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Co Computer Recagnztxon of Totally Unconstraxned '
= Y Handwr1tten ZIP Codes .

\'Pervaz Ahmed Ph D.

Concord1a Un;versxty, 1986 ‘} .

>

Techn1ques for the recognxtion of total uacoﬁStrained‘ﬂ]ﬂ

(8540 . numerals) ‘bf* re a1 lee Postal zIP code samplee,

_Dxfferent approaches, 1nc1ud1ng statxstlcal structurel and

g hybrld are developed and their performance measured.

()

v

The use gﬁ. extended characterxst1c loci codes with

statzStzcal approach as a. front end recOgn}Zer and/bredlctOr

' predzctzon capabzl;ty of this approach lies in the 1nter:flx

=3

‘handwritten numerals’ are. developed and tested on a large setf"

"of an; unknoun character has been 1nvest1qated The - expecteat'

(90% 100%). Its recogn1t1on relxab111ty ~ranges, in the'

1nterva1 (88 55%, 89.02%)[~w1th,substztutiop\apd rejection

. rates’ ‘between . (10.40%,10.85%)  and < (5.23%, 5.328) .

J;respectively,‘*‘ P

\'

' N f
“ a H -
. A .

A new appxoach to.define .and extract struetural features ‘

A

p

B z .
based on edge t&fjicf atlon Qae been 1mplemented. Shapes,

ple caV1t1es and end" points, are used as

sttuctural features and the’ relat1ona1 data-model is" used as

¢topll to organ;ze the 1nformat1on related to each shape.,_



e s A

‘ respectzvely. ,

-

Fubthermoie;‘T': fuzzy set. theorstic technigue  has “been’
e

.developed for the 1dent1f1catzon of unknown characters, * The

structural app:oach is used as a back end recognizer, and

Nthe unknovn charactets ara 1dentif1ed by 1néorporat1ng the'

;
pred1cted , 1nformat1on. :gs vell as ‘the structural

f'identxfzcat1on score. ' Its recognztxon rel:abxlzty lies in

.the xnterval (99 06%,«39 8%) v;ég;¥ubst:tutxon and reaectxon
Y

.rates betueen (0.18%. 0. }  and (7. 13% 22 48%)

3
x
0y,
i

In the chybrid approach ' unknovn characters | afe o
'Jdent1f1ed e1ther by the statxstxcal approach‘or structural

[approach Characters Wlth strong pred1otions (hormal

'characters) are, recogn1zed by the stat1st1ca1 approach and
' those thh(weak pred1ctxons (abnormal \characters) by the
‘structural approach, Us:ng this approach one of the many .

’possiblé Eo@binat16057 of the' statzstzcal and structural

‘rsépgnition 'scﬁemes has been investigated, and its;
récognitigﬁ relzab111ty improved to . the. xnterval

{95. 94%, 96, 29%) with subsf“éutxon and reject1on rates

‘:{between (3'45$,'3.96%) and (2.36%, 7. 01%) respect1vely..

- Image processing ° (enhancement, binarization  and

“”~s§ngﬁtationl téchniques wvere also developed to obtain

sui 'le ‘binary c@agacters ftom the raw images of the 2IP
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o . Chapter 1 .

\ Introduction

' . . -
o

"The“qeed of an interconnected society - with instant

¥ast amounts of data'is’ one of the challenges of

our modern soc:ety. Thas need can onl§ be fulf;lled if ' all

data that already exxst and that are be1ng generated using

om

tools, such as typewrzters “and pens on a non-electronic“
storage medxum are transcrlbed to some electron1c storage‘

medxa. Thxs has created demands 'fok new \technzques to'

-

generate, acquire, transmit, store, access, and present

symbols that represent inpformation. From‘the’onset qf data

proce551ng, the design of an efficient tool to capture data’

. at’ 1ts source has been a topit of extensive research,

,,Exzstence of a varlety of ‘data entry devices are the result

of this ongoxng effort.. The design of effic1ent feadlng f(

machines  is also an effort in the same direct{on, These

machines. are | required to transcribe ° existing’

”non-electronic‘ : form of data onto electronic,gmedie.

Examples of 1mportant exlst1ng data include books, reseerch»‘

journals,  records ?tF', The reading ability of machines not.'

merely.provides,a solucion to the;daﬁa entry problems“\ it

-



FRR A e - e

" il ' information had risen over the past twenty years £romi"' Y

y,

o . - . oy 3

“«aiso gives. a" very flexzble, and econom1c means’ “to use
’ »computers to - solve current real life problemst ‘sucﬁ’ ésf

“\ automatxc ma11 sortzng, processzng ot cheques, account

sheets transactxon statements and many" more business and:1'.

SCientlflc applxcatlons (Chattan and Teacher {1962]; Focht}"‘“'

and Burger [1976]) Current aavances 1n offxce automat1on

and rlsxqg data entry costs have created more than ever the

¢

need to de51gn a relxable “and effzczent read1ng machxne.

Applzcat1ons of such mach1nes in of£1ces of tbmorrow where-
N .

offxce workers wzll be - equzp ed J*fhywork stataons (a sxngle'

"‘.
L

-

mu1t1ple purpose term1na1) nnot be avoided.‘ Fu:the;mqrei‘

the cost<ieffectxveness of‘ these ; machines in  such

env1ronments 1s very well realxzed in a survey ent1t1ed "OCR .

- In the Age of Inftant ResponSe presented.xp.schantz [1982],

. which states: - ' = - ', g

. ",.. . The cost to process one miilioﬁ' bytes of . - .7

-+ information had declined sharply, from about ' $40 to '

‘ only four cents. The cost for storzng one mzllxon BT
bytes of information for one month had dropped from . '

$64 to §1.80. _ And, data processing hardware cost had - N [“"‘ a
dxpped by more than 15 percent sgince 1977. However, - . .. . . "

" also since 1977, data entry procellxng costs had also .. .|+ '

increased by approximately 14 percent yearly, and the . . .= . IX';Z:'

.cost to manually enter one million characters .of - - .

“_, 5300 to more than $650 "o ‘ L CLo e

" ) * T " %
. L 1 \

LR . e Y

areas of patﬁern recpgn ' n, 1mage processzng, and hardware.

ldesxgn. The ba51c components of a readxng machlne are shown

in F1g 1. 1 1t cons;sts of .an’ optlcal . scanner,t‘ a

i “".'

.- Design of.a reading méchihe Eeqdires knodledgeffrem the



.. ! ° ' : - ) ‘ ) ’ ‘

' . i 3 - . » M v
,/\ oo ' K ' . . : oA
" ‘ - . ' ) “ - ‘1~ N ¢ . ' B ' '

R ETURTIRRE : preprocessin%"modsle,':a' feature ;gftractxon module and a Lo
f - -.‘_‘ S classzf1catlon module. Us;ng the optxcal scanner the ’

document to be _read is scanned and a d1gztal 1mage of the f o ;;f

<

document is sent to the preprocessxng module. Functions of

¥

"i'i' oL thls module are 1mage qhal:ty 1mprovement and segmentation
SR .\'.:;\ (extract1on of images of 1ddivzdual characters) Images  of

o ' S the” Segmented characters are sent to the feature extraction ' 5

-

o module . where - features useful ' tor- class1f1cat1on are .
. a . o TN '
i extracted. Using these features -and some classzfxcatron A /

» | procedure, xnd1vxdua1 characters are recogn1zed or reJected o
i ' - ; Over -the past three decades con51derable attentxon has been /
| - paid to th;s challengxng problem with each module be:ng a . /
0 - \”"\ teSearch subject - itself. Researchers . from varzous )// .

- dzsc1p11nes~ such as englneerlng, mathematlcs and compute;;

_science are cont1nuous1y try1ng to provzde better so;utidﬁs , —

"y i -
g . . [
L

3\" o nr; ‘i- to the problems arising in .each module.' —Cont}ﬁued
? enhanCement of the ‘capabindties of each module has made
"; S possxble the development of readlng machznes with lxmeted‘ " ;.
i : oo :" capabxhpes.~ The historical development of some of these:
| machines, covering the per1od from '1800 to 1980 are ‘:'
Lo o . .-? e“ presented in Schantz [1982]. An}exhaustzve survey cover:ng : ‘:5]'
'-.>, majog recognition techniqdes\ thezr comparat:ve’ performance..' 1@9\%

analysis and recommendatlons for futute research d1rectzons ' “f

SR :.x:‘x can be found 1n Suen et al (1980}. « . - S : ;V O

LY ". N -‘ . ‘. N v ‘. ‘o - "- 1
L L . _ e S ot A

KD angs

. :i&ﬁ;g}ge_
.
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101 objeciives'of th{§§kesé§rbh.f

The prxme ob:ectxve of thxs tesearch i's the development

of . a model of a’ machxne capable of reading totally -

‘ unconStrained hanthztten numerals.‘ Observed variations in

shapes and s1zes establxshed the need for the development of
a generalzzed sttuctural feature\éxgiiff:ggjscheme and a two
'htage (predzct1on and ‘structural). classification scheme

- presenteé :n Chapters three and' fivé .respectively. It

\

Should be noted that unlxke the recognltxon of type wr1tten

- or constrained handwratten characters, thxs is nat just a .10
class recognltaon problem.l W1th1n a class Sample to sample'

varzap1ons in shapes,' sizes,l th;ckness -and - orientatlons\

éfé., make this”, problem very complgx and chailenglng (See

Fig. 1.2 and Appendzx B)

‘1.2 Proposed Rec‘ognﬁ\tié’n Scheme

-Character recogpition‘(in beneral pa:tern recognztion)

»

-schemes can be characterized -on the basxs of the type of

- features and classification methods used. Features are'

generally grouped into the statistical (numérical . or
quantltatzve) and the structuralw (qualitatsve, i.e.,
‘tepresentxng the structure of patterné) groups and widely

used classification methods are "mathematical, statistical,

grammat1cal graph theoretic and heuristic. Generally -

)

speaklng, numer;cal features are used ei@heéj in *'they‘



"mathematical or statistical methods and the' Sﬁnudﬁuraii'

features ip, other methqu.7°Bxpéﬂﬁéhce shows that 'scheméél‘ ;‘ R
based on either numcricél or structutal featutes may not . oy
" "provide an adequate solut1on to problems Aiﬁ _real-llfe-. | yot
‘ applications such ’ as - cheu recqgn1tlon ;of tatally ‘ ,
unconstrained handwritten chaéactc}s o; symbols (Kanal and T 1
. Chandrasekran  [1972]; Duerr et al [1980]). . In 'Eﬁis L s
research, based on nev statistical'and struciurél features,s ;K;;“‘
recognition schemes ar developed and thexr perfcmances are ‘c
E a;gix;edy Based oé the perforqance, analysxc a' method to /
combine these schemes is cxplored. L , » ‘:"»ﬁ ' /‘,

J;

~ v . K

In this study, . stat:stical features are przmar;ly used -

f o, P

-~ ¢ !

to predxct the 1dent1ty of an Unknown character and thxs ib*

A for R "‘V . A
referred. tgﬁ as the’ pred;ct:qn module 16 subsequent L,
" . R T, pL r i A '

o discussions. The need for such a module arose, OW1nq to. the C ‘”,

o

pﬁenoméﬁon of 1n£1n1te variety, of charactets, for example a, c'.‘“‘:

11ne can be drawn on a surface in 1nf1n1te ways.x Szmxlarly,“u. S

1n an unconstrained ehvzronmeht, a character can be formed ‘fo

. B o

in many ways, thus, 1t is vzrtually impossxble to ehumerate

(manuglly) the numbér ,oflsubclasses w1th19;acc}ass, Th;s .";5Zi,?b”"
"mbaulevidentifies an unknoun pattern as a . member- of; sopg.f.
.érobable grcupl and provides a basis for 6pfa§ﬁiﬁg;thé'
subclasses in the context of ‘the predlct1ons. For exdﬁpié ?#:fuﬁ";:u
"555 sample belongzng to ar class, say "x", unlquely pred ted ‘§F J1££1

B AR

eé hx" i con51dered as a normal (gompletely dszerent fFom e




¥
¥
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¥
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-

P Y & RS

:,. of abnormallty is judged by the' number of Varyxng” ,

7

Y

‘a class obtained from the database.

