞÐarent r.or trre. simurated text,
the two recogni ti on curves bei ng almos t i de¡rti car
for the scanner ð-ata. I¡r trre cese of the upDer
a-rea r a pri ori prob ab i r.i- ti es are a.ore of an advantage.
As the valuc of ß is increase,J, however, a priori
probabilities irecone r,ess inporta't wifl: cre two
recognition curves approaching a conrnon value.
For ß equal to ],., nearly 10C nercent of the sanrples
are correctly recognisecl for each area.

Fron ttre rejecticn curves, it is observed
that for a.Il 1râ_11-ies of ß the number of s anoles
re j ecterl i s grclte r rvrr en r-rs; i ng eq ual râth er th an
a oriori probabilities. That is, recognition is
attempted for more s a.mnles r^¡hen 4 pri ori nrobaìri 1i.-
ti es are'üs cd anc.r i n the cas e of trre LlÐÐer area a

better recognitiorr rate is obtained. There is a

sharn increase in tÌre nunr;er of sa¡rpres rejected
as tire value of ß is increasecl beycnd C.g. Hor,{ever,
the in.crease in t'e number of sa¡npres rejected is
not rn¡arranted bv the correspon<]Ì nELy smarl increas e

in the recognitj-on rates. Thuç the value of ß

should be chosen to girre trre best recognition rate
i¿hi1e keening the nunber of rejections to a reasonable
liilLi t. A ïe¿+sonable choice for the value of ß

is in the ïange D.6 to 0. g.
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Chapter 9. Conclusi o rls

A recogirition systen for Thai text has been
develope<1. T;re rini ted results obtainc-ci. by using
the scanner sirot.,' tjrat it is possible to autonatically
rear'l- Tha:i text, however, tjre cos t is prohibi ti ve.

Cos t of pirotograpiring ::ach page of text to
be scannr;cl was n*.e5ligiblc cor--lrrarecl with trie comnuting
cost. A brc¿rkciown of tiri: central Ðrocessor
conputing time ri--quired for thc recogni tion of
about 8c0 t:h¡-r¿rcters in ono avcrage p*gc of Thai
text is given belortr:-

(a) LZ ni nutes f or nrocÐssi n.q (Cr apter Z) ,
(b ) 2 niinutos for conrrcrsi on and find,ing

e ech 1i ire pos i ti on (Ch aptc r 3) ,
(c) B minutc.s for the isolation of cach

charactcrrs binary image (Chanter 4),
(d) 3 ni nutr:s f or prcÐroc(:.ssi ng (trnapter 4) ,
(,r) zt;minutes for feature vrctor generati on

(Chapter 6), and

(f ) Z%ni nutes for ttre 
'ecogni 

ti on o:t eacir

fe¡ture vc.ctor (Chapter T),
This is Ír tc¡tar of s0 mi nutes a.nð. trris exclud-es

oeripheral processor tine.
A comparable amount of peripheral processor

time is required by the system, with at 1east Lz

minutes taken up rv'rren the s canner is operated.
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Tr¡re cheanes t rates th at ate avairab le for the
cÐcó40ù computer âre $nro0 and ,$azo oer hour for
central proccìss or and peri nheral proces s or ti mr:s ,
res nccti ve iy . Th cs e cos ts ri s c to $.q+O C and

$41C0, respc)cti.relv, tnese being the rates
apnli cab lc ro Ðûople outsi.,lc of this Uni versi ty .

Thus the nii ninun cos t for recog'i ti on of one

avel'age '¿t1ge af Thai text is about $noo. Thi.s

cos t toT"ethcr rvi th the co.s t of trans rati on makes

the pronos ed autornati c trrì-ns rati on sys tem a very
expensive proFositíon. It is tÌre authorrs
opini on tha.t i t ;^¡o'rel perhaos b.= cheaner to employ
a li nr¿uis t as a trans 1atcr.

Fron the brealcdown of times shown above, i t
can be secn that 40 nercent of tire cornr:uting ti¡ne
is taken in the processing of tìre ori ginal s can
tape. .{ cons i derab le s avi ng of cos t courci b e nrade

i f this processing could be hanriled as each data
point becomes ar¡ai 1abrc. and. trrus tire rz ininutes
central processor ti¡ne would be elininated. There
is no r^ray apDarent to trr¿ :-luti:or by r,¡rri cir the s ource
of this cos t can r¡ e e li vni naterl dr¡e to cr e crraracteris ti cs
of the CDC6400 comÐuter (see Chapter Z).

Frorn 
^n experimentar- rether than a commercial

point of vier,r, this cost of processing the scan
infornation at the corrþlc;tion of a scan is partially



- 17n

offset by tire cheapness o-f the scanning equiïrnent.
It car¿ also be seen fron tbe tirnes above

that another sl Lìercr)nt of central processor tirne
is talçen to isolate tÌre charactc,.rs fi"om the scan.
i nage of a pagri of Th ai text. This con.s i clerab re
time is a cì'i rect consequence of tlie vers a.tiLíty
require<1 bi' trre isolation pr.occeluro. (see Chapter 4.).

Tlris v(:)rs atil.ity i-rrci catcs the conp.Lexi ty that
lvould bc relui red of an auton¿rti c rLe.chine for
raacii nq Tlr ai text. si nce th c. cos t of cons tructi on

i s uncloub te <11y i ncre as e C by th e ye rs ati Ii ty , th e

cos t to b'urild such an auto¡ratic :nachine woulci be

forbi ddi ng.

To transforr: the hinary pattern of each

ch aracter to 3 Dc':i nt i n n- cli nens i onal feature s pace ,
nornali s e,1 Ls i vari a.te m-oments mos t advzrntageous to
tlie recogni ti on sys ten í,ve rq3 s elect;'<l and later
used, as describecl in chapter 6. From the exÞeri-
mcntal rcsulEs riescribed in tiris chapter, it can be

concluded tl:¡rt the bes t oF- the me thocs tri cd. vras

based. on "vari ance ordcri.ng" for se lecting those

nonents to i:e us c<1 in the feature ve ctors . This
ttvariance orderin.l¿ttnethod for selection is a

d.istinct edvantege f--or tire rercognition of the

upper arafl cha"rac lers . At the tine of thes e

exnerimcnts i t was consi dered rnore advantageous to
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gei n a- mâxi rlr¿m recoßni ti on rate f or ch aracters of
the nri dclle erea and. s o the rrvari :lncc orrlerrt ¡netir od

wAS arlOnterl. tiOwel¡eï, o1 re\¡iu-vt it is tÌre authorr.s
opinion that Ìlerhaps cqmpi:-ra.i.r1e results with less
comnutíng effort could- be obtained by using tìre

first Itrnatur¡-tl ordi:rttnomcnts as d,-^scribed in
Chanter 6 .

'rre advantage of . re.Juci.ng trrçr dinension of
the featurr.: vectors is a-nparent in view of the
ap,rroxi.'ia.ti ng functi ons us ¿ç1 to r:s tixxåte the
conrlitional nrobability densities for each category,
and the subsequent need for storing all training
points. To reduce the d.imension orincipal.,
components i^/e re ciros en trecat¡s e of thci r simplici ty
and eas e of implementati. otr.

The cxperirut:ntal results des cribe d in Chapter

7 slrow that the best results are obtainecl for a small
range of tÈrc smoothing llaranejtert,hr', r¡hich is in
contras t to trrc res ults des cribed by soecir t t4s] .

Fron the rcsults cles cribeü in chapte:r B, i t can be

s eÊn th at tir e approxi nati ng f uncti ons f or th e

condi ti on¿rl" prob abi J.i ty densi ti es have bcen

applied quite successfully to the problem of
recogni ti on of Tjrai ch ars.cters .

rl-
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Finally, the results obtained have reveared
that a priori probabilities are of littre use to
the recognition system, when it attempts to
distinguish tretween some of the middle area
confusion pairs of characters. Tirese pairs account
for most of tire erïoïs macie by the system. In
addition a human, when reading Thai text can only
distinguisir between these pairs by co'text in nany

cases. The author feels that future work on the
recognition of rhai text, could be carried. out
incorporating contextual information in the decision
process. Thatr is, balance appropiiately the
information which is obtain from contextual
considerations' ànd the inforniation from the
measurements on the ciraracter and arrive at a

decision using both.



Fisure 4.1. The smoothing of an intensiÇ plot rsing

th e I'noving averaget' tecÌr nique. The

ruled lines lndicate the left end bounds

of the llddle Area.
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Fi pure 4.3, The effect of 0 on an intersity curve

wit\ n = 16.
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APPENDIX B

In the following pages the nonents of all. the

synbols of the Pnai Alphabet are presentecl fron orders

3 to 7 inclusive in the following forrnat.