> . ' - M o
a

other classes) sample. Samples havxng dlfferent predzctlons

e

are con51dered as- dub1ous or abnormal samples. ‘The' degtee

predxct1ons and prov:des useful 1nformat1on for the qual1ty
. e

assesmentaeqf phe underlyxng patterns. The performance of -

PRUATERY

-14-"’ ’
this moduie 1nvolvxng dxfferent cases of predxctuons, such

as ”an' unkhown pattern belqng1ng*to-a unzgue class pr more,f'f

than one class (maxxmum fxve classes) is studxed

pred1cted -as a member of- more than f1ve classes.

. Ty
g ' .
. N

‘ con51dered as bad samples and rejected o .

. holes and end poxnts occurring "in_ d1f£erent loaatlons

-used in the structural_scheme. A new approach to deflne ‘and o

:database ﬁodel‘ is used

~'The structural -features represent;i;fvsézji'fsndamentai L

o shapes sﬁch~' . cavities \with different c

[

. e . . -
-extract these featutes is developed. . The

’

contr1buted by these fundamental shapes. Based on che fuzer_
set theory (Zadeh [1965]; Deluda\and‘Termini [1972]; Deluca: '

’_aad Capocelli [1973]; - KRaufmann [1975]}) a"classiilcation

‘scheme is . implemented. The salient feature'bf;this scheme

7o

-

is the concept of ideal and nonideal prototypes which can be

'dynamlcally defined on the basis of tﬁé shape information,

extracted from the unknown pattern and its relevance towards

L3

A function of the fuzzy

distances of an unknown pattern from the ideal and nonideal"

Patterns ;

.are ;7

ractetistics[ :

are: ’
are:,

as a tool to-organize infotrmation -

relatxonal_»,'




N ."based on. the structural feature§ In addit1on, it has been

T f‘~;'""~ ;f "_the ~predzct1on | module ‘1tself and Samples with weak

e processed at'a hlgher speed R ffftf j‘wf

. . e, - to ‘ - o A P .
[ . . Lo . R ' T, L 'Y . , l.ﬁ ""—” R ';‘ o,
e .1.330ut11ne of the Thesis..' - & ~
o 2 ' .‘ ’ oo ; “ P D B ) T /
, e Except the. .desidn';o£f~scanning'-devfces, this thesis

“module carries sqpstantial 1ndependent research emphast,

’ . . . )
the literature survey related to each module 'is’ “included

‘ " along with.the relevant chapters. Preprocessing technigues,
- N N . o i * o N “ - PR v ta
~. . , “ - “ N “ X a » . L .
- N . ')' PN ’1 "’1 ‘ -~
4 - L, . Q\ ' -
> . ‘ e : e
.« -VA“ . . ‘f” . B {’ .

- ' 'orototyées{is used.rovcbmpute'the’dnaraoteristio'membership.
ﬁ'¥:3 © ,f o 1Usin§‘ rhe 'charagterisric membersh1p *and.. predictions-
‘g . ® . patterns are classified. In subseqUent discuskions this
A S x _ .
2 : " scheme is‘referred to as the_strdctural module,
¥ ,:i‘.'~ﬂ"{ ;fa "f, Generally Bpeaklng* compared to’structural features, the
,,~? f’fiﬁ»f,‘ §v,,;extractzon . of . «statzstxcal features is _easy and fast.‘
g‘é , :‘ff ﬁe';{ﬂ:However, in the presence of drstortions,_‘schemes based’ on .
i/vi ‘ .;ﬁ:?ilxljj,tpq‘ stat1st1cal featqres are less relxahle than the schiemes
I R .

Cog 34—‘exper1enced ‘that structural analysxs ofl the- normal samples

e (samples with high' pred1ct1ons) \msv redundantu . A -scheme
I . termed -as the} ‘hybrid sch is. studxed._ In the-hygrid‘
L e scheme, samples with strong Eredxctlons are reoognized~‘in

,ﬁpredzctlons are processed by the structural moduLe.‘ "The -

TR ”‘rf".lt advantage ‘% ‘this Scheme 1s that the normal samples cam be'

addresses the problems faced by every module of a readingj: e

‘:}%ﬁ‘ RS machlne operating in a real 11fe enV1ronment. S1nce each,
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and. segmentation
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research are presented "in Chapter ﬁdo.‘ A nev .a

def:ne and extraot the‘.structural features 'and

approach to bxf% t the cbaracter1st1c loc1 ieatu

as the stat1st1cal feature are presented*zn chapt

-

technlques are.cbaracterzzed in Ch

techn1ques,i namely

- and “Itructural ,modules are: dlscussed in

Find1ngs of thls study ang 1nformataon ‘about! the

;'are ’presented .1n Chapter six. Flnally,,the perf

thefsystem an& exten51on of thls study for ‘Eutu:g
“are kxam1ned in Chaptéf seVen. , '

». . I ’- Lo y
’Vi;i-feﬁiinats“‘}'ﬁy, S U
The‘ proposed~ recognxtion scheme was tested’

unconstraxned handwrltten ZIP code data qollected

~ e

~vdead letxer‘ envelopes

\bY

ifferent 1ocations was chosen.

3 @Iw-*

Th:s data set ref

'true state of nature, and has been~
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very
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.:a such as the deszgn of a dzgztal document
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. . Chapter-2- =

-] o X ‘ !
\_‘ N L " . .
Preprocessing. . , .
2,1 Intgoduction
Preprocessing® is an important part of a ‘pattern

' system, ,The performanee and:teiiapiiity of the
vhele reéogﬁition system heavily depmnd?on

pthe preprocessed 1mage.' Dur1ng the past few decades lots of

'research work in character recognitzon were centered around..

l\

the development of . good feature extractxon, feature

‘select1on and classxf1catxon methods..- Generally‘ speaking,

some 'researcherS‘ in charadter' recogn1t1on applacations
;aasume the existence of neat, -clean and well defzned
pattern--the preptocvgslng 'steps are either 1gnored or -

o merely discussed to the extent of the “salt-pepper" (random)

nomge 'removal.
l patt of ﬂlgltal 1mage processzng.

Aof a recognztlon

‘o

and yachlﬁe sortxng of handwrxtten envelopes etc. needs an

j'oeffacrent preprocessor to meet the real world Standards.

the quaI1ty of

In fact, the development*'-
system to solve the reaxrlzfe problems,’

processzng system.

SQmehow th:s problem was cons;dered as a -

"
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In Ehzs research mult1 gray valued digital 2IP. code

ihages are used.- The preprocessinb steps required ffo

representvthe constxtuents of each ZIP code 1mage in a form

o

suztable to the recogn1tlon stage are. b1na¥1zatzon, n01se'

4

clean1ng and segmentat1on. A detalled descrxpt1on 'of -the"’

techn1ques 1mplemented 1n .th:s gtudy is presented 1n~thej

' ¢ NV T S . S
vfollpw1ng section, . Sy S » o
) K . ” I v ’,. - i . . -
. 2.2 Binarization gt o

The purpoée of b1nar12at1on 1s to transform a multx-gray .

' t,

level 1mage 1ntb ‘a. two level -1mage uhere one’ " level

represents the background regzonj and the ~other ‘1eoe13-

-

represents

»

,process anvolves the selectzon of a.-gray level threshcld "t"'f;’
such that all gray levels greiter than "t"’are mapped 1nto]f
the “object" label (ggnerally denoted by 1), and all others

1ess than'<"t“ “are . mapped 1nto the '“background" label E

(denoted by 0)

‘::value o: "t" are called “threshold selectzon techniques“ 1n 3~fﬁ

1mage processzng. ,,‘fﬁ v-g : _,f??“ﬁ 1 "‘;;., e A

In a survey oh threshold:ng techn;ques, Weszka [4;783

def1ned a threshold operator as a functlon "T“ of the form

the obJect regzon, .Thus, theé b1nar1zatxoni'

Technlques used to select the approprxate'
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"'are un1moda1 or the vaile&s are insigdificant.'-Thereforé,

. generally fall 1nto three categor1es- (1) global--where T

’ Each'of‘these técﬁn@gues_is 5r1efly discussed below.

‘those cases where ‘the object area'is unknown or varies

image¥tejimage. : véfiation5‘ of fhis'hethod and some other
"’valleys of. the h1stogram can be seen in (Pal et al [1983]

'Pal ana K1ng [1981]' Pun [1980]).

,valleys which in turn depends on the d1str1but10n of gray’

:jh1stogram modiflcatlon methods ‘were developed.to modify tﬁg

o

cofordinateé (x,y), and.N(x;y).dehotes’seme'ylocal bfoperﬁy
of the pdint (x,y), such as average.gray 1evel‘o§ef some

neighbdrhood., Fort each ‘point {(x,y) iﬁ an'iimaqe‘ ‘if

E g(x,y) >. y(x, y, N(x, y);>g(x ,¥)) then the‘,poiqti (i,y) is

: labeled as an object po nt; othervise, the point .(x,f) is /

labeled as é background point. Thresholdxng technxques I

depends only on g(x,y), (2) 1oca1--where "T" depends on both
glx,y) and N(x,y), and (3) dynamxc~-where "T" depends on the

7

chotdznate. values. x, _y as well as on g(x,y) and N(x,y)¢

' - . ‘ ~ - “

‘The'giebal techniqueé‘reduire eh analysis ef‘the_imege's
‘gray ‘level h15togram.e The simﬁlesﬁ global techniqﬁe ié'a"l“
rp-tile method whlch arb;trarxly puts a% of the gray ' level

1nto the object label. ) Thzs\method is ‘not applzcable to'

from

like ’"in,ode", méthods which éhocse ‘the . threshold. ‘at t

The ?mode“' method depends on,'tﬁe ex1stence of the .