30

40

50

ó0

70

2L

31

4L

51

61

IZ

?z

32

42

52

05

L3

23

33

43

04

L4

24

34

0s

15

25

06

16 07

where the numbering is representative of the

mornent r ê.9. 30 n3g
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TABLII 8.1. }'/OÞíENTS FOìl I'4IDDLE LINE CHARACTERS

CH'\RACTER 1

CIìARACTER 2

.0 23
T.238

.0 3g
1.558

.0 40

.283
1.901
1,0 11
4.s53
3.35.1

.0 86
L.446

,20 L
2.s4r

.36 7

.430
1.9 3B
1.60 s
4 ,7 5'L
5.395

-.269
.002

- .4C0
-.c05
-.5+4

.290
,176

r.0 52
.875

3,265

-.2I9
- .I20
- .369
- ,350
-.6C4

.006

.Bg7

.c0 2
1.C90
-.006

-.063
.901
,209

1.453
1.0 B4

- .223
.0 15

-.691
.0c 5

-.968

-.470
..|,34
.LTT
.398
.g7B

L.7 28
.fJ24 -.glc

1.584 .C43
.002 -1.920

1,933
- .2L4 - 1.971
1.179 .463
.zLL -.260

2,IO B

.173 -.558
L,979 -.J_47

.6C B - 2,090

3.6 4B
.056 -3.004

4. B49
- .7 43--6 ,477

5. 369
.486 -2,477

5.251
.759 -L.730

2 ,5L7
- .159 - .236

CFIARACTER 3

CHARACTER 4

-.544
2 .3?9

- 2,697
7 .523

- L2 .LIs

CHARACTER 5

.375 .154
-.055 ,723
1.061 0.186
- . B0 B 1.6C 1
3.7L3 -I.44L

.363 -.096

.967 : .0 59

.251 -.666
1.316 -.288
.581 -L,I20

.0 54
- ,159

,6 57
-,294
L.7 32

- .0 B4
.g 47
..299

1.868
r.622

- .0 56
.0 44

.,293
. s49

1.41r_

.27B

.3C 7

T.LL?
1.415
3.7 30

2.087
.zg 4

1.155
-.264

L.477
- .110
t.372

.502

-.L94
-.494
1.105

-.095
. 115
.382



TABLE 8.1. (CONTINUED)

CII/TRACTER 6

-1.403 -.c60 .067
4. 879 .402 . 519

-15.833 -1.099 -.205
44.922 3.721 .g76*45.949-11.3g3 -L,370

CHARqCTER 7

.0 15
-.099

. 116
-.370

.363

.170

.7 26
,238
.892
.350

B 3

-,043
- .190

. 113
-.107

. 113

.263

.090

.00 4

.0 35
-.030

-.329
,239
.446
.623

I,472

I .611
.2r3
.655

-.061

L.837
.291

1.116
.4C5

-.32L
- .48?,

. 130

1,0 75
,2L4
.L5Z

- .TL4
1.499
-.527
2.777

-1.953

.0 17
1.711
-.2?6
3.607

-1.199

.0 39
L.927
-.0 51
4.0 47
-.358

.0 62
L.376

.0 43
2,L76
-.199

CHARACTER 8

1.959
. 545 - 1. 169

L,634 . g0 4
1.333 .963

3. 131
.6L2, -1,274

4.011
.509 3.407

4,802
1.579 -3.637

6.099
I.923 -6.690

5.235
.c 50 2,09 4

CHARACTER 9

.36 4

.0 45
1.013

. 139
2.544

.4s6

.134
1.199

.551
3.159

-,0 7g
.0 zL

-.226
.0 58

-.507

.179

. 890

.434
1.499

.g 43

.236

. 860
,60 4

1.658
1.556

.035

.790

. 154

.953

.245

-,467
.267
. 5óg
.846

1.9 49

.195

.002
-.029
-.009
-.196

2.L6L
.679

1.653
L.772

- L .962
.884

L,27 Z

CHARACTER 10

L.67L
.028

1. L56
.L67

.7LL

.041

.0 59



TABLE 8.1. (CONTINUED)

CHARACTER 11

.0 4.3
1.39C
-.0 11
2.228
-.338

. 145
L.67 3

.495
3.) 27
1.285

- .113
1.861
-.319
3, B49
-.855

-.506
2.OLl-
2.20L
5.622
8. 510

.LL7
r.657

.269
3.318

,542

- .0 55
.0 42

-.186
.106

- .443

.064

.2J 4

.23L
,6 Z0
.653

.2L9

.26 g

.5L2

.880
1.146

.0 56
-.011

.LBZ
- .100

.7 39

.199
,09 7

.7 26

.34?,
1.951

.0 40

.765

. Llg

.929

.2C I

-.c20
.9 41
,225

1.548
.719

.L47
,7 20
.27 4

1.259
.70 4

-.157
1.154
-.772
2.588
2.969

B 4

. 215

.0c 3

.0 24

.D 30
- .113

. 315

.014

.351

. 391

.7'1,3

-.c20
-.092

.42C

.346
1.014

- .6ZA
.I37
.254
.419
.3s4

1.659
.0 4s

1.115
. 141

1.681
-.04s
1.545

.552

I.826
,37 Z

1.094
.7 LB

.799

.0 34

.19 Z

1.141
- .0 30
1.037

-.208
-.255

.7 86

CI{ARACTER L2

.0 59

.089 1.594

.138 - .235
,Iß2 1.9 15
.351 -I.074

3.197
.0 75 2.567

3.47 3
- .c 30 3. 435

3.967
.911 -.Bgg

2,900
- .223 1.106

6.663
- . 338- 11.0 4L

Ci-IARACTER 13

CHARACTER L4

.33s

.279

.4gg

CI{ARACTER 15

.0 36

.g3c

.LB7
r.3c 4

.570

2.200
-.c0r -2.769
1.86 5 .45 7
.131 -L.760



TABLE 8.1. (CoNTINUED)

CHARACTER 16

.32I
1.966
1.164
3.986
3.428

-.001
1.600
-,025
2.76L
-.094

.r40
1.605

.315
2,907

.57L

.149
1.609

.346
2.919

.658

.227
I .362

.559
2.0 52
L.T37

.0 22

.225

.232

. Blg

.990

-.008
.20 3
.0 zL
.562
.0ó5

-.1-20
-.L64
- .2gg
- .456
-.695

- .L23
- .1,57
-.302
-.435
- .676

- .0 59
-.135
-.109
-.331
-.237

.09 5

.9 56

.496
T.824
1.564

.00 4

.9 31

. 160
L.463

. 401

.0 66

.9 10

.36 4
L .322

.879

.0 s9

.9 19

.354
r.32,+

,859

-.0 25
.7 59
.175
,g Bz
.430

B 5

.L27
,0 2,2

.Lzg

.488

. sB8

.343

.0 13

.269

. 41.1

.47 2

.0 55
-.015
-.311
-.365
-.723

.0 3B
-.01,4 1
-.314
-.555 1
-.733

T.7 87
.zLL

L.676
1.063

I.70 2

.0 31
1.515

.528

1.961
.17 3

1.657
. 811

. 561

.09 0

.507

L.?62
.0 62

I,0L2

.165
-.082
-.969

.100
-.073
-.86C

.349
- .0 50
- .176

CIIARACTER, L7

5.781
.50 4 1.993

5.610
.155 3.967

CTIA¡IACTER 18

CHARi\CTER 19

4.530
.47 3

4.529
.46 4

.339

.L2B

95
16
70
79

I
2
,i

4

CH.ARACTER 20

.091
-.004
-.084
-.204
-.2r9

1.59 4
-.0 38
1,0 14

.256
2.9 s7
- .07 3 1.0 54
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TABLE 8.1. (CONTINUEÐ)

CHARACTER ZL

-,009
1.281
-.062
1.834
-.L72

.185
1.391

^n1. 'l T ,,

?,.253
.9IZ

.0 56
1. 494

.0 7û
2.687
- .L23

. 190
1. 390

. 55 7
) )r-J
I .362

-.02r
.T?7
.0 2g
,349
.09 7

.0 50

.0 47

.288

.145

.835

.0 2s
- .014

.235
- .r25

.gg1

. 1Bg

. 511

.47 s

.953
1. 141

.190
,777
,L76
.880
.L70

L.79 6
.644

I.19 2

.539

1.675
-.060
L.2gZ
-.L73

1. 569
- .110
!.7 32

.596

L,574
-.140
1. 3gg

.27L

-.208
-.799
0,479

- .369
.185

-.0 82

.657

.0 13
1.156

-.062
.c 31
,7 43

-.059
-.008

-.099
.0 46
.40 2
.0 33
.2gg

.189
-.0c2

.4s9

.553
1.011

-.031
.004
.396
.351
.939

0 L3
20s
101

CHARACTETì' 22

r.977
-.0 59 -1,947
2.135 ,207
-.146 -1.931

4.096
1.961 -1.442

5. 166
- .242 -6.9 25

3.265
-.044 -L.103

2.9 ?,0

-.L7 3 1.973

2. 809
-.236 -.059

CFIARACTER Z3

-,02L
1.0 g2

.009
L.423

.074

-.0 53
.956

- .L29
I.292
- .358

-.060
1.0 46

.184
L,6L7

.7 Z4

D .0 81
.9 23
.166

1.314
,637

- .419
.0 s2

-.37L
.195

-.169

CTL\RACTER ?,4

CHARACTER 25

.240
,232
. s86
.650

1. 319

.27 7
1. 349

.7 2g
2.130
!.622
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TABLE B. t. (C0NTINUED)

CHAR,\CTER 26

-.187
r .320
-.672
2,1gg

-L.9 44

.145
1.313

.340
1.976

.67 3

- .118
1.355
- ,340
2,I77
-.792

.c 26
I.443

.0 77
2,50 7

.Ls2

-.L77
1.518
- .856
5.0 90

-3.207

. zLa
-.2,15

.4s6
- 1)ã
1.0 75

.0 31

. 111

.0 99

.269

.2I9

- .24r)
- .T?,L
- .600
-.156

,0 24
. 115
.305
.3L6

1.035

.0 7s
-.501

.40 2

-1.054
1.450

.247

. BC6

.0 g5

.9 57
-,252

-.008
.852
. 1.69

1.068
.383

7

.0 57

.3r35

.322

.0 s4
,469

.0 4s
-.00 4

.C Bó

. 169

.2r7

.L7 g
.248

-.0 55
- .1.54
- ,250

CHARACTER 27

1.90 r
.951

1.314
.60 I

.597
1.19 3

.9 59

L.542
.c07

L.27 4
,325

1.884
.773 1.136

L.224 L.0 4g
.588 ,272

4,624
2,691 3. 10 g

.502

4,791
2,5L0 5.169

5.299
-.789 -6.419

7.598
4.ó58 3.909

.L7 2
-.006 2,734
,224 ,0 53

CHARACTER 28

- .0 53 .23L
,774
.L7 7

.923

.16I

CHARACTER. 7.9

-.107
1.15?
-.230
L .779
-.378

.26 4
1.087

) )')
1.520
- .L24

-.344
.164

-.338
. 418

- .0 g3

2.006
-,267 -L.611
z,4rg . 329
-.692 -I.7B4

CHARACTER 30

-.006
.376
,0 7?
.0L3
.1s7

2.364
1.149
2.506
l. 346

,467
1.801

. 315



B

TABLE 8.1. (CONTINUED)

CFíARACTER 51

8

- .a 76 .062
. 89 4 - .00 7
.ZLL -.470

L.320 -.s47
.769 -1.109

CHARACTER 32

.506
1.387

. 921
2.289
1.880

.27 6
L.423

.6 42
z ,348
1.301

.239
1.499

.6 51
2.558
I.49 3

-.296
-.227
- .71C
-.685

- 1.60 0

. 180

.170

.47 4

.481
1.103

.067

.TLz

.30 7

.334

.856

-.133
L.0 76

.0 50
1.615

.327

.17 4
0.0 52

.439
,2L7
,g 70

1.606
- ,I33
L.329

.341

1. 559
- .26B
1.788

.0 26

,L9 7
-.045
- .845

.595
- .149
1.0 71

0.830
.206

-.26r

0 .240
.069 1.

-.042 0.
.268 1.
.249 .

-.L72
. 151 1.450
.L76 - .60 1
.027 1.578

I.243 : I .162

2.9 56
-.227 ,49 7

2. 856
- . 551 1.66 I

3.20 L
-.112 -2,327

CHARACTER 33

-,021
. BI2
.154

1.163
.495

648
039
148
2L0

CHARACTER 3+

-.432
2.243

-2.093
7 ,450

-9.828

.306 0.328
- .19 2 L.00 4
1.369 -.904

-L.432 2,4LC
6 .L25 - 2.610

CHARACTER 35

- .556
.485 Z,4ZA

-.099 -1.12B -1.450

r.634
- ,724 5. 316

.511 -1.507 5.953

.014
L.470
-.064
2.466
-.368

-.108
- ,123
- .147
- .390
-.103

-.10B
.8s4

-.0 B1
I.246
- .2L3

.36s
- .156

.0 35
-.411

.0 41

2.4 70
-.437
I.496
-.4L6



B

TABLE 8.1. (CONTTNUED)

9

C}IARACTER 36

-.840 .420 - .37?, .LS63.021 -.786 1.119 -¡151 1.47L-6.222 2.665 -L.490 .707 -.7s2
L7.954 -6.646 3.87 5 -1..340 1.654

-48.'343 19.161 -9.559 3.828 -2,386

.446
- .6 54 - ,420
L.244.-1.450

2,456
1.0 56

1

2

CHARACTER 37

.139 - ,zgJ
,544 -.30 3
.3Bg' -.590
.735 - ,BLZ
,87L -1,237

CHARACTER 3B

.20 8

.90 4

.47I
1. 3s6
1.l_30

- .I7 4
1..0 35
- !\'r .4

L.6 Bg
.358

-.037
.82I

- .169
t.?gL
-.515

-.016
1.111
- .146
1.487
- ..x39

.0 33

.0 42
- .670
-.644

- L .4s0

2.709
.6 81 .166

1.90 7 .34?
L .?,66 - L .7 gZ

6.179
2,30 g l.0g B

4.519
0.80 z -.939

5.206
.47 5 5 .622,

6 .293
-.200 -9,709

CIJ.A.P"ACTER 39

,L47
1.554

.5 47
2.875
1.ó54

-.199
1.604
-.727
3.L24

- z.z5z

.0 14
1.406
-.114
2 ,376
-.648

.29s

.2?L
,7 47
.ó89

1.805

-,zlg
-.111
-,337
- .359
- 71't

.0 22
-.118

.237
-.593

.826

-.061
0.0L2

.579

.329
L.42L

.29 5

.019..268
-.25I
- .446

0.555
.057

-.549
.0 19

- .420

1.9 70
-.364
1. BB.5
0 .00 4

2.00 B

- .00 2
I,ZB5
-.228

-.2s6
- .015
1. 330

l. 369
,7,40

-.357

CHAR.ACTEII 40

7,.1-47
-.035 -2.432
2.387 .252
- ,330 -2,6L7



B

TA,BLE 8.1. (CONTINUED)

CIIARACTER 4L

.0 38
1.465

.0 41
2.396
- .0 33

CHARACTER

,00 7

1.573
- ,0 54
2.807
-.28r

.336

. 510

.243

.6 59

.lC6

-,02I
-.015

.0 24
-.094

,L7 4

43

-.009
- .0 50
- .013
-..175

.009

, 146
.237
.g 1ó

1.705
4.999

.26 B

.896

.346
L.289

.351

.00 ,x

.79 4
-.045
1.097
-.r77

.I0B

.90 1

.153
L.347

.224

- .00 B

.9 B0

.430
2.674
2.9 E8

t0

-ì. 115
.r44

-.583
-,452
- .9 3B

.0 43
0.039

.0 26
-.108

. 129

- .185
-.0 11
-.027
-.065

.0 4ó

,0 47
-.003

.328

.553
1.916

0.39ó
.188
.36 ti

-,796
2.72t

1.9s1
-.0s1
L,zLL
0 .169

1.871
,287

I .47'o
.437

. 311
- . 1.38

.L44

-,7tr
-.002
..TzL

,L26
-,023

.6 3e

- .280 - .I25
l.7BL - .397

-1.398 .043
4.491 -1.3?,4

-5,796 .957

CHARACTER 42

2.267
.79 5 - ,554z.c0l- . 59 7

I,283 - 1. 85 g
6.411
2.422 -2.551

4.42L
0.193 L.256

4.116
,769 -2,L75

CIT¿\RÁ.CTER 44

z
2

,t

I2

1.60 5
- .0 45
1.369

.780
3.055
- .145 .330

CHARACTER 45

-.gBg
4.L45

-9,477
30 .6 g6

-88.581

.623 0.366
0.969 .837
3. n,7 B - 1. 129

-8.46 5 3 .272
7,6.336 -7.732

1.759
-.838 -1.576
1.092 ,872

-1.533 -.179
4,0 z5

-2.155 -5.219



B

TABLE 8.1. (CONTINUED)

CHARACTER 46

.0 Bg

.955

.26,+
I.29{)

.6L7

.0 6g
L.263

,6,4,0
4,755
5.388

11

. s32

.094

.398

.2L3

.ISZ

r,g 62
.684
.9 70
,6 g7

1.9 45
.249

L.779
.679

1.404
.226

1.761
1.379

1.366
-.c98
1.152
-.159

1. 599
-.031
1.893
-.688

2 .2?,4
1.039

. 333

2.155
.387

T,847

-.199
.178

L.222

-.133
.157
.484

.?LT
-.090
1.0 71

.548 - ,579
2.7s7 - .469
3.31,9 -2.077

10 .6 70 - 2.710
L7,903 -8.486

CHARACTER 47

.058 -.095
1.509 -.056

.30 3 - .476
2.913 -.272
I.Z9B -1.484

CHARACTER 48

,24]- .5.18
,739 .248
.527 -.275

1. BgC - ,202
2.334 -L,442

s.246
2.2L1 7.966

5.L?,7
. 901 7.669

2,L92
.49 z - .452

2.0 B5
- .r43 - ,3r7

?,.L7 3
-.0ó4

. 1i18
3.495
2 .427

18 . 517
23.66 4

.67 2

.259
3.67,C
3.sû3

21.583

-.065
.054
. B78
.7 70

5.097

CHARACTER ,tr9

-.222
?,.285

- 1,479
7.227

-7,749

.512
-,242
I,762

-L,407
6.s34

-.076
.9BZ .