3

*:'1evels in an image. - Exper1ence shows that often h1stograms
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-.original histogram into some de;ired:sﬁape (Gbnhalez:and

; obta1n the local thresholds (Rosenfeld<and Smith [1981], Lee'
" [19801; panda [1978]). '

‘paul [19771), and use of ioca} statistics is explored to

In some apblications' where gray-level ‘histogramé are

* unimodal 6: the valleys are 1nsxgn1f1cant, a sxngle global

uﬁhreshold may not satisfactorily work So dynamxc threshold"

selection technlques vere developed In dynamic threshold

IseIecfion techniques the ‘histograms of dnfferent reg;ons are

used to select the appropriate  threshold for- the

cor;espoﬁding regions in an image (White and’Rohrer [1983]).

appl"atioﬁs such as ‘ZIP code iprocessing (same is
true for digital document processing), where the gray {evel

distribution varies from image to image ‘and whthin image, a,

single glgbal‘ threshold. hardly produces  an’ acceptable

o Biharized image. To dvercome this - a . method whlch

. , i

qingor'porates the local as well as global statistics has been

- developed in this research. This method is ' formaliy

-'described in the next section,

"i,i,l'a Region Growing Approach to Threshold Seleéction

s

An iterative scheme has been implemented to determine a

‘binarization threshold which produces an unbroken character

.{upto.some extent) by converting a unimodal histogram into a

'

&
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: approach: is based on the reglon growlng process (Rosenfeld
“and Kek [1976]). T S A P

global ‘threshold, an image 'is binarized and passed

is egual to e.g. 5 (expected number of digits in a ZIP

15

bimodal histogram. The number of iterationsl‘iéjfcontrolled
by computlng the’ number of objects (discussed ih,the next < .y
sectlon) 1n each ZIP code image. - The basic idea behind this ' e .

A

A Z2IP code’image" is conéidered as a matrix G(M, N) f

It

M,N>1," ‘whose row (M) and column (N) 1ndlces 1dent1fy a po1nt

(pxxel) in a ZIP code image and the correspond1ng matr:x ' -

'element value . identifies the gray level at the po1nt o

: 9y ‘ .
(i,j). For every image the hlstogram 'of‘ gray level is ‘ K

obta1ned by determining the frequency. of each gray level
For a bimodal histogram the global threshold is determxned

f ’ ' ,
at. the valley.position:and for the unxmodal case the global'» VY

threshold is determined by ;he "p-tile" method. Using this

segmentation process which counts ‘the number of

(ark regions) in an image. If the total number of

then rthe,'iﬁage is"considered as an acceptable Tmage;

otherw1se, the followlng hlstogram mod;flcatzon process is

r1nvoked.,

i
In - this ' prhcess the 1mage B3 scanned using a
. /

nonoverlapp1ng wzndow of size m x n, (m, n=5) and .a measure

‘;’of uniformity "Q" def1ned below is computed for each window

-

' area. ’ - \
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«uhere a is the gra§ level Varxance in a ,windod.,, Clearly._

the ,value of ”Q" apptoaches to 1 for a unlform regzon and ”:

1ess’than l for a nonuniform reg;on. For every nonunxform

o regxon the mxnxmum (g”w“) and the maxxmum (gmw‘) gray values

1n e‘wlndow are determzned to compute the quantxtles
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18D & Dyan then the ' averege gray value ‘inside the

/'éindoﬁ is calculated and assigned to each element 1n the

window; otherwise; the value of 9ax 15 assigned "to each

s

.. . @alement, .

“kfter eech {teretion, the Biparized image is ﬁSSSed to

© the segpentation précess,,'if a,‘signifieaht imprevemeet
:(redueed npmger of objects) is found ' then the 1mage 1s
_submitted for the next iteration; otherwise “the. ZIP . code(
*{mage is discagdedt The perforhabce of this'me;hdd is shown’
fnj'Fig ,2.1fa-d). The gray - level afstriyution of the
' 9ti§inal 'iﬁage and images obtained in ‘the subsequent

] . A -
iterations are given in the followingptable. The original
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L 2.3 Segmentatien

Segmentation is a process .to determine“the coﬁst1tuents

of' an'-image. In d1g;ta1 document proce551ng, 5 gmentatxon

1s u5ed to extract the image of the 1nd1vxdual character. ’

sze b1narxzat10n, not enough attentlon (generally test data

are generated 1n labs where writers were asked to write well

-is6lated characters) is pald to this. basic problem and
s

occasienally some segmentat1on methods along with ‘the

detaxls of recognition systems are dlscussed These methods'

w

‘'can  be roughly categorzzed as pro;ectzon based",

"pitbh—based" recogn1txon based"’ ’and “region-based"
'techniques. In the pro:ect;on based" methods the vert1ca1
projection profile of dark p01nts of each line of the text

on a horizontal line is analyzed and it is assumed that each

‘character image lies’ between two consecutive minima. The.

"pitch-based" techniques extract the character images simply
. Py 1 ‘

by computing the width of consecutive characters. These two

techniques are suitable for type-written texts. where
characters are equally s aceé and thete is a significant gap

between adjacent charactprs (Buldreay and Milbrandt [1962];
hSoltran [1957]; Hoffma.‘and MeCullough (1971]; Mivazaki and
Hoshino . [1974]) In the "recognitjon-besed" methods
segmentation is performed by recognizing a character in a
sequential scan (Hennis [1968]).  All these methods perform

satisfactorily, if the images can be isolated easily, which

L3

b4

a

.
™o
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“’{‘ recqrded.\‘ There ,are several possible approaches (congourf

. ‘ o
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00 7

haﬁdprinted‘ftexts~ ghere varietiens in handwritings (Suen

. [1973], (19741) a:e unpredxctable, the performance of these

. methods is dubxous‘ The‘"regxon ~baged” method 1s the only

alternat1ve for the segmentat;on of totaliy unconstrazned

handwrztten . charatters.. In this method the dlfferent
2.

reg:ons belong1ng 8. the character 1mages are 1dent1fmed and,’

i

‘tracxng,1 seqUentzal scannlng etc.) ,for object

segmentat1@n method has been developed. ‘The cbjeciiVe of

thxs segmentatzon method is not merely to getathe isoleced"

iméges of the constituents of a ZIP code, but, aiso to reveal

B -

sbme characteristics (touching, broken, ovetlappzng, part of .
a charactet nested under one another but not touching, etc.,

g(E1gs.2.2(a-c))), useful in .assessing the pOSSIblllty of

‘ [

processing a 2IP code. Thefperformance_}in terms of speed .

and reliability) ,of this method has been found to be

_satisfactory (Ahmed and Suen [1982]). This method is based

o

on. seguential scanning. . Every ZIP code image is scanned-

[

vertzcally from left to- rlght and bottom up. Information

\
1
i
+

‘' segmentation process. S o

o \i*\

.is true \in many ‘typewritten texts. For handwritten or .

xdentxfxcation‘ ihv this . research a region-based .

gathered in two. consecutive ‘scans is used in the-

[3)
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" explanat1on of the segmenta;ﬁ
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- 2:3.1 Preliminary Definitions - Lo s
v . B

‘Some bas1c definitions and terminologies used in ‘the

research are dxscussed in thxs Eectzon.

‘Binacy Image) : L o

. N
jor l-'a in an image G(M N). The ﬁ“ﬂ ‘component 1n the i

A *binarizeé -image is a matrxx G(M N) (M N > 1) where

each element g E@x , 1- 03 Every bznarized ;mage' censxsts

of background and object reglons. " The backgreund reéion‘is

represented by a=0\}and object regmn. by o =1,  *
Pixel Conneetiéify B :j"\,; e

. Any two pixel§ in an image‘are‘Said to -be connected, Cif

and only if .they‘are’i-connected Our experxence is thab

'8-connect1vity produces touchlng characters.

4

v

. _Compdnents L L ’ o S T

'.«~_‘_§«

A component is a connected set: of p1xels w1th a valuecx

-scan .is defxned as ST

[

k ;\ -= .‘“'.; - . o,
{%1| Bt Tt T e gLf’ a'. *)If"“
'+ for;allq €lt, PALETR & IR

s = DS L
and 9{“ gﬂ;m( - 1- afor allj €1 m;}

3
H

method. ‘developed in. this
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4coﬁponéﬁ€ tespectively., =

LA cdofdihggeg of the k"
. Component Conpectivity ’ . T B . o
« . E!k . : N , 4
Ki ~end K, , in scan i and (i-1) vith
start;ng and endang coordinates

et ), (de1,en)

Two components
i,0), (i,r)  and
respectively are sgié to<Q$ connected
if any one of the following situations occurs:

L

(a) ' ¢ ¢t & ¢ (B LUe e v _
o (e} ¢ £ t' and ¢ 4 r (@)t ¢ L andr < "

)

:.ﬁﬁ .. Connectivity Matrix v ‘ 2 . B

. i oo™ ! ! . ‘ . ' L
S L . th
" Let there be m and n components in the i and (i-1)

_scans “reépectively. A connectzvxty matrix reterred to &%’

~C-matrxx and denoted by.C(m, n) is defxned as ck‘( =1, xf

the ith cogsbnent from. the i scan is connected to the k' T

scan' otherwzs; Cyx! ™ 0. - L ,/f**\

- < IS

Lo component of the (i- 1)

'

. . - - Lo
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An obgect is a connected set-of components with thg same
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Every 6bjegtlisigésigne&[aegniqge'integer‘calléd/labél.

a 2 3, 2 Object Labell1ng and Segmenti¥ oﬁt

- v .

The object 1abe;11in'g ‘method ‘proposed here is similar

the method dzscussed in Rosenfeld and Pfaltz

Startxng tromAthe bottom left corner, every imag

column-by-column ftom bottow to " top. Informat1on4

the \start1ng and ending coordlnates of egezy component and‘

objéct label encountered at the. iu1 scan 15 recordgd' a
tuple (T (J), 3 1 3, %) where k denctes the component

regardxng .

T ————
A TR T~
1Y 0 M L v -
d , . A . P
- ﬂu B “ . R
PN ’o v . &
R ol .
s SR} . v .
W R ey Il vy - N e v vy - .
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: , .
s N -
~ . » A . 4 .
I . RN Yo :
) “‘ Bl > ' ‘.
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.7 tae v L
: . ! P .
.
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‘
.
‘ .
PR . s o L -0 S0
. -~ \ ' . N . , . .
B f " . »
- R . 5 . . o FEE . * .
" 4 47 . . ' M e \)
..Object Labels T
K A [ R . s R . - .,
- ‘ o .
-, e . . f M * .
b - ,
.

; number and the last fxeld is QSed to;‘storq .the ppapgg
I3 ' labels.~ Two llsts, R
.L{‘\: (T (J)p T (J)I'-.IIT (3)' "'l'r:“( ))‘ )‘
Cand ‘~\. ' . - .
L T ) . (4) <) 1 "k')\') B
. : (‘_‘ . ’ ':"l j r "'l ] ' R"t . t‘l J‘ : .
S e ' ' 4 v,’ ' '
of tuples, formed at the iﬁh and (1~l) 'scans are uSed £br -
Vthe ob)éct lebellxng.. Labels are assxgned by examzning the -
: ‘component connectzv;ty of lxsts L and L1~t" To establzsh ‘“j
‘ the connect1v1ty among objects, after eJ%h scan a - matrlx
is created. .
e a . “n ' . K L. o
The C—matrlx together w1th the two vectors A“,t, where ) o
©a = 5ic~ and B ' where b= Z:c :‘\are‘used to detect ?3’”' '
» k! kst “' . ‘v . R*i Rl T N S
. o o " ‘ K }‘
- - NSRRI ) S
T 'I. N \,'}.;‘ ' ? “;' N [T
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the ,scart;ng, termlnatzon, contxnUatxon spl:t and mergxng

1.