-.2L0
2,L53 - .

-1.179 1.

046
039
470
14L
659

CHARACTËR 50

- .151 .2?0 - .C0 g

2.192 - ,529 1.286
-.Bt_4 .873 -.324
6.458 -2.55 7 3.1-2I

0 4.L52 3.57 4 -t,BZ0

.069
- .0 60

. 515
- .844
1.887 .506



i3

TABLE 8.1. (CONTINUED)

CH.[R.,q'CTEIì 51

L2

CLTA.RACTER 52

- r305
2.075

- I.49 2

5 .439
-5.870

" 382
2,0 70

- 1,.76 4
5.54,1

-ó.901

. 118
L,7 47

.47 4
3.573
L.542

. 17C
1.578

.597
2.943
1.711

. 1.10
1.ó7s

.37 7

3.0 76
1.011

.526
-.205
r.272..87L
3 ,320

. s43
-.337
1.395
1.385
3,g0g

- .2I4
.598

- .185
.gg4

- .533

-,208
.6 1B

-,326
L.L29

-1.088

-.578
.34L
.193
.c 50
.6 B0

-.609
.558
.20 5

-.070
.790

2,087
- .738

.90 I
-.279

- 2. 839
L.4?7
-.454

6.189
-2.808-10.703

s.542
2.404 -9.043

4.518
- .0gg 2.9 g5

3.264
-.035

l.9g z
-.549

,7 BL
-,374

- 2 ,49L
1.383
- .4r4

CI-IARACTER 5 3

-.0 35
.0 61

-.069
.20 L

-.145

-,007
.226
.0 12

" 76s
.L37

-.lC8
- .LsZ
-.29L
- .410
- .684

-.013
.70 3

-.003
.9 1B
.0 27

..28L
.962

-.304
L,392
- .310

-,018
.8 47
.LZ2

t.289
.434

-.046
- .015

.c 18
-.!J73

.235
51
39
55
50

1.9
-.0
1.0
-.0

.90 5
- .222

.0 51

CHARACTER 54

-.010
-.29t

.80 7
- .0 5íl

.0 22

1.995
-1.008 .487
1.880 -L,343 5.L42

-L.222 . B0g -3.475 3.351

CHARACTER 55

.0 15
-.c07
- .207
-.?33
- qqo

1.678
-.027
1.509

.239

.0 47
-.307
-.400 . 118



TABLE 8.1.

CH¡\RACTER 56

-.fJ12 -,040
L. Bg7 - .299
.252 -.363

4.5?8 - 1 ,352
r.7 47 - L.725

CHARACTER 57

B

(coNTTNUED)

.489
1.096

.954
2.0 g1
2.384

. 314
1.128
L.0 32
2.544
3.392

13

.37 3

.443

.3BZ

.239

.00 5

.0 45

.0 7B
- .0L2

. 175
-.0 53

1.970
1.551
2 .390
2.726

1,632
.767

2.0 40
2.40 4

L.77L
2.L24
2.284

5.235
5,L76 7,tgB

.1,+B
1.931

. ggg
4.781
3,979

.406
1.809
1 .497
4.C09
4.567

- .255
1.511
-,779
2.736

- 2 .L59

-.090
-.009
-.258
-.209
-.878

.095
,O BZ
.L67
,3L4
,379

.0 20
- ,0I2,

.168
- .L22

.489

.187

.315 3,067

.309 I.772 .6 47

CHARACTER 5B

-.555
.847

- .359
L.L47
-,307

. 1Bs
-.29 5 1,967

,404 -1.104 .866
- .320 1.618 - 1 .322 4.566

.5,{.9 -1.334 I.565 -3.565 3.807

C}{ARACTER 59

CHARACTER 6O

- .0 30 - .1Bg
1.645 - ,243
.057 -.497

3.239 -.832
.52L -r.252

.0 27

.859

.00 5
L.069
- .148

.26 4

.9 36

.363
L .370

,7 32

- .154
.lB3

-.002
,209
.209

.34L

.287

.0 27

.0 39
-.37?

I.7 52
.168

\.442
.26 4

2.0 40
1.0 10
T .847
L.L79

-.505
.670

-.007

!.627
1.513
L,0 47

3.779
.633 - 1.349

5¡555
3.796 6 .924



B

TABLE 8.1. (CONTINUED)

CHARACTER 61

L4

CHARACTER 62

.0 10
1.865

,L25
4,LL4

,7 L4

.0 34
2.0 L3

.187
5.0 14

. BZI

-.c34
2.- L3
. .TB7
5 .0 1.X

-.82L

.0 39
- .145
-.035
- .619
-.473

-.c00
.000

-.000
.000

- .100

-.000
.0 0c
.0 cc
.00 0
.000

-.000
-.000
-.000
-.000

.c 00

,182
.gg6
.676

2.030
1.99 7

-.030
-.023

.0 lc
-.263
-.284

-.00c
.00 0

-.000
.000

-,000

-.c00
-.c00
-.000

.c0í)

.000

-.000
.0 00

-.000
-.,J00

.0 00

I.6L2
.458

1.699
1.675

L.676
.00 B

.667
,0 32

L.772
1.829
2.54s
3.717

- .L29
-.024
-,02I

-.000
.0 00

0.000

-.000
-.000
-.000

r.772
-L.B2g -.000
2.545 .000

-3.7L7 .{J00

3.096
1.140 - .415

3 ,260
.003 -.000

3.737
4,336 -.000

3.737
- 4.33ó -.000

2,250
0.000 0.000

-.0 11
r.373
-.050
2.r00
- .136

.0û 6

.579
,016
.6 1B
.0 10

CHARACTER 63

.769
1.159
1.512
z .5L6
3.8C4

CHARACTER 64

i
-1

)
-3

.7 69

. 159

. 512

. 516

.804

CHARACTER ó5

.000
r,770

.0 0c
3,667

.00 0

0.000
0.000
0.0cc
c.c00
0.c00

.00 0
1.00c

.c0 0
r.770
.cûl

0.000
0.c00
0.000
0.000
0.û-0

1.50C
.0 00

1.500
.000

.l .0 00
0.000
0.000



B

TABTE 8.1. (CONTINUED)

CTI.ARACTER 66

15

.0 00
T.926

.0 00
4,4?L

.0 c0

-.03c
0.000
0.00c
-.0c0
0.000

.c00

.654

.0c 0

.g 42

.0c 0

-,000
0.000
0.000
0.000
-.0t0

I.g 26
.000
.g 42
.0 00

0.000
0.090
-.000

4.42L
.000 -.000



B- 16

TABLE B.Z. I,{OI.4ETJTS FOR UPPER AR.EA

CI{ARACTER 1.

- .0 l-9
2.092
-.442
5.568

-2.69 5

CHARACTER 2

-,452
2,0 46

CI-IARACTER 4

- .6 L6
?,.343

-3.036
7.880

- 13.790

.132

. B5s

.855

CHARACTER 3.

- .697
2,343

- 3.424
8.197

- 15.ó60

-2
5

-8

4
T?
27

.3Bs
- .111

.99 7
-.550
2.9I2

.399

.0 s2
1.036
-.278
2.8Ð 5

.r33
-.075

.459
- .496
L.632

. 130
-.028

.470
-.3L4
1.586

,0 zr
.533
.02L
.9 S2
,20 3

.6 31

.9 37

.7 44
L.47 B

.g 57

. s80

.66 9

.451

.79 s

.50 5

.s44
,6 22
.408
.7 2B
,286

- .485
.09 2

.303

.0 2L

.7 47

- .052
.379

2.450
L.I7T
2.016

- .0 B4
.0 23
.107
. 159
.36 r

z.17 4
- .0 59

.60 B

.100

- 2 .469
.409
.22L

2.70 I
.315

2,876
3.342

2.49L
1.8L5
L.670

LL 
"97 7

2.0 29
5.69 5

-.358
- .LZs

.119

- .536
-,s32
-.465

.20 3

.242
,L7 3

6,746
- . 59 5- 11.06 4

g .990
1.0 .066 3. 5g 7

7.9s3
6 .L23 - 1.933

8.17s
5.990 -3.061

3.559
.305

-.09ó
-.052
-,007

.027

.1"80

2.54L
L.739
L.'ZL
1. 348

CHARACTER 5

.6 40
2 ,82L

.509
,773
.528

- .217
-.208
- .6 g4
-,943

- 2.36 7

.0 47

.519

.10 B

.691

.4s6

.0 37

.0 86
-.L62
-.038
- .353

L.76 2

,r22
.6 40
.09 7 .7 7L



TABLE 8.2. (CONTIÌVUED)

CFIARACTER 6 .