Flg.r 2 3{b) :

Ed - . N - . .
N L a2 o~
»

-

j;}i ob]ects are.’ recorded separate lzsts. These lxsts are-’

used for the"computatlon"'of the. - area, Span etc. SIn

subsequent dzscussxon these lists are denoted by Ps where 5

1s the ob;és; label.; Condxtxcns to detect the varzous~

o°
states of an cbgect and the labeliing process 1nvolved under
dszetent States of objects are d:saussed next.
N :
. ‘. : Ll 3 ' T P
; o L 3 v .
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' states ot regxons. A C-matrxx ‘and vectors A,"\ and Byn - 8t

L -
the,.i: and (i 1) ‘ scans, of J\g.'§x3(a);;aresshown in

The comg@nent coordznates belong;ng to the differeﬁt;w‘

’
\
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-V,Sta r; .‘éf; :./r.ley. ‘ ijéct‘s,_‘ '

. ' N ,\ ':

f 'Phe Value of ::1k =‘ 0 where ay, 3 A and 1 s k¢ m, implies

T N' ghé begmning ‘of a hew object bf) thp k*"" component - . .
. L R encm.mtered at tﬂe " - scani A new’ label 1s .stored 1in '
SEN e Lo ‘ ’
A 5(4) Startmg and endmg coordxnates of th1s component o ' ‘
R . o .- L » :
LR e - Care recovded in 1list Ps 'rm. ‘ e T ’ SR o
Tl s T Te.rniin‘q_t'i’on. of. 01;1 Objects AU T o 1
S [T IS The value of b i= 0 where b € B and RS < K ( n, 1mplles . \L 1‘
B f:he termnat;on ' of an exzstmg or a l;mb of a contmumg -
o T -ob)ect.”l.;i e e e 1
PR o J:ontmuation Uf 01d objects o R ,
S R . ." C Vo ‘L ! - ‘. ,
T 'rhe values ay b "i= l.‘van'd' c” : :,6 0 where ak e A and h ,‘
bk' €8 unply the contmuatwn of the Kt component from '
e the (1*1) scan to” the k component at the ;tb’ s'can. 'In X
e ,'.‘\'{,4 éhxs case, the’ label Tt 3 7(4) assocxated w1th the k' | -
A - J:omponent 1s asszgnea fo 'r: (4) The startxng and endmg L
) " A ‘ " o
- B cordmates of the k o component is: appended to the list Ps ‘\'('-) i
BN T R R L
- Gy L i H .The ~ value ‘ b > 1 where ﬁb € B 1mp11es the spht of 0
'f‘ B s obgects from the k' NS component of the (1 1) SCan. Eagh o
o S 2 ‘.np‘n--z'ero . elemenb 1\n the k‘ column of the'. C-matrix-
‘, r‘,:, ! \,\‘\/\ «/) i h - "‘ ’ - . ‘ ‘.“, |




identlﬁies anyéﬁ}iftiné objédt.‘ anﬁ.splittjng éohponebﬂ-is‘
’ljassignéd éﬁa label {of ‘the source éomponent, ihét‘is,xfo;
'evety K, 1«(\«( m, 1f ckk’ #*- 0 then label of the‘ source
.~ component T:: (4) is ass1gned to T, ¢4) and the startxng and
tﬁe'ending qébrd;nates of every spllttlng componeng k ‘arg-
‘appended‘;§;£ﬁ§ iis&'?s=1:¢n. '
R o T S
ﬁétge'of Objacts | :,-" N L

The value ak) 1 where a € A 1mp11es the merge of objects‘
from the (1 1) scan to the k" componqnb at the ith scaﬁ
;Each non-zero element in the - k" rigtuof the C-matrxx .
:g 1dent1fzes a mergzng object. In this, cas 'thel 1ahels are

jjqa551gned accord1ng to the following rules. . o
o §u1¢_1 .zf:,: é\////ff~ - . S o

: and the label of the* oldest object among the merging_
objects. ‘This can be determined by tak1ng the ‘minimum value
of all .the labels of the merging regaon, thus the oldest
’label N e min [T (4)] for 411 k'=1, Z, ‘Z..,m for’ wh;ch ,

KK,’#' 0 l ' ‘ B " _."' C ,;",." L ; . ."
Bule 2° -

‘4' Ass:gn n to Ty (4) as the label for the k”‘ component'at_f

the i "(scan and append the start1ng and end1ng coordxnates
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TR R LR Y S R P
' , '

: of thisacemponént in the list Pn.

29

7

t

LT . - e

Ruie.;

Modify'&the"labels of the'ith scan components,'thét is, .

as one of the mergxng components then assign 1 to T (4)

Rule ‘¢ S - v

Modify the 'lébeis of the merging COmbohents,Ithat is;-

for all k', lgk'¢n, if ck,g % 0 then append list ~ P, -T “g

' ',to the l;st P, and assxgn n to T_ (4).
‘ n -1

. N
. " D S

-

The labelling‘»procedur@ for a siﬁgie scan deécribed.'

the entire process is the number of object lists which

corresponds to the total number of objects in'a GIP code

'

image. The area (total number of dark p1xels) and span

(horizontal and vertlcal) of each object can be computed

from‘thesg,kfgzs, . ‘ ﬁk

1f ' the total number of seen objects is gﬁe same as the

expected number ‘of objects ("five") then the .image i3

assumed . to Dbe of ' good ‘quality and considered for'furthér”

processing;- otherwise, . .the: following ~ processes - are
¢ ' ‘o e - . " ) C

performed:

' for all Y "1¢j<m and jzk, if T (4) contains the same label

‘above is repeated during"each scan, The fjnél out;ome' of

N

1
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. touching each "other.

e 1o

of this operation was found to be poor.

- Case 11,

.etc. 'In;thxs,ca%e all ohjects having

line are dlscarded

still greater than five theh the image is submitted to

b1nar1z txon
be noted hat for any image, 1f the process of
. and segmentatron "is repeated

‘number.of times (three -times) then.that 1mage is

An example of '

some samples of -the correctly segmented 21P codes ‘are

.~ in Fig. 2.5, \Due to xhe poor gpal1ty

Case !f

Number 9£.Seen Ohjecfe is Less Than Expecteai

LY

"1f the total number of seen and expected objects differs

by one or two then it is assumed that - some objects are

The. touching objects are 1dent1f1ed

wit? the help of horizontal span, and segmentatlon _ie

perfofmedhby the "projection-based" methed. The performance

S

Number of Seen Objects Gpeatei Than Expected ‘

Bask™ - ¥
o

,e,\\\ ‘ Th:s may. happen due to--break in the 1nd:v1dual oﬁ%%ct,

"salt- pepper" noise, field’ 1ntru51on on extraneous object K
areas less _than "a° .

threshold -(10% .of the largest’ Ob]ect) are 1gnored 1f the

remaining objects are st111 greq;er thar five; then all the

objects, ' spanning along. the top and bottom borders .and any

other objects not spanning vert1cally through the med1a1
"1f the number'of remaxnxng objects is
‘th'e -
process,'otherwxse, it is accepted It should

b1narlzat1on
“for more than the specified

dlscarded

a dzscarded 1mage is shown 1n Flg. 2.4 and

shown

of the 2IP code .
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‘1mages, appvox1mately 40% of -the ZIP odes vere. dlscarded.

Ftom these dlscarded ZIP codes sonte useful character 1mages

~o

‘yere’manually extracted. 98% of the processable 2IP. codes

were correctly segmented. The major sources bf‘segmentation

errors vere ‘the acceptance of some extraneous ‘objects (field’ T

1ntruszons, ink spatters etc.) as character 1mages and

.

fa1lure in 1dent1£y1ng the touchlng characters., \ e
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L R S Feature Deflnxtlon Extractxon and e L
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R N Knowledge Organtzatxon S e e o . )
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N i T U e T e e
' © 3,1 Intreduction 0 o . L S e S s T
v T k . . ,‘ . - . - . .o E ., ", “'Q el - . . ) ) . . o
; . '?' " The. performance of a_recognition systen “(in terms of ,“ T
! " ’ ‘ ! ' N S
v S speed and rel1abzl1ty) hlghly*depends on, “the feature quallty L
i ‘ i
[EIEE .. “and feature extract1on algorxthms. Furthermore recognxtxon
R technlques vary wxdely accordang to the feature def1n1tzon,
TR CL feature select1on, the way these features are extracted and S Lo
AR . 4 '

o ;~' n the class1f1¢at1on 5chemes (S en et al [1980]) For the: ,;,i'

\ i ‘spec1a1 appl;cat10n,~ ‘'such as ,the development of the“
e , E .(‘ B - . - - T Ve e et
| RARTEE character recognltion lsystem some cr1ter1a have been laid - 0 0
: : to measure the QUalzty of features. .Suen et al [1980], have e 'fA7

suggested . two, ba51c cr1ter1a. A1) sensxtxv;ty to fbe \ . t, f

. i . deformat1on (no1se, d1stortxon, style var1atzon translation "V.Z{;
R ﬁj\h} Axw~and'1rotat1on) of ‘a. character 1mage and’ (2) . practlcal :;f.;‘:‘:ftf”
| | inplementation of a feature- emacnm techmque, whieh T b
. _ ofcourseﬂ ean" affect.~ the re11ab111ty and speed of. a - &i
“{T”? : e recognltzon system. These two very Qeneral crlterla are notV_ 'K};f;\{u ;
I R ;~' e f | only applncable}%o the character patterns, but alsoxequally ;;l};LfiéA'
- Dol
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,j' Durlng the past several decades con51deria}e research -

'”has been done to def1ne and extract the good gquality

»

features (Suen [1982al; Levine [1969]). Generally speaking,

features used to solve‘a'pattern”recognition probiem can be

+

'grouped into two wide groups: numerical features and,

et .a1;¢{1967]); transformations

structuralp'feetures. Numerxcal features are generally used
to deduce the global information while . the rstructeral
A ~ ' {

features are‘_used.fto derive the ’glebal structure.of a

fpattern. In character recognition applications the use of

numericai features has been stud1ed intensively. Commonly
used numerical features are: d1str1but10n of black and white
po1nts_ in overlapp1ng or nonoverlapp1ng zohes, (Hussain et
al [1972]), moments about. a chosen point (Spanjersberg
(19741), n-tuples (Bledsoe and Browning [1959]),
characteristic loci (Knoll [1968]),® m%%ti ~-directional 1oci
(Suen [1982a]), crossing (tran51t10n§>from black to wh1te
regien aﬁd vice versa) (Doyle [1960]; Calvert [1970]),

distances of points from a referenc% point (Chen [19657; Fu

nd series  expansions
(Granlund [1972]; Andrews [1971); {Guedesen [1976]; Wendling

tching and. correlation

¥

and Stamon [19751); and template

coeffecients (Shimura [1973]). .
~. . : '

Algorithms to extract,the numerjcal features are.easy to

implement but these features are hifhly sensitive to style

“variations, translatién and rotatioh, and do not provide. the

]

.,
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structural description of a pattern. The use of structural

features  reflecting - the, geohetrical .and topological

'propert1es of a pattern has been suggested te' account ﬁor‘ ‘
the var1at10p in, pattern ASuen [1982b]) ~ Cqﬁmonly dsed‘i.x '

- structural features -are; strokes,‘ bays (cav1t1es), ééq: f’.1,< I

f poxnte, 1ntersecttons”‘of 1ine‘ segmente,f and loops (Hunt f ',3

N

PR - [1972]; Munson [1968]; Parks et al [1974], Tou and Gonzalez’ 5
. [1872]; Watt and/Beurle [1971]; Ali and ‘Pavlidis [1977a);

nezmely. . T T T

|

P

>

'
4

*  Unlike the  numerical £eatures, exéraetibﬁ of the -

Ty structural featufes is dsz:cult. ‘De51gn of algorxthms to =

‘ xtract the structural features is . st1ll toplc jof':; 5; ok

- 1 reSearch' A scheme capable. of extract1ng the. structunal ‘, .";":;"
propertxes £rom a, pattern dis developed ‘and 1mplenented. i“f: , ': o

‘“'”1 :,~ Detaxls of th:s new scheme are presented in .section 3 %ﬁ% ' "~:’d ‘?\%

‘s

One’ of the a1ms of ‘this ‘reSearch was to study the

. performance of a combxnation of the,/Struetural_‘and " the

‘ l .
‘numerical features on the to;ally‘unconstrained handwritten ‘ oo
numeri% patterns: An extension of the mult:-dzrectxonal e
characteristic loci £eatures are 'used as the numerxcal

feature, - e O/ » S
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3,2 kﬁmeiicel‘(Sfatispicél)'reatﬁresj

"ﬁdtaily'i

_3 is _scanned
eonsisting ‘of the

S Fig.3.2.1

It has;beenfbbseried thet:even in the field data
ZIP. codes, a large

uncdnSEtaineﬂ handwrztten

percentage of samples do not vary f:om the1r standard shape

and sxzes, : They dO‘ possess some degree of cons:stencye~

B

~

on .all” the

e

The numer1cal features could

Thus appl1catxon of purely structural ana1y51s

samples is not a good choxce..

be used fop the’ faster processxng of such samples. The

>

method to extract theSe features 15 descrlbed below..