- .000
.000

-.000
.000

-.000

-.000
-.000
-.000
-.000
-.000

,426
.195

1.158
.7 39

3.025

-.I75
.0 4s

-.196
.206

-.093

-.000
-.000
-.000
-.000
-.000

.0 00

. 515

.0 00

.56C

.000

,000
1.000

.00 0
1.000

.0 00

- .176
.842
. 118

L.47L
.70 7

- .139
.76 2

-.L73
.955

-.r78

.0 00

.0 5ó

.000

.09 2

.000

B- 17

-.000
.000

-.000
.0 c0
.000

-.c00
-.000
-.000
-.000
-.000

- .235
. 156
.450
.531

L.29 3

- .019
-.016
-.32L
-.043
- .443

-.000
-.000
-.000
-.000
-.000

L.526
.0 00

-.548
.000

L,776
.00 0

r.776
.0 00

1, 710
0,432
L.26 !+

.0 42

L.7 49
- .296
1.193
..4LL

3 ,235
.000
,09 2

.000

-.000
.000

-.000

-.000
-.000
-.000

- .091
-.037
-,664

-.000
-.00.0
-.000

2.669
.00 0 .000

CF{ARACTER 7 .

.000
1.000

.000
1.000

.000

.0 00
1.616

.000
3.030

.000

CI-íAIìACTER 8

.47 3
r.922
r.542
4.s33
4.s69

CHARACTER 9

.LI7
1,627

.529
3.257
1.941

0.858
.56ó 3. 56 I
.s02 -1.151 -2.695

3,703
.000 -.000

3,650
- .600 - .349

L2,530
.000 -.000

CIjARACTER 10

.000
3.235

.00 0
LZ.S30

.000



B- 1B

TABLE 8.2. (CONTINUED)

CHAR,ACTER 11

-.1ó 4 -.23L
r.676 -.180
0.472 -.539
3,406 -.537

-L,243 - 1.155

CH/iRACTER IZ

.37 3

.79 r

. 311
1.058

.448

.L44

. 518

.L9 4

.887

.6 16

.6 99

.66 B

.555

.66 7

. s.55

.39ó
1.065
1.091
2.492
3.198

.26 I

.76 7

.537
L.ZS4

.759

.6L7

. 515

.06 B

.L34
- .434

.5s2

. 133
- .233
-.069
. .6 Bó

.7 29

.39 4

.L0 2
- .106
- .3C6

.L6,1
- .138

.30 2

,77 4
r,7c I

-.079
- .236

.0 31

.0 32

.37 7

2.s99
L.627
1.841
L.249

2 .2I2
.3L6
,6 43
,222

3,769
3.06 Z

1.919

5.010
2.L72 4.
L,742 2.
1.507 1.

10.545
7 .807

6 ,527
.872 10 .0 52

L2,52L
B. 590 23.772

2L.0 22

.a 70
2.LzI

.535
5.630
2.6 5L

-.399
- .2TB
-.991
-.888

-2,745

2.506
.438
.0 18

SYIíBOL L3

-.643
2.L90

-2.978
7 .06I

- L2.669

SY}!ßOL L4

.LZL
2.182

,zgs
6 .320

.334

SYMBOL 15

-.092
L.87 4
- .139
4.6 48
- .0 s1

- .09 4
- ,170
-.199
- .390
- .242

.c 2T

..558

.425
2.460
L.982

.LLZ

.253

.384
1.111
L.272

L.76L
.9 36

L.9 7L
z .557,

1.851
.717

1.181
.751

.439
-,374

.7 44

-,488
- .87L
- .280

37
s6
36

3
7

2

3.7 39
2.250 1.009

4.. 50 5
2.0 30 - 2.Lg 4



B- 19

TABLE 8.2. (CONTIÌTIUED)

SYI.4BOL 16

z
-z
I

- 11

.4Ð 3
,49 4
.26 3
.6 85
. B3B

SYI,ßOL T7

-.748
2.952

-4.s68
L2 ,7 8I

- 26 .Lr7

- . LB5
. zzL

-.453
L.4,48
1.833

-.483
.069

- 1.4.11
L.L62

- s.362

.5ó5

.795

.38?,
1.453

.499

.420

.611

.40L
L.L47

.29 4

.253
- .L27..LL?
- .190
-.050

.s73
-.091
-.47L
- .575

- L .L47

1.828
.888

1.135
.89 2

2.488
1.119
L.026
1.0 80

3.20 8

.99 5

.6 34

.554

1.569
.470

L .4L8
L.286

L,522
,270
.92r
.152

,9 57
-.L62
- .297

5. 718
.884

- .113

.69 3
-.075

,96 2

-.084
-.392

,L25

3.110
.330

- .66 s

4 ,486
?, .sLL 3 .7 36

8.9 75
3.530 15.437

L4 .27 Z

3.37L 30 .390

2.986
1,061 1.740

2.842
.699 -.47û

SYIvIBOL 1B

-.798
2,6-3

- 4,L24
lC.098

-20.293

-.332
.003

-.768
.546

- 2.422

.39 3

.39B

.266

.533

.2r2

.T7 B

.904.

.447
L.BLz

.9 59

.081

.766
-.037
L,270
-.262

r.0 23
.077

-,223
-.297
-.491

.237
- .0 30

.338

.7 35
L.027

- .000
- .109

. 111

. 149
,27 7

SYMBOL 19

-.081
2.0 47
-.803
5,776

-4.656

SYMBOL 20

- .199
1.831
-.802
4.425

-2.986

- .c29
.520

-.068
2,096
-,647

.0ó B

.227

.0 B4

.998

.16 I



B- Z0

TABTE 8.2. (CONTINUED)

SY},íBOL 2L

SY¡'IBOL 22

- ,8C 1 - .534 .1gg3.024 .336 .549
-5.211 -L.7L2 .C21
L4,L20 2.5I8 1 .202

-31.396 -7,63I -1.033

sYhßol 23

- .4Bg - .227
2.4?5 .310

-2.849 -.7L2
8.515 L.728

-1.4.77L -3.367

-.854 -,382
2.995 .041

- 4.872 -.995
12. s00 .872

-26 ,56C - 3.581

SYMBOL 24

-.184 -.01,fi
2 .ls6 .561-r.261 -.107
6 .628 2.37r

-6.977 -1,lC4

SYMBOL ?S

.tzz

.6 B1
-.079
1.50 I
- .844

.405
-.L02

.0 45
-.009

.0gB

.589
- .L22
-.381
-.2c4
-.941

.9 45

.051
-.303
- .385
-.6 g1

.29 4
- .02t

, lr?S
.832

1.193

.052
-.097

.L76

.169

. 36,1

1..6 B3
.336
.833
. 180

2.L26
.507
.6 27
,443

3.274
1.087

.777

.7 30

1.6 B5
.453

1. s73
L.378

1.60 4
.220
.99 4
,073

L,Zg0
-.L61

.195

2,620
-,062
-.44L

5,722
,7 B9

' .29 ,1

.90 g
-,0 45
L.276

.0 60
- .379

,2BT

3.675
.7 85 3.9 79

6.627
L.34L 11.0 5g

L5,156
3. BC 7 32.496

3 .470
1.112 2.465

3.1ó5
.623 - .L20

.599

.4s5

.29 4
,70 4
.190

- ,296
L.923

-1.191
5.007

- 4 .579

.0 B3

.240

.c Bz
1.099
-.s70

. l49

.9 33

. 401
1,950

. 81L

.048
,7gL

- .ll7
r,39 4
-.500



TABLE B,Z. (CONTINUED)

SY}4BOL 26

-.6A2
2.623

-5.578
L0.266

- 19.690

- ?11. hQa.

.3s 4
-.803
2.0 80

- 4 .282

.t g0

.70 g
-.L62
1.469

-L .226

B.2L

.447
. ,LL7

.0 79
-.011

.16C

.6 29
- ,LsZ
-.409
- ,2L4

- 1.09 3

L.827
.3C3
.g 27
.105

2.308
. s36
.70 3
.495

3.370
.5s8
. 510
,433

I.733
.332

L.477
,9 ZL

L.627
.161

L.OL7
- .0 44

L .529. .zLL
.29g

3.014
- .0 83
-.5C1

1.06 3
- .184
L.197

SYÞßOI 27

- .876 -.547 ,Lgs
5.3L0 .394 .579

-6;098 -L.9L7 -.001
17.006 3.049 L.372

-39,879 -9.408 -1.326

5.983
- .20 4 L6.178
- .425 1. 316 35.295

4 .354
.779 5.092

7 .846
1.552 L3.774

3.700
.B2B 2.9 8B

SY¡ßOL 2B

- .7 42 - .327
2.79 s .145

-4.7,67 -.79L
11.366 1.043

-?2.807 -2.951

sYr80t 29

- .22+ - .10 4
2.263 .4gL

- 1.69C - .57r
7 .430 2,09 8

-9.833 -5.053

sYl'ÍBot 30

- .26 B .013
1.999 ,275

- L.284 - .239
5.558 I .29 4

-5.902 -L,657

.2s7

.345

.L4g

.499
- .09 4

.0gg

.879

,0 17
,79L

-,L73
L.40 4
-.725

.9 52
-.135
-.279
- .243
-.428

.334
-.0ó6

.358

.5Bg

.6 1g

.0 B6
. .LL7

.16 B

.L44

.228

. 196
I,þ69
-.080

Í,283
. 511

16s
430
356 ,LB4



TABLE lt.2. (CoNTTNUED)

SYþ-8OL 3T

B- 22

.501
- .1ó0

.061

.0 15

.0 29

,6 gz
- .238
- .356
- .140
-.896

,57 B

.00 2
- .327
-.015
- .584

-.079
-.078

.t6 4

.39 I

.7 46

- .300
- .0 81
-.L02
-,020

,L29

L,9L7
.16 3
. Bs5
.072

2.428
.195
.ó13
,37 4

2.358
.0 30
.385
.0 20

l_ .69 B

.zLL
1.6s7

,96 B

1.844
- ,0 70
1.133
- .c B5

L.7 B2
- .424

.299

3.380
- .726
-.437

2.96I
.0 06

-.267

-.344
-.198

.354

- l,L6 7
- .2L6
- .,142

- .569
2.700

- 3.467
10.ó6C

- 19 .549

- ,260 .0 51
.358 .646

- .96 tj -.175
z.cs6 1.289

- 4.84L - 1. 19 4

sYil,4BOL 32

- .820 - .512
3.251 .40 4

-5.663 -1.756
L6.020 2.974

- 56 .131 - 8. 445

. 119

.519
-.044
1.192

-1.300

4. 845
,290 6 .186

8.76 4
- .0 36 16 .146

7.622
.c 4B 13.00 3

3.349
.444 -l.LLz

4. 141
-.112 -3.799

SYMBOL 33

-.053 -.47r
2.L28 - .010
- .LzL -T.026
5.289 -.007
-.42C -2.550

SYMBOL 34

.0 43

.33L

.30 2
L.T78
T.24L

.106

.TL7
,437
,527

r.479

.0 19

.411

.0 13

.7 34

.0 2L

. 111
r.077

.563
z.l9I
L.7 29

-.c29
.799
.00 ó

r .244
.24L

.286
1.820

.991
4.0 29
3.080

SYMBOL 35

.r30
1.697

.s94
5.563
z .300



TABLE 8.2. (CONTIIIUED)

SYMBOL 36

- .016
2.L69
-.09L
5.ó 36
-.583

- .1e0
.001

- .27,3
.0 15

-.c16

B- 23

.0 B3
,0 13

- .L76
.0 06

-.095

.0 06

.951
-.025
L:826
. .LL4

.0 44

.695
-.049
1.6 60
-.696

1.6 51
,0 24
.g 4L

-.023

2.090
.06 5

.7 8L

.0 B4

2.531
1,7 3g
1.584
L.36 4

1.604
.452

L.567
L.667

1.579
.?76

L.269
.889

,370
,0 47

-.503

1.619

"26 4
-.679

3.309
2 .525
1.900

.49L
- .183

.329

-.509
-.477
- .454

SYMBOL 37

-.327 - .60 I
2.5I3 .2C7

-1.860 -1.813
8.072 L.175

-8.675 -6.018

SY}4BOL 38

.199 -.038
1.85 4 - .280
.907 -.347

4.369 -.995
3.544 -1.30C

SY}4BOL 39
.60 3 - .254

2.60 3 - .2I7
5,545 -L.247
9.814 -2.LLI

L7 ,729 -6.477

sVI\ßoL 40

.296
- .101
-.576
- .0Lz

-1.515

3.405
,079 1.ó0 5

5.833
- .c0 3 7.183

9.233
6.4L8 16.775

3.001
. 848 1.309

2.9 44
.561 -.951

.4s4
2.I32
z .2s0
6 .460

L0 .729

-.111
- .L7L

-,076
-.I77
-.22L
- .466
-,942

- .66L
-1.2a 4
- 3.29L

.559

.7 8s

.6 32
L.C 37
1.049

.242
1.040
1.065
2 ,587
4.014

.r42

.9 4s

.6 46
2.029
2.555

.557

.s02

.329

.ts2

.c 10

.16 3
-.091
- .0 36
-.163
-.684



TABLE 8.2. (CoNTINUED)

SY}Í3OL 4T

.000
L.ZZL

.000
r.66 4

.00 0

-.000
.000

-.001)
c.000
- .0 0'J

.245

.30 2

.7 54
1,976
2.96 5

.000
1.000

.000
L.zTl
.000

B- 24

.3L7
- .0 78
-.225
- .410
- .957

-.000
0.000
-.000

.c00
-.000

1.691
.389
.977
.938

L.776
.0 00

L.776
.0c 0

1.0 59
- ,t52
-.158

-.000
0.000
-.000

, 44-6 - ,37 3
2.57L -.390
3,027 -I.461

10 . 125 -2.388
17 .TZZ -/r .622

SYbíJOL 4?.

3,529
.6 13 3.34L

3.703
.000 -.000



B- 25

TABLE B.3. MOh,El'lTS FOR LOWER AREA CHARACTERS

CHARACTER 1.

.?,0 B

z .357
1.1_3C
7.185
5 .227

CHAP*ACTER 2

.233
1.35 7

.6C3
2.L32
L.349

.499
,16 9

1.60 3
.806

s.249

.190

.76 3

.295
1.597

.7 43

- .0 51
.945
. 186

L.3s7
.6 1s

- .551
-,225

.232
-.041
T.L72

.0 B1

.0 10

.460

.37L

.977

.244

.zLL

.56C

.582
L ,226

2.03L
.604 -2.295

1.147 -.944
.647 -.389

5.559
2,c46 -8.447

2.765
- .0 59 1.0 88

1.552
-.06s
L.46g

.386

,344
.c 52
.9 B0



Table C.1.

( a) Th e tçi ddle Are a

c-1

APPE},IDI X C.

Comnaris on of Recogni tion Rates for the

I.Ii ddle 
"

per and Loruer Areas wi th

Vari ance. Scatter Ratio"

R andon Orderi n.q us ins Z .4 30

Feature elements for tes t data wi th

1o percent nois e leve1.

Natural and

om

41.56
62.98
7 4.70
B0 .91
B6 .27
77.65
83.33
B5,6 g

86.29
86.89
87 ,27
82,27
87.59
88.94
86.2L

atura.

47,65
85. 30
92.73
9 4. ls
83.18
89.59
9L.2L
89.92
9L.67
I 2.20
92.12
87.20
87,42
88.41
86 .2L

Rati o
catte

6s.3c
71.92
77.65
87.89
91.59
88.94
90 .76
g 2,42
9L .82
9L.7 4
94,77
86.74
on oô(.)t.oJ
88.79
86 .21

65.50
89 .24
92.50
9L.67
Ð 3.33
I3.I8
92.73
94.32
93.18
92.50
01 )n
9L.L4
gL, s2
87,27
86.2L

hlo. of ele:nents
us ed for
recogni ti on

t RecoP 1sed Correc
aï1 anc

)
4
6
o

n
L2
T4
16
18
2l
2Z
?4.
26
2B
30



C¡2

Table C.1. (conti nued)

(b) The Upper Area

(c) The Lower Area

Recognition uras found to be 10C percent correct
for the tes t d.ata rr¡i th this nois e level i rres pectirre

of the element ordering.

Perc n R co nis ed Correct
a ance catter atura an

Rati o

44.0 5
62.98
7 3.L0
7 8.ZL
81.43
65.60
7 4,Zg
77.26
77.62
7 8.45
78.69
78.81
79.05
79 ,76
B0 .24

67,02
B4 ,40
B9.C 5
9I.67
76 ,55
I3. L0
86 .31
78.45
B0 .24
BL.O 7
85.10
76 .19
77.L4
77.86
BC .24

72.02
BO .77
87.t2
78,2L
8C,7L
86.43
87,39
97.5C
37 .L4
78.4s
76 ,90
79. BB
80.00
79. BB
80 .24

72.fr2
89 .L7
87.Lt,
89.64
89 .6 1.