- Startzng from the top Ieft corner, every 1nput pattern'

row—by—row. At each boundary. po;nt a list

. following infdrmation'is generated, see

; *

;ike b

- Boundaryipoint'corérdineteg.

.
0

B0
. number).

-, o

. four’ regions

(row

‘a

ot

R 1
-number

o1

- ‘ - o N . '
. ‘ : ‘v - ¢
L . . T ¥ .
- . ra v - - i *
BT I L o _ o : ~ - ' 4
L . . - .
P ' . . Al

8

ahd column

Black regzdn counts xn the: north east, scuth and vest

‘admregtlons (C“.

C,, and C ).

In .ea

. - . ‘,— LY . o .
-.the counts are cpded*-no region as "0",

3

‘"1®. two regions as "2", three
i . - g * : . !

a

as

"4,

‘regions

ch

one region as’
ang

Counts more than four which ™~

as "3"

. seldom occur are set to four fét our‘application.l

" Adjacent black run length (B B,

L

er By

)

‘ north east, south and west d1rectxons. :

direction.

in tne'




v . »

-. Adjacent white fun length (W, W, W and W,) in the

- north, east, south and west directions.

z; ; ' ". * White and black run lengthstéreiquantized on f:beL scale
“ .of £0Ux:-no black or white run length as "0", short as'fi",
medium as “2",‘i$rge'as "3" and‘exéra large as "4".( In ithe .
cases of north and south direcfibns, if a run length is less
than one- fourth of the he1ght of the Dpattern then it ii
‘coded as - short; 1f 1t 11es betveen obé-fourth and hayh of ,

1

the height, it is coded as medium; if it lies between - half

otherwlse coded as. extra large.‘ stng ‘the width of a‘;~\

-

"«‘f“ . pattern,‘ 51m11ar codes areiéss1gned to the black and whxte

fﬂf\ run lengths for ‘the east .and west dlrectlons.

. L]
v \ o - .

»,./',

Flnally, us1ng thqg boundary coordznates, heiéht~7and

wxdth of the pattern, the zone numbers for boundary pozn*s :

", are calgul@ted.'iﬂach characterximage is dxvxded into 20

. .
3 A

o 1ncorporat1ng the aVerage hexght to wzdth rat1o.

\ .

Al feature values are stored in'a table of size M x 'n, y'f

{

where ‘M 15 the number of zones.and n denoteﬁ the number of

b i

L f:~features. This table is used to aeco&e the features as

O ,/‘uéixcl if the 5t featu:e takes value, k & (0 1 2, 3 4) 1n
BN - fhe'iﬂ'zcne, otherw1se it is assagned a value 0 ‘
L, o . ] T AT

, BN . o . . v‘).

- i . N . .
. T : . : e !
\ P ; - :

"and three~foUrths of the height, it . is coded as_latge: o

rows and. 15 COIUmns, thzs partxtzon1ng vas done by :
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©3,3 Shapes -and Shape Features , . _' oo

~prm:t;ves. > e e T

Coy

b 39 o

The objective of<fi;;ﬁpature definition is to- find. the

" characteristic(s) of’ Yhe . patterns which can be used to

tdistinguish'bne'pattérn from another, and shape 1is such a

characteristic. ‘The 1mportance of shape features has long’

S
U apy

been recognized ‘ in solving’ many practa;al pattetn‘
recogn1tlon ptoblems._. The~ study of shapes is an active

field in pattern recognltaon (Bribigsca ang - Guzman [19803,

‘ Mo;z and Dok {1982]; Danielsson [1978); Agradwala and

Kulkarni [1977]; Davis [1977]; Persoon and Fu ‘[1977]"-iahn

- and 'Roskiea [1972]~A Arcelli and Levzaldl [1973], [19711).

Tn the survey on charaater recognxtxon application Suen et.’

o

‘a; [1980] recommended the’ syntact;c approzﬁp aa a pqs§1b1e‘,b

solut1on to ach1eve the ‘optxmal recognitjion ‘reaulﬁ.') In

fact, the success of SUCh an approach (syntactrt/structural)

1hzgh1y depends .on . the - preczﬁeﬁ definition of - shape,
. ol » .

7
Shape is 'an” abstract concept. Thére 15 no rxgorous.

def1n1t1dh of shap lJ Br1b1esca and Guzman [1980] have
g5 - ,

/
glven the follow1ng de£1h1t1on pf a shape. ’

’.

"A shape is, what remains of a regxpn after dzscatdxng o
b Ao A .

its size, position and orzentatxon. T N ST

The above defznztlon seems to be very cloée 'to bu}",

1ntuative def:n1txon of shapes., There haVe been eff rts to

i

s
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realize such -an .abstract’ congept, Aand' technigues weré
developed to describe <hapes. Géﬁeially speaking these

techniques fall intp two major categories. <z

In the first category, vhich may be termed as the

‘%*'” s 1’stractura1‘ approach sﬁapes are. described in terms of the _

?'” . 1nter melatlonsh1ps among the bas1c oonstltuents of a 'shape o
‘ ‘%",';,' ; ; (Davxs ﬂ19775 Sﬁaw [1969]) " For example, a tectangulat:
. g' _f :] ' ‘:55 shape ‘can ‘be defxned us1ng l1ne segments and - the:r angular//
EERE "j _'?‘ relatxonskxps.- The basic cbnstztuents (pr1m1t1ves) used in

i’ % R - & ap?roach vary 'from ~-applzcat1on . to applxcat1on.

IEEREE .

wever,, Freeman s [1970] dxrectxonal codes have been w1de1y

. ‘ ‘ ~ .
o . used as pn1m1tave5u‘ C b
. .« - . | ) ‘ [ li.,‘ u,(, L
SR . o o l‘ AR Co — ‘
‘ ‘In thé aecond category, . wh1chl may Pe iéermed " as. 'the :
) |- H
- X
. " . £unctxonal apbrcach, shapes are de&étxbed‘xf Ferms of SOme"“
.‘ . !i’ 3‘1 w0t
algebraxc relatxbnsths amond séme égantatatlve me%surempnts j ]
- B - 1 { ._‘
L ’ (Zahn _ang - Ro§h1es t19‘72],4 Persbqq and Fu [1@77]w Underwood|h
i . t } u\' i
[1970]-M1nsky and Papert [1969]) or‘exambie. thé quant1tyml

) o \l ! LI L
C - i 3
P2A: , : L RS oo

1
X

P = perimeter, o ; N

.,

A= area = - Lo e

.which can. 'be used as a measure of cxrcular1ty (Dan:elsson
[1978]) when norma11zed to ua1ty. .These quantxtzes are .
often referred to as shape factors. A lxst of such shape

factors can be found in Underwood [1970].
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"3.3.i.txtracY#o; dijhape Features;‘

4 . ' SRR

4,7' Consxderable attentlon has been pald to design gdodf

.

algor1thms to extract the 'shape features. ‘Morx and Doh-

‘[19825 have classzfzed these algOr1thms 1nEb thfee' classes:f

'parallel algorzthms-~ Contour.' Eraczng algorzthms and

‘;'sequentzal tracklng algorxthms, and poznted tl that -Ehé*‘

:ﬂf1rst two approaches have problems‘ﬁn practxcal appl:cat1ons

and. the1r potentlals (speed) can only be exp101ted by uszng

handprinted characters, but unsuitable for cowplex pattgrns

such as unconst;aiQ;d handwritten chara ers.

3 [ '
The last approach was originally proposed and used b}

vRosenfeld and Pfaltz [19661 to extract blobs from a pattern,
Late§71t was used to’ extract the complex shape features such
" as concavities, end points, -area, perimeter and’moments etc.
(Shelman [1972]; -Agrawala and Kﬁlkarni: (1977); Nédler
';;'.; - [1974]); Mari aﬁd Doh [1982]).

N
L

In the seguential approach,\a pattern is either scanned

specxal purpose ‘hardware. These algorzthms are appropr1atef

"~ for s1mple patterns such as constra:ned machlne pr:nted and )

row-by-row (or dolumn—by?column) The information gathered )

during any two consecutive scans "is used to extract the

\ o

<

desired characteristics. On the «contrary in other '

L - spproaches a pattern is scanned using a windovw of a fixed
© & "< 'size. Thus, depénding on the window size, several tests are

- .
- N
e

- o
n?

—g‘af::i -
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-

requxred< for the p1xel to pxxel mcvement. ‘Furthermore, due

T \to the wundow s:ze 11m1tatxon, these approaches prov;de only

the ‘Tocal informatxonn. These factors make these approaches

\

time consuming’ and complex. Hence,' a s;mple and’ fast

sequentnl trackmg algor1thm developed for twj:pd_y is’

1 ;descrlbed in the next sectlon‘

+

’

13,4 A New Method to Extract the §ﬁaée'tedturbs ..w'_ k,ﬁ,:“

' PR o [
. d , . i

‘e

. . -, s “ . : ! 1
0 ’ §

/J

<y

Methods to extract the shape features entlrely depend on,,‘

thé‘ def1n1t1on of shapes to be extracted. Exxstxng shape L

'extract1on algorlthms (parallel -’contour ' tracing  or

sequent1al) assume the ‘existence of predefxned shapes in a-
pattern.: For example Mor1 and Doh [1982] have descr:bed

method to extract a set of cavities de£1ned in (Fig 3 §. 1).
But in pract1ca1 appl1cat1ohs.due to: 1mmense: variatxons an

patterns it is extremely difficult to percexve all poss1b1e

.shape v 1atzons in advance. Thus, any method based on the '

predefx ed shapes may not be flexlble enough 1n capturxng
the variations in unknown patterns. A pattern recognltzon
system bu;ltd%n this approach can extract only those shapes

}
Awh1ch are 1nduced during its de51gn phase. It ,nexther can

jlgarn shape variations nor can ‘update its kfiowledge in

real-time.

E3

:
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Most shape oxtractioq'aigorithms,operate in stages, -

the  §irst stage _local shape features (primirives) 'are‘\l Lo

'extracted.> In suosoqueht érages, using these orimitives or

higher lerel shapes and some shape der1vatxon rules, even

';- higher léyel shapeé are extracted. There' are several
approoches to implementi these algorxthms. Among‘the,best‘
approaches is,the';mpleméoratlon based . on. - the théory fogi 3
formal languages. Nadler [1974] doscrrﬁe& a ,ﬁethodgto,"‘

construct’'a one staéQ‘ automaton to extract the cavities
' i i i
while Mori and Doh [1982] descr:bed a two stage automaton. r

i

Though these schemes enjoy the support. of he establxshed as;f

- theory of thé formal languages and suffer 1655 conceptual SO
,r distraction--they are computat1onally expensrve aqd 16CFlthe ";X ,3 \L
support ¢f practxcal 'results, Forthermore, allhp0551ble }%" ‘ ?
. ' | .
offan automaton which ﬁ;“ arrse Iduol to“ varratzong :rl KQV)[ﬂ

cannot be perceived in advance--1t,T1got lead a system into :’: -
some indeterm1nate state. . ’ S B SH “' ”; \4!

o fr T
["51'41 ,,).,x, 5,"

;states

" For practical applxcatlons a shape extrdctfon aig6??&hm L
} t ; } . : N
must . be simple, determ1n15t1c aqd dyngm1c in! nature. To( - ‘
N » b f , ‘
i meet these requ1remeﬁts d method, ﬁased dn edge ‘ t&pe i “Jr

‘ *‘clasbzflcatzon and' the 1nhetenr telafxonsbzp betﬁeen edges L
" ‘has be;n 1nvegt1gated and '1mplementeé.H The Happroach F?:h}' L
{ 'presented he7 ‘ does not depend on a prxorz 1ntu1t1v;fshape { f }
deflnlraon, rnst;ad, 1t is exploratory 15 naturL. 'Dependxngh 7; o -
.f f uponl the scann;ng meﬁood 1t'nges the 1nhereot éhapes whxch fl _,f

y




.
. .
45 ‘ -

: const1tute the fundamental shape. Us1ng the /trequency of .
(:occurrence of these fundamental shapes in real- lee samples,,
(derlved)

'the description of hlgher level

::bqilt.l

shapes

9

‘can be

3.4.1 Basic Edge Types T

e L
¢ PR L4

-+ . Edges play an impotthnt rolefin anaiyiingléﬁd desctﬁbinq:f

' .
a pattern/Subpatternr In a banary pattern an .edge. is then

ftransxtlon irOm a wthe reg1on to a,black one or vxce*versa,

| i
i

,and can}be detected whxle scann1ng a patte:n.. ; o i'” 4,“:'

oy
b 'P’ 'r; : ) ll

. : ‘{ Ly ' [ b 1]\'1 llli

In a hot1zontal (faster) scan, new ,edges idré detected

éonsxdering these.sztmat1oné Es cbntext" we lcan only get|‘
f 1

any one) of 1’ the foun"£a51c ;types, ‘of edges.J These are’

1nner left 1(3‘)‘ and

‘ i i
L
y J

! ! : |
Lin her,rxght (e*) (Fxgw3t4 2) ‘H
' IT "11, f" [ll :l i |J yl . L '” Rl )‘4 .’.’

0 I
) outerlleft l(e ),‘Jouter t1gHt ‘(e )

'

! 5

/

r -
. P
{

v
f!

| e;ther Ey' the appearance or. 'é spllt 1n aibody reglon.jf

T A R AR .ﬁ o g LR

I

I

L IR IR
} AR






) . - : \
: R a7 e | |
i i ‘eyiri:Eeée:eoéedge'Relaiieeehipe.ﬂ”" - ;3i~f = ;R;';
; An edge begxns w;th the start/splzt of a body reg1on and
g‘ ‘fterminates with the termJnation/merge of a’ body.‘reg1on.'
‘ i& . . ‘(F1g 3.4. 2) ‘ The startxng pdxnt of body regioh‘:is
B z T . iconszdered as the "head” and the termznatzon poznt as' tﬁé‘
&\ 2y o “y"tall“ of an edge.{ ‘ . '
o . As p01nted out 1n Chapter two that 1n .a sequent1a1 scan,
€ - f‘ a body region cam be in one ‘of the £0ur states i.e. start,
b f}f féﬁl :~;”p11t, merge .or~ termxnatlon state. These states can be
”;i#'irffw}lhf}f* easaly detected us1ng the cond1t1bns g1ven in Chapter :;yp:
h 'f}il_'“ & ",,{\’I o laad reported in, Ahmed and Suen ‘[1982]. o
g e T T IR
:r}ﬁjh’;ffdijff"J‘/ ‘eee mutual relationships betw n  different types of
}"ﬁﬁ%i‘ﬁ,ut.*}q‘”‘ edges can be descrlbed u51ng sofme concatenat1on relations.
ﬂ;i?kpu ,t!i Tfi For Slmp11C1t¥, the natural concatenarxon relat;onsh1ps,
(%"; N: i f{z  “}that 15, the peqd of an‘edge can be connected ‘to ohly the
ul Ag;}gﬁ* wa¢J2H“heéa 'of ' another . edge or the tail of one edge can cofinect
vf%:f,. ﬁ%£§ﬁ ; "qnly the tail of another edge is consxdered in’ this
?%17}u.£afi«{'lz" ;1mplementatzon.‘ Usihg"Shaw'e [1959] concatenation relationS';
'ﬂﬁ‘i{,;[ ﬁ*‘% ' " (head to-head) and nn (tail-to-tail) -and edge typeé‘é ‘.
‘ﬁ'ﬁ;yjﬂfﬁfir' f;.t fe@,( e’ and et, all the possible relatxonsh;ps formed by the
2[ﬁf f;}"]lrj" different edges in a pattern is summar1zed in the table
h%g{ﬁkﬂf ;,_ : below ' where fX" .and " denote the head-to-head and
7 %f N 5)f i ;ailbeo-teil concatenations. . . :‘ c _L o
Aoy K ‘ ‘
£ L ; : |
W . ‘Y/':" ‘ -
. N . .= '
' o } ; o $°
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..concatenation ".of .
* R ' +

o N
'
B . -
R » .
. . - . ,
. 48 S L
. “ v ¢
. o S ¢ X -, , -
e . » f
i _ - - ~
1 - - - -
i Iz v

.(. I >
f . I
C A ,
oot [
bt 1‘- .
‘ ‘4 ' "
N - ‘v ’ N
N N i ‘ .
. . ST . .
1 N - , -1
‘. LI V . ) «
- N - . N &
* - 7 ‘ [ . 0
i e‘ . x - - . o - v N
' . ] . . .
\ ] , t [ . . .
. ¢ e - 1, !
KS - . N '
1 , - o : , .
,e . - - . . ‘; , 3 J ! K
, . R
I b , B \ !
I * ' . i W . T
y . . . 3 . .
! ’e'!' - . - [ L )
Eol AN - . [l , . '
. o D . - . ;- . .
. “l i cor ‘ . 0 e s N
\ , , 1y ' - ~ ~ o
| ‘ ) 4 . - - !
.K J e T - - i N T T .
tys | ‘ 1 P . .
¢ 14 . . . ~ B L . .
! { | . . i
‘ I o , , ‘
i L R
ab ! ¢ . ' I .
. - B '
; . N \\‘ y v

ed,
f.h { kih

’g' The relatxonsth e x

’

eﬁ, k¢£ represents the

head*to-head concatanat1on of the i

/

L « ,
Similarly, e - j I/means XN

tail.of the ﬁ“

type) edge with the h;\f

Tl l typg) redge. -

the edge wzth the.xaﬁl 6f1

Yo : .t 3 \ , .' I L . i ) f .
. the ]ﬁ“edge. " oo P ‘ o
‘1t is noted that the above table summarized "the only
p0551b1e -gelatxonsh1ps among the - edges” in any binary.
, - pattern. .o o L R Y

.

o

'; :The,rélationshibs'between diffe rent edges are stored ,;'

15 table T'(tid-)h (1

Th1s table w111 be

¢ 1, &£ n) “where, n is the tcrtal

ot

hhmbér of edges. in‘é pattern. refetred

'to as edge table in subsequent sectaons., Depend1ng upon the f |
" relationships ampng the f’ "and éhedges of dlfferent types,
a relaglonsh;p code (R‘,,Rz, Rs""" ) is stored in the p I :
the edéé table; these coéés'and"the‘ corfespondxng 'pattern | |
format1ons are 'shown_ in ﬁ1g FJ4 3 " The ed?e table obtained s
from on. .4 4(a) 15’shb7n'h 419:3.4 4(b) ! ’; ~Q, f ‘,‘i 1i~ﬁ;
) ':». A Y R R A
- . | II ,, ;’ )”‘/ [ /{ ,I;' ‘ /!1 1;1/ i \:‘f"ll/"jfl{,ff !,L’:’?.‘ " ’f ‘g‘{.',:,-" ‘.
e R L
.  % f/( ﬁ%ﬁJ ,L” ﬁyﬁiw /qwﬁﬁéyfﬁﬁi j/x
7 ] ' o
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\3.133 Sﬁape Detection

. . N ’

" In a pattern, shapes can be classified into fundamental
‘shapes and derived shapes.  Fundamental shapes are those.
characterlstleﬁwobtalned agrlng the scanning of a pattern by

_ a specific ‘method. LGe elements of one ,unlt length

2~(§feéman'sx d1rect}onal codes) aferr genefelly 'used ‘BS

:"fundamental shapes._iprlnitxvesl, in eonteur' tracznq or

parallel schemes. ~ln:'the Sequential tracking: sqhemesy'

patterns formed by ‘dark elements .in the two ‘consecutive
scans can be used, as fundamental shape elements‘»,»Mori and

Doh [1982) have used @ complete set of ten fundamental shape.
!

elements toaderlve more ‘complex shapes.lw bhese, shapes are.

i ;’"{1:! f '/

all tH ~,possxb1e rtom%Rnaé1od ivfofﬁ hor1zontal l1nes

!(’f P! AT f ; ;

, 1/ hapeé u551 /§05l Fe( ured S
B ' foALT H M f,, ; ) PR .

[ f‘,;;«g,{f:',J'. NS A : .

‘ ﬁ shépef aneu,thosefobtalned by a comblnatzon of”

.l Detive
,7jjmﬂ’duﬂfetent”fundam?ntal shape elementSr For' example, shapes.,’

‘ i ]
f ﬁonenﬁs) yn twe“consecdt1ve scans..‘ They called these -
‘ i . : . ; !
i

i)
"/“ 1/ 40y / '
drop o T

‘,’;’v / . ,

“w/ ‘ l;ke l1ne/segmen£s whlchﬁhave nore than one unit in-length;
al / /

5, 'complex gavxt1es of var;ous ‘snapes and orientations, and.’ -

I
) i

hole; of “different shapes and -sizes can be obtained by-

']Epnsiderlng Ehe'relatibnships'emong the fundamental snapes.
In thls study, cavities and end points facing dxfferent~

dxrectzons (up, down, left or rlght etc.) and hole are used

as shape \ features (Fig.3.4.5).i‘ Simple forms of these
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A class;fxeat;on aha edge to edge relationsh1ps.

eas11y éeduced from the edge type

.
The app:oach

Instead,

uhilé

s’ well

Vi v

sdan is.