9 2.86
92,r4
I s.69
I 2 .5t)
91.55
91. 19
90 .t2
89.40
87.02
80.24

No, of elements
us ed for
recogni ti on

z
4
6
oo
1C
T2
T4
16
1B
20
2Z
z4
?,6

2B
30



Tab le D. 1 . R.oots and

vi

\Ie c to rS ot

(a) i-i drl,le Area Samnles .

- ,ì I -" aJ-a

ÄPPiì!,lD IX l .

uzk

2 . 116 E-t ?,

1.31_6F,-02
1.9498-01

- 2.96 2E-) 3
5.2.68-02

-6 .7 5LE-02
6 . s9 BE-)2
L.Z76E-01
s.2r6E-02
6.2938,-0?
3.743Ë-01
3.045E-02
5 .7(rg E- C 1
z.73EE-01
1.385E-1_1
2.L698-01
s.6 398-0 I

I s- rI I =o

1
2
a
-)

4
5
6
7

I
I

10
11
I2
I5
14
15
L6
T7

-1
1

-3
- ;!,

r.lk

.t378-Jr

.79 3E- D 1-

10Q -r\).brJi¿J¿t

.3L58-C ?,

3.3b38-C1
- ,L . ";4CE- q 2

3.9s9lE-C2
6.377t¿-t)3

-7.2078-02
7.0 54Ë-0 t

-1.q568-rl1
\ .82 5r- í) l-

-2.)47F-?1
4.';2,5E-11

-r,i55E-12
- 1..39 5E-C2

2.1_55F,-J2

- 1. 114E- 1 3
-6.463F,-02

.5 Ll.E-0I

.0c68-01

.8908-01

.I34E-1I

.2358-i)I

.06 sE- 0 1
1.3168-01

.1808-01_

.0 7 28,- 01

.452iì-01

.39E8-01

.197E-01

.?.328-0r

.609E-01
4.4888-01

o3k

1.336E-01
-1.2828-0L
L.57 BE-C ?
L.6248-01
9.99 2E-02
5.CB3E-02
1.723E-01
L ,2L38. D ].

-8.s508-02
-3.027F'-0L
I.D248-01

- 4.2698-0 2

2,.1ILCE,-)z
5.895E-01

-7.(tC4E-02
4.236E-01

-4..8748-C1

3.966 E- 0 1

a'"ók

.011Ð-01

.2C tlE-02

. 3348- 0 I

.7 BBE- 0 2

.775E-07
-?,.7sóE-01

L.?,858-02
-7.79 Bti-02

1. 3598- 0 1
3.39BE-01
L.D77E-C2

- 1.8908-.01
3.48 3E- 0 I

- 1. :í9 BE- 01
-5.91óE-01

1, .42 5E- 0 1
-5.027E-0r

Roots ( i, ) r_ .? 31E+1Ð 6. 3848-C:tj

kJ a¿}k

3.1-c4E-C1
I.77BE-01

-r.21,18'0 2
-1.0ctE-c1
-ó.1C 2E-tL

2 , 3828- 11,
9.340 p-)',¿

- 1.9 44T,-42
-8.5[i1r-03

3 .7 Z2:ì,- JL
1.91tBE-C1
1.r_19ir-01

-5.,)9CF,-)2
-6.,+6?Ij-0?

3.9C58-Cl.
2 .5Ct) i:l- C 1

- 1.5ó 1E-0 1

4t'.5k

I
2

,l
5

ó
7
o

9
1û
1_1

L2
13
1+
15
16
T7

-1
-i
-2
-1_
I
1

-1
-4
-2
-3

L
-1

4

-7
2

I
-9
-2

Roots ( ¡. j ) 3.092[r-01 2.7I18-01 1. .44 2E- 01



TabLe D..T . (Cont. )

n )

^Bk

-4.65.XE-01
9.47 5E-02
3.434Ê,-C2
3.0658-C1

.5188-02

.4758-01

.L5 4E- t 2

.1838-02

.I?IE- t 2

.473E-02

.57,i.E-01

.4338-01

.tr218-01

.8898-û1

.3858-01

.3998- 0 1

.50 2E- D Z

u 1lk

4.6 5 2E-ÐZ
1.4058-01
I.077E-01

-s.0clE-01
- 2.L27F,- 0r
-6.670F.-02
-9.490E-02

8.90 5E- 0 5
4.507E-01

-2.5738-01
- 2,542lE-0r
?.7348-01
I . 5,5 BE- 01
5. 59 2E-0L
6 ,9998-02

- 3.112E- C 1
-1.060E-C1

,ft- ,ñ-
IK

-2.0658-01
3.00 5E-D 2
3.519g,-02

- 4.6 418-01
4.2Ð78-01
z .29'.2,8- 3 r

-2.575F'-02
-z.791,Ê-02

3.4421:,-0r
2 .9 ï'JF,- 0 2
7 .79 7F,- tl 2

-3.365E-01
-9.490Fi-03
-2.2548-01_

2.7)01-l- 01
3.5].CE-C1

- 1. s29E- 0 I

urok

1.0568-01
-7..8768-01

1.33.58-02
4.9818-01

- 3. 1ó LE,-ÐZ
5.s16F'-02

- L.0 5 38- 01-
-1.8858-03
4,6328-0r
2 .L59 E- 01

-2.891E-0I
-3.703ts-01.

1 . 86 51r- 01
1.t58E-01
2.7 !,3E-01

-1.8308-01
-6.1sBE-02

I
2

3
4
5
6
7

I
9

1C
11
1_2

15
L4
15
L6
L7

-2
1
5
û

ô't
-7
-3

5
')

-1
'l

3
A

^9k

- 3.5 518-01
-7,+?,gE-02

5.90 5E-02
-2.0648-01
-2.012E-01

1. 7098- 0 1
9.1508-C2

-5.8958-03
- 5. 800E- 0 1
-z,273E-02
-z.866E-01
-3.6,']6E-01

2.676 E- 01
1.540E-01
2,45e8-01

-1.6s08-01
-3.19rF.-02

4 .26 8E-0 Z

orzk

. 4118- 0 1

.09 4E-0 2

.0008-02

.46 5E-0

.6 528-0

.093E-0
,9 228-0

- 4,96 5E- 0
-z.0B2E-0

4.1178-0
-4.673E-01
5 ,6 448-02
3.6958-01

- 2.39 3E- 0 I
- 4.346F.-02

L.4068-01
- ?,.L6 3E-02

Roots Ir.,l

ui

)1.0û2E-01 7.6ZsE-02

1
?
2

/L

5
6
7
t)

9
10
11
L2
13
lri
15
1l
L7

6
1
6
1
2
3
7

1
I
2
.,
L

2

I
?

Roots (l j ) 2.068H-02 r,2678-Q2 8.112E-03



Tab 1e D. 1 (Cont. )
0.3

al,rk

-4.102Ð,-02
-7.9 718-01
-1.1308-C1
-?,32lE-01
- 5. 5 LsE-02

2.7Ll8-03
-4.1918-01
-9.BsLE-02
-8.43C8-02
I.L27E.TT
4 . s9 9E-02
2.7LgE-01
3.07 3E-0 3
1.4578-02

-1.6858-02
1.106E-01
3.3948-02

uLTk

.999E- C 3

.311E-01

.31_LE-0 2

.L338-02

.s77E-02
2.0768-01

99.0 s0E-02
I.323E-0I
L . 43LE-0 2

1.958F.-02
-9.202Ë,-03

,6 7,9F.-0 2
.rJ 84F.-0 2

.L0 3E- C 2

.391E-01

.333r'- A 2

. 7198- 0 1

tJ ãt z't.

-4.58?¡E-02
-4.208Ë-02
1.512F,-iL
3.5398-03
4.590F'-02

- B.C 26F'-0L
9.7e78-C4
2

1
I
1
2
q

9
4

2

.1608-01

. Cfi lE-
,0 7 8E-
.7 478-
.6 80 E-
.56 2E-
.37 7Ei-
. 51i.8-
.7 378-
.1588-01

uiSk

- 81359c,l-02
L.727Ð-01

-9.11S8-C1
6.ZLsE-05

- 2 ,,îj7 7n- 0 2
- i¿ 17fìFr-01
-i.1î18-01
-tr.869E-02

4.280F'-02
-4.584E-A2

1.5CóE-01
-3.5621i-02

z ,56 3E- 0l.
3.6288-C)2
7 .9 26ii-D 2

-6.173F,-03
- 5.99 BE-02

1
z
5

^
5
l¿

7
ô

9
10
11
LZ
13
1,4
15
16
L7

01
ÚL
02
02
02
02
01
02

â.*15k

-6.5698-02
- 3.6 568-01
- 1.432E-01
-1.0528-01

3.3668-02
- 5.56 gE-02

8.4058-01
-1.418E-0I

1.555E-01
4.47 8E,0 2
7.?.32F.-02
!.235E- 0 I
6.0578-03

-9.530F'-02
2.707E.-02

-2 .0 87E- 0 1
2.355E-02

R-oots

¡J

I
?