1

A szmilar method is .

t

ﬁ. o preSented here does not requxre muqh pr6ce531ng

;?\“” _j;V . o szmple shape features gan ‘be extracte§ in’ . one scan

;%i o _“; },“%scann1n§‘—a pattern\ 1ﬁ a de51reé d1rectlon (horxzontal

%’ K i;‘L!‘“ vett;éal, d1agonals) The app11catlon o£ edge types and -
i . - o , edge relat;Onsths for the extractfbn of tundamental a

.“f ﬁ:}_ f: ‘ 3 ﬁome der;ved;;shapes dutzng thef horzzontal
; - e  ”*.:’ described .?ﬁ the sect1ons to follbw.

' -~'%“"'13_'~ o used to obtaln the shapes yhil?

s

scannxng.ubhe pattern
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o
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; L

PN
»
e

‘ ’
~ oy N
PERN



“ v

. SRR 53
. ' o Shapes i
. Fundaments! Cavities End Pointi ] Wole -
¢ Jopentng | Equ Urenval are-lenath . [Dtrec | ’
'y Plrection “armlength | : ton. )
- B . TR I K ;
I‘l (m | | . %‘
Y, ' -
' & I T & i
— t LW
Pun | 7 -~ C . C_.. e |77 O
. ?.; ‘C. . ' ;‘.-"_‘ . '
T W ST .1 L H L) :
1Dt D e |

.
S
.
., .
i A R
i P
. Ps
© ‘ RN M
.
)
I3 i .
.
et T, [ < )

Fig. 3.4.5. Some Shapes Ysed As Shape Features, -
aoe * . S el
. . 2 g ,’ '

V- : 8 s NN e

e »' : -/
't‘ o N ‘ . . - , ,
v fe . R L
N ! ' ! TR .
ve e Ty ; } S 4
P, T ‘ Lo L A
. p i) ' e . E N "
M ,'x ‘ - AR :

w
' -
‘

.




7

Bl

i

"
v e

) \the end of a blob. involvmg the th a}nd{ 3

~ The

: cavxty opened ' at the bottom by the i?‘h

H

(d*) Fimdame’ntal'l Cavity Type2"

r o

i

respect ively mvolved fn.

Condxuons to detect dxfferent fundamenta1~ shapes are-

.
H -
s v

N .

)

< .

; oﬁ a blob formed by bhe 1t

b s, ' N .

'I‘he x‘elatwnsths e

H
:

!

E 5

.."(fc) fpﬁdhniental 'C,a_vi'ty ‘Type'

\‘» . N 4 . , L4

"'The relationships ei- e;-,_

edges.
L]

14

L

~

relatlonshlp ei x e‘;

Let -e: and ej .he the 1gh

(’43). The “Bagﬁihﬁin’g of .a ‘Biob'-"'“. "

g

3.4.3.1 Fundamantal Shape Det#cnon« ‘ St 7

and

the

Lot

I
* .

;-

The' relatxonshlp e X ej' where uj 1mp11es the begzmung
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‘zones.

'u§;Q.3;2 Rank iased/Cavity'Claséifidatiod'“

"its formation. Suppose that .two edges. &

The end poznts are detected from the end or start of, 8 5‘;‘
‘\ blob.‘ If the limb - w}dth is, 1ess than 1/5th‘oi the uxdth of
a pattern and 11mb length greater than the~ 1/3rd of the.
. he;ght ofq;a patterﬁ then ‘a blob 1s cons1dered as an end

- poxnt. The positions'of.the ‘end poxnts are' captured by

. ! ' R ’

! )

_”dzv;dlng the pattern matr1x into 16 (4 rows and ¢ ¢ olumnﬁ{\
. o Y

5

1

¢ I

edge is aSSJgned a rank in 1ncreas1ng orfler according to the

i

'order of thear appearance. The fundamental cav;tles can be

1

further character1zed by the ranks of the edges 1nvolved in

1

and .8y

' ‘ with

~feépective‘ raﬂks r(eis 'and r{e] ) iare. involved "in the
,__formatzqn -Of the cavxty of type then :he tﬁree di{ferentl
- cav1t1es formed are: r(e ) <: r(e,) (left braneh ig ﬁigge;;
.or bbth the branches are equal) and r(ét) > ‘r(e;) -(right'

branch is bxgger) A ‘ - R L

'

*3.4.3.3 Higher Order Shapeé Derivation = o

'extractxon of a hole and: hzgher order’ cav1ty fgatutes\day'
descrzbed It is evxdent that edges form a closed chazn 1n'

& .
and ,around a body' reglon\\ :These chaing _cad ‘be -easzly'
2t N "' - v,/ ! N ’ ! : ) ’ .

v

The rénk“of“an edge is a.uniqhe positive ihieéera Evéfy'

In this section the use of an edge table'for‘thev



L “detect the ex1stence cf a hole 1n any,1ncom1ng pattern.-

" obtained from the information stored in the edge table. Two

iiéts, one shovwing the chain edge pairs (h and W) and

/Ibther describing the mutual relétionshi%s among edges (c*

1

' © and Cz) obtained from Fig. 3.4.4(a) are shown inl

Fig.3.4.4(c).

3.4.3.3.1 Detection of a Hole Feature .

"Usiﬁg the ‘chains’ of edges, two kinds of holes can be
identified: a szmple hole whlch -can be detectéd directly

from " the relationship Ry . Another type of ‘hole, a complex

l‘hole which can be detected by analyzxng the cha1ns of edges, '

see Fig.3.4.6(a); ' It 'should be’ noted ‘that a chaxn

!‘

'enc1rc11ng a blob and the one formxng a hole- dxffers in only ‘

*oneﬁ respect. A cha1n whlch forms-a. hole must conﬁa1n at’

‘least -one edge pair wzth the relatlonsth R, whose rank ’

smaller . than all other paxrs with Rg relat1onships.

Rejerrxng to Fig,3.4.4(a) and Fig.3.4. 4(c), the ranks of the

" .édge paxr { éz) with relatxon R7 is greater than the

2

“{ ranks of all edge pairs. ((e] , ez) (e, éﬁ), and (e, ,- éﬂ))

¥
H

wzth‘ relatzon Rz. .Thus, the cha1n n encxrcles a blob On

the other hand the ranks of the edge pa1r (? ) in. # is

'smalle: than the ranks of ‘the edge pair (e,, e,) vhich means.

RS

the chaan }3 {orms a hole.‘ Clearly, thxs ‘simple ' test canLﬁ

\ re, ’-
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b i~ 7 P N . -
W el Tl

Ll . ' ) \ 2
3.4.3.3.2 Detection of Higher Order Cavities '
, M .; B . .‘ I " \

directions of their openinés. Various shapes 'along with

open:ngs have ‘also been -used

9

for cavitiy classification

(Fxg 3 4 1). - The selection, of cavity"shapes is

T o T e Rk .;\:‘
S s St sl SRR e s U
e R S

!

and it is based on intuition. an 1ntu1tévevse1ectxon may

not necessarxly reflect the real situation, For example, in

| the ’case ‘of, the recognxtlon of ‘totally unconstra1ned

~ handwritten characters it is Qdifficult to,

intuitively ‘;he' varyiné -shapes of cavities.3 Futthe;more,

o

somet1mes it is even ‘difficult to devise methods to extract

the defzned shape features.

\

P

| -
. - S L s
N .‘:_.,:wg-.p.atqux,:nhnr» R =

o Cavitiés should .be classified  on the
of edges; Complex ca#ities can be ‘derived by‘considerinq

" the concatenat1on relatxonshxps ,of edges with each of ‘the

o . 'fundamental qav;txes(typét and typeg) Cavxt:es obtaxned by'
' censidering the ;direct conéaéenation 7of’ edges vxth f;he

; N e ”fundamentel cavities .are referred to as :irst;bf&ef'

R f - '|J cavities. More complex cavitles, such as second and thifé’,
R : © order and so . on, can' be ob;exned by gonszde;ingh‘the

’ trelat:onshipe among the edges of’,ffist—ordep caviﬁies- ané'
' dpntihbing’ edges; in. a pe%tern. The potent1al of th1s

s '.j ‘f' ~'approa€p ,ine,extractiﬁg ' tﬁeﬂ first- order cavities 'isf'
f'ﬁz,i. ' ;;h' "}:dempnetreted’ in; the folloplng example. In our applicatlon

e

. B , . . PN
- o . , , . s . .

Generally speaking, cavities can'be classified by the

arbitrary,

predict, "

basis of scan

directions and mufdal felationship amoné\the.differen: éypee(
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. -

and gj to gk are shown'an F1g 3.4. G(b)
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re ,..‘,‘ The 1n£ormatzon obtaxned from bhe»traxnlng set samples IR

or £rom sowe other sourceé 15 con51dered as’ ’knowledge and

7

uSed‘ for future teferences., It: 1s customary to. store a‘; "\?53\

pr1or1 knowledge in an expl1c1t or 1mp11c1t fotms Examples

= ‘.: R of/'exp11c1t form of storage methods are templates, we1ght /
R veetors//and ;feeture vedtors etc.‘ Dbcisxon trees ',andA‘ _
34‘ - | \ﬁfoddction "rules are some examples of the 1mp11c1t fbrm of f :'“
o ﬁvlknowlédge sﬁoring mechan1sms.{' In order to 1ncrease the/ J%
~éffiéiency -of a; system, a knowledge storage and retrieval
| mechanxsmﬂeﬁould ‘be fleixble enough to upgrade the' system 8,
| knowledge in real t:me. - . e ’\; AN “:gn ,\‘:. ‘;f "
S TR For: the processxng cf pxctorlal data the usage of the

relataonal data model defxned below (Codd [1970]), i%f’;h__‘ji;
proposed to store and organxze the‘.gnowledge regerdlng | “
‘;i » i / vat1ous picture constxtuents (Kun11' et"al [19741 Chang '}flgl;\
Lo ‘ “J1981]) In 'th1s study, the relat1onal data model is. used :

"to store the spatxal dlstrxbutxon of shape features and its :‘“f”f -

‘relevance towards a class of pattern. ' : ' g
. . v N ! .I N
. . '3.541 Relatjonal Databases - ~ - . ..‘*Q‘-: . SRS
. . ’ - S ! : ~’ "! ' '“ ‘ o . .:: ST 1"‘ I\'I. X I.: . "ji; |
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.. h sets if it is a set of ordered n-tuples <d,,d,, ..., 4,>.

.such that ét belongs to D,, d, belongs to D,, ..., d

n

‘belongs -to D,. Sets D, D,, ..., D, are the domains, of R.

"

The value n is called the degree of R, ' and " the number \of
'tuples in R its cardinality. oo '

3.5.2 Spatial Distribution of Shape Features

In certain situations, mere occurrence of a feature does

not provide sufficient discriminatory information. The

physical locat1on of -a feature is also requxred For

example,” the occurrence of a hole feature is. not sufficient

to d:scramlnate between digits 6 -and 9. The.physical

' mlocetioo of the_hole'js important-. .

[

’/ T .
-" - ’

JﬁIn, the- conveqtlonal . approaches, = the  spatial
'{distﬂibutions of features are captured by dlv1d1ng the two

,d;menszonal pattern 1nto :Several zones." The rigid zone

/

e e

‘defxnltlon llmlts the - study" of':pattern variations.

, Furthermore, often zone partltlonlng is arbitrary and the

\ r i

'sxzes, of the zones are selected without much Just1f1cat1on.

"
K .