3
4
5

6
7
ôo
9

10
L1
T2
13
14
15
16
L7

(^j) 3 .0 1.18- 0 3 9.,196E-04 7 ,767F'-0 4

L¡

-1
o

-2
1

5
1I

-1
-1
-1
-1

Roots (r
J
) 4.57 7!i- 0 4 2 .990 E- 0 4



Table Ð.1. (c.ont.

¡J

Ð. 4.

- 2.406 E- 0 I
3.538F'-02
3 .L388- C 1
1.4018-01
'¿ .4388-0 2

-ó .50 ,E-C2
-4.897E.-02

L.043E-01
4.4IÐE-01
1.5598-01
1.5938-01
7.17L8-02
7.0?,28-0L

-z.3268-0r
3.1s88-02
2 .2828- 0 L

.)-'sk

o1r,

)

(b) Tïnper Area Sanples.

u 
zl.-

I
2

3
4
5

6
7

f)

9
10
11
T2
T3
L4
1s
15

Roots

''. i
,T\

I
2
3
t!
q

ó
7
õ()

9
10
11
I2
13
lrl
1s
16

I ,9 71r:- î 1
2 .C 718- C l-

-4.1ó9î,-03
- 2. /i3Iil- il1
-3.79?,F.-D1
3.)55ii-33
1. 36 ,:1i,- 11
4.274E-02

-2.254r-C1
6 .3448-C 1
B.3.s7E-)2
z.J31E-01
4 .99 ?E-C 2

1.5 5eE- C 1
2 .091.1ì- 0 1
3.4?. B:i- 0 1

4
I
2
2
Ã

Lþ

4
z

.9 26 E-
)AET}-

.9 10 E-

.5 1 3Ii-

.6 1 .58-

.51.XE-C1

.7,1L:!,-û2
1."i93-c-C1
6.67gjj-t2

- 2.L+4ll- I l
1.9498-01

-2.J-25Li-01
6 ,37 1E-J 2

-1.91,1E-01
-5.1;65E-11

7.852L-C?

-+.,+59E-01
-1.I,i'lI-û1
- 3.59 2y,-0 2

2.05e8-01
-6.1î168-01
1.8918-01
I .1-4 2E- 0 1
1.40 /iE-02

-1.8048-01
.Z.3B2E-OI
-3.835Ë-01
- 7 .IC,IE-02

4.3228- C 2
-1.662r.-0L

7. .XBSE-02
2.,+25Ë- 0 t

o3k

4.6578-02
-1.0598-01

9 . E4IE-0 2

8.734F.-02
1.153E-01
4.9858-02
1.937E-01

-3.178F'-02
-2.344F'-0I
-,1.310E-01

2. ELSE- 0 I
7 .39 LE-0 4
2 ,544E- 0 1
6 .3378- 0 I
4,76I8-02
3. 5 5BE-0 1

aók

2.9 418- 01
-7.J768-J2
- L.2 4ó E- 01

3.914E-C1
- !'Ì . g L:58-0 Z

r.0zsE-01
-2,532F.-02

2.0 zTE-0L
4.ss?E-01

-I.36 gE-0 I
6.C4tlB-}2
2.6208-01

-3.053E-01
1.487F,-02
5.ZZZE-0I
I.3208-01

(Àj )i.1lsË-0a 7. i08E-01 4.6r28-0L

,L A1-

01
J2
12
02
01

Roots (À j ) 1.9.,1,i8-01 1.5548-01 7,8408-02



1
2
5
r\
c

¿.
U

7

ó

9
1C

11
I2
13
1¡l
15
1ó

Roots (À

¡j

15
T6

o7L

- 2.45 2E-0L
5.A22t,-t3

-5.28lt-C2
9.720E-0,1

-9.39L8-02
E.797E-0Z
L.27qjj-C1

-2.2838-01
5.353E-01
2.0r'r) E- rJ I
1.1_17E-01

-2.9C78-CL
-3.5558-01

2.959i1-Ì1
-3.7398-01

2.67itE-01-

1.139E-01
-1.9758-01
9.8458-02

-2.25,18-01
- 1. 3118- 0 1

3.BglE-01
- 9 . 142F'-02
- 5. 5 238-01
-1.33CF'-02
-3.295E-02

4.L4 5E- 01
- 4. 5698- 0 1
s.15IE-02

- 2.49 3E- 01
3,7068-01

- 5 .7 I28-0 2

2.2868-02

ul 
zL

-4.BC2E-01
- 1.1438-0I

3.8548-A2
4.2798-CZ
3.5418-)Z

-6.04s8-01
-7.8I4F,-02
L.244E-0r

-L.7298-01
ó.9548-

.5 B8E-

.143E-

. BZCE-
-3.96?,F.-02

3.1318-01
,x .2)gE- 0 2

Tab le Ð. 1 . (Cont) .

¡j

0,5

n'Bk

6 .4.5 5E-A2
.22,1n- j Z

.4818-01

.6tcE-01

.9128-C1

.3558-0 1

. 5128- 0 1

.2368- C 2

L.I46E-Cl
-2.4008-01
-3.0388-01
- l.c 27F'-0r
-7.6248-02
-2.2ù6E-01

1. 4588- 0 1
5.4978-01

*1lk

- 1. 8 268- CL
2.BsgE-01
,! .6 LAE- 0 2

-5.907ìr-01
-2.94qtE-01
-7,DTIE-02
-9.9s5E-02
-3.12lE-01
1.9468-01

-s.6318-C1
2.Iri6 E- 01
"s.3598-01

- 3.490F.-0 2

1.45I8-n2
- L ,36 2E-0 2

-L.'Ð168-01.

u9k

-1
-1
-5

2
-1

1

) s.2)9î,-t2 3.s778-C2l
nrok

I
2
3
A

5
6
7
r)

I
10

3 .7 4?,8- 12
1.C80E-01
2 .L718- C 2
3.L7 lE-C I
2,L898-',11
1,,+79 E- 0l-
6 .39 LE- ,l 2
2 ,5728- JI
2.BIsE-01
6 .7,1.28- I s
z.9L7Ti-0L
2.í-t06I-01
z.2z7i-0I
4.6748-e1
z.7,9eE-01
5.gq3E-cI

1l
T2
13
L4

3
-1
-2

02
01
01
01

P.oots (l
J
) 1.,1í36F,-02 s.z49E-03 4.8998-03



6Ð a

Table Ð.1. (Cont).

tcJ ulsi. nr,lk

4. 41 7E-02
5.2738-0L
4 ,0918- 0 I
8.6978-DZ
5.91+18- 0 2

-9.6 glB-02
6 .2298-)r

- 5,0 sBE-02
5. 389E- C 2

- 1.00 7E- 0 1
-9.4048-02
- 2.1768-01
-8.3438-02
-9.8928-AZ

1.9408-01
-L,3448-01

ul5k

- 2.1978-02
6.s69E-01

-5.494E-01
1.8508-01

-2.Ll18-02
-?.734E.-03
- 2.999E- 0 I
-2.8598-03
-6 .46 BE-0 2
-9.263E-02
9.942F.-02

- 3.0 188- 0 1
1.4358-01
5.0gzE-02
5,967F,-02
4 .16 3E-02

1
2
3
4
5
6
7
r)
(.)

9
10
11
L2
13
L4
15
l6

1
2

3
4
5

6
7
o()

9
10
1.1
L2
13
L4
15
16

-1.597E-01
1.167E-01
3.2898-Ð2

-2.3i.48-01
- 2 .37 3E-0 Z

1. .0 22F.- Cr
9.385íi-02
7 .,159]i,-|'L

-2.2148-02
-9 .C B5E- 0 2

3,325 E- 01-
-L.267F'-02
-I.?,958-01
- 8 .0 B5E-0 2
- L.76 2E-01
-5.7LgF,-02

Roots fÀ .'l
¡j

) 4. 86 4E- 0 3 7 .42e8-0 4 4. B0 2E-02

"1ok

-6.2L98-02
-2.2468-01
-6.46 5E-01
- 5.7878-02

4 .2438-0 2
- s.6 448-02

6 .286 E- 01
-6.9878-0?,

4.7968-02
3.3778-02
1.5798-01
L.0 428- 01

,76 2E- 0L
,22L8-OL
.0 3zE-0 2

.8388-01

1
-1

2
-1

Roots (À
J
) 1.8148-04
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