To overcome th1s problem a scheme to capture and store the

i,

n spat;al 1n£ormatxon about each shape 1n relatxonal databases

f

‘,is‘impleménted" This scheme provrdes a mechanism to study

@
the cluster format:oﬂ of shapes in a two dxmensxonal plane.

' Some shapes used as’ features in -thlg\.study are < shown in
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'I‘he degreef\ofxeach tuple Qs" 14’
o 'I:he fxrst foii}:\gptnbutes are us\ea‘tq st:m:e the n,ormalwzed
e s ;:oorqhn“ates of the botfom iéft and tbe top r1ght co{nerg BE
K 't;he best ht rectangle (mxmmum rectangl\e whu:h encloses the
i \ ent:re\ shape) oyf"\ a shape‘:f;a\ture (Fzg.B.S.«l,(a-))"; A,.~'
}\t relevance measure (frequency of occur:ence) :éf‘ a shape‘
. .\featw‘»‘e towa:ds‘a pattern class (E{ , 92 ,'.,..., P ) is .stored
\1\ the te \nnﬁg | onsecutwe attmbutes. o B \ T
'~ - . “\\ ) b ’

rn rthxs ' sc:he?ne e\tery shape fe\a\t.u:a is\cons1dered as

T relation (Fzg 3.5d(b))
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The 'first four attributes are used-as a key to search:

for a shape feature in a épecgﬁigd position.\ This search is
':accomplished by computing the‘ distanceg between thén
bottom-legt and top-right .corner points of the best-fit
rectangles of an incoming shape aﬁd stored shapes. Supposé
that the coordinates of the bottom;left and fop-right corne{'
points of the best-fit ;ectangles of the incomiﬁg shape‘énd
\stored. shapes are ((x,,y, ), (xz,yi)) 'Qané ,((fg‘,y;');: .
'(xé ,yé')) respectively -as illustrated'in‘?ié. 3,§a1(a».
The dfstances between the two bottom points db—andjlthg £wo
top points d; are computed as follows: - ‘ f;: |

.

2
dy 'qus'“( Yoty oy )

Py

<! 2 4.
. d, 'Jan-x2 ) +(y2--y2 )

B If .distances 'db and 4, are less. than some,pfespe;ified -

thresholds (botfom'fhreshold and tap'fbteshoid{ then the two
. shapes occupy the ééme spatial ppsitidn. In this s%tqatioq,
;he-rglevanée dﬁ the shapé in ‘that fposition' towards a
pattétn class is‘ppdéted in thé databﬁse. .1f the distances

'

are greater than the phresﬁold then a new tuple is created.

It is interesting to notice tHat the cardinality’of'eaéh
‘ 3 _ S

:relatjon is* a function of the thresholds. A smaller value

of the threshold will result in a larger number of tuples in

a relation with lesser ambiguity and a larger value of the



thteshold w111 resu’it m é smaller : number of " 't:‘ﬁplie's',"wiﬁh .

greater amb1gu1ty among the patterns. In order to keep the‘

optzmum number of tuples 1n a relatxon, the threshold values
are dec1ded by allowxng a speczﬁzed level of amb;gu:ty. For

dlﬁferent threshold values rangzng from 1 up to the maxlmum

- ‘." . - X K L tl[ Y :

where M 15 the cardanalzty of the«relat1on N 1s the number
of expected patterns and p ,;. the estlmate 'of

] !J,
ptobabal:tfes that a pattern belongs to the 3 rexpected

,class due to the shape ;eature 1nside\ the' *# best fit.
rectangle. : Forr our appl:bat:on a thr‘shold of un;t radxus
(shapes occupy tiﬁe same locatwns 1.'
plane 1£ and only if both distancels d\; an L

one) was found su1tab1e

o s1ze of the pattern matrxx, the émbxgu1t1es are computed by"“

E g J/MXNZ [pq 109 p '1:4‘
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e Decasion Makxng Process in . T Qi
B ‘ . ) . - _ N ‘ .
Ce . 2 ‘ Pattern Recognition .. Sy
. - - . v 7
Y " i b ' [ R ‘ ‘
, . J; . : / "4’ ’ . : ':-’ .,
R ) /10 ‘ 1 i - . "1' s
’ R, /! RPN SR SR
. 1 Inttoductlon L me e T S o
B CAe T
. ’ ”%\/
.7 THe decxsaon makxng process (cla551£:qat1on) 1n pattern
recognzt;on can be formally stated as follows.v‘, e T
N ‘ L ’ G“ . " 2 1‘ .} ., '/‘ '
Co Let,' x-(x,, X Xgpoeos Xy)uo be"ga» vector‘ .of o on

chiiacterzstzc measurements (feature vector) cbtained frpm

lcno' c ) be the

o a.’

f‘f,faﬁ',hq{:own pattern X, and let Ct(c,, c,, ¢

o of m classes. Bésed on the charac 1st1c measurement~

3

values X, a dec;S§on »maklng_—proc 65 exther a551gns qg

V‘Nunknown pattern ~to one~.'gf-';'the known . classes
K « P é
(c,, 4, ?a&#"' S, ) or it IEJthS the unknown pattern. .
"@n ! - . ‘ —

R Development q£ ia .gooai'(minimﬁm'erfor classification)
'~Jj *dec151on mak1ng meth&d has been one of the major ‘topiés ?f
‘ nesearch 13 attern recogn1t1on. Methods from vérious
l:theoret1cal and aﬁplxed. fields, such‘ as~\\m§Ehematics,

statistics, th/eor)y' ‘”ofA formal‘ languages, graph t eory and
‘heugiétiéaékd.,‘have -been explored and applied for the
’pu}pbée'“ of pa?ﬁern clasgifica;ion. In ’d&is chaptgr;

-2
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e
e,
-

‘.'

»

‘\different ' clasSxf1cat1oQ metﬁdds, are reviewed angd

‘ categorized .on’ “ﬁﬁe basis ‘ofl their .

3

underly1ng operatxng:

R ——

R pfinciples. Although, .these methods are appllcable to anyu
%%ﬂ general types of patterns. the a1m of this- survey are"(l)
A?? eo‘ hlghlzght | thelr '~applucab111ty to the . charactet:.
l%ﬁ’ . recognition | problem,' where ell' possible: variatzons in‘,
;}\‘ Co fhandﬁritihgg cannot be berceivea"ln %dvéqcej -and \(Q) ee.
f%“v‘ i .r;,~ justify the need fos'a plassﬁfieatioﬁ gcheme wﬁich'should
gf,ji‘ o }u upaate - the knowledge-base '(real-time Ieamnfﬁg)= without’
é’ ST, :ﬂ_ 1nterfer1ng ‘the preprogrammed dec1sxon makzng process.~-' ‘
glv . | - SN o \
51§‘ S 4.2 Classification Hethoqolpg;esb,' ' -jl. SR i K
gg.f ’ﬁk "/'/?ﬂ f.rThe‘ select1on of a class1f1cat1on methqd depends on the
' , ; N épﬁais of . an - applzcat;on " Jand - the types

' | (numerical/strscturel) 'of features‘.exgreéted',frpm' the
underlyxng patterns. ‘For example, if the ekttaé;ed:feesusésﬂ
(’"“. ) represent the sttuctural propert1es, 'and;eﬁe'application ¢
‘ A under consideration Fequ1res both . 'the‘ descriptioh and
: classifiqatiop, thenllthe syntact1c c18551f1cst1on scheme,
; discussed in the forthcomlng sectxons, seems to be a
' % . easonable choice. Many dszerent c13551f1cat10n approachQSI;;
! T ; " have been reported in.the Apattern .recognition lltereture.
S . ; " - These approaches may ° be elobsely . placed i?_ thei;
;, I decision-theorefié; syngsctic ) andil ,graph theo:etxcﬂ
L : - \% ’ O B } . " .' :
. rof ’ ]
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. . + probahilistic' methods the

s

These methods may be dxstangu1shed from eaoh other on the

hasns of - the underlylnglaSsumpt;ons. g S -
( i L . ; ) [ , . P A ) . ] " € N \
_.'.The :deterministic methods
that the , characteristic. . measurement '

.values ' are
: deterministie. AR 13 'thé

characterzstlc measurement values are consxdered dS random

N varlables, and’ it is further assun;d that there exists a

multxvarlate d1str1butxon ,funct1on_ of : the character1st1c

measurement vector for each class (lesson [1965])

! 1
« 7/ ! ‘¥ .

* “
- . A
* T.oes
1

In the determlnzstlc methods the pattern classxf1cat1on

problem i formulated 1n/'terms of - . the,

. “ ) ",
. . M : ; o ' !
¢ ' ! N vl ' . ! ; oA
L " g ; N : ' |
) . N ~ o ! W \
‘ “ ‘ S . T .
= ' \"' “" ‘ 0‘\‘ ' l [}
’ oL : ; \ .
categories. . “ '
. . \ ) o { ' |‘ )
con e e ;
" -4.2.1 Decigion-theoretic Approaches .
k 'a-‘. . . . ! ‘ s . Vet ‘ g } : e \
I' " . ‘ ' ' M ) * ' . . }b
»+'-During the. . past’ several decades, ~development . of
/mathematxcal models for. pattern class1f1catlon - has been a
: majoq,' subjeqt of“research.~ Several determxnxstic and.
"probabilistic methods.were“developed and their 'performances

- were tested on typewr1tten and/or handwr:tteh charactersr

.are based on the assumption

"dls@rxmxnant

o functlons \rwhxle . 'the psobabilistio ﬁethods require the

. g .ot
A S e , *
P . [ t - P ' N
. . .. V.o . . A R .
Pty N B o ) , . . gl ' . LN
+ 0 . . " o
. M H
- . * !
o . .
:

.’;the functxdnal

estxmat1on of some f1n1te set of parameters‘.to approximate

3

form ,of the assumed dlstr1but1on functlon.

B

v

The bas:c concepts 1nvolved in the~deielopment of the many

-

dszerent forms ~of dxscrxmxnaqt quEQEQ ~and the salient

\

+ , . :
iR o v “ ‘ 4
. ooy g M .
e . R 4, “ .
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,._'ﬁehtﬁfes'of'tbg probabilistic ﬁéthods are briefly . presenﬁid C

. here. .
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,l.é.i”L Discfﬁpinaht Functions.

yor

oty § P AR
rs

Sﬁpposé\j  ‘that - n ' chafaﬁiﬁristic: . measurements’

V\

~f‘xf§i1, kﬁ;'§$,;..; x,)  represent: a = point  in ' the!

ad
g
P

*

n-dimensional characteristic 'space. Then the ‘discriminant
C wﬁﬁ},lfunctibh"bi(Xf associated with the pattern class ¢;, j = 1, ,

: o ) : A—\'» ) ' s ) .. \1 . . o . .h’-
. ‘ 2. ,3,  .J..,m,- partitions the cﬁ:racter1st1c space into m .

e TS tamne

»

mutually exclusive regions, where each region correéponds;to
"a particular pattern class--this may. happen’ only when

. , . . v " ' , co
'n'classeg are distinctly apart. The classification procedure PN

i/

-

;C% -7 ' - using the discriminant function is as follows.

o
14

RPN Given X from an unknown pattern and the discriminant -

function Dy {maximiom m = discriminant functions), the

”ﬁf.classification df‘\an'vunkﬁown pattern is to assign the

i . 'uﬁknowh'té the classhct if Qi(x)>\§j(x) for all i,j =1, 2,‘

// ‘ ) -’ ,( e ,'/ '/' , : 3’ . o’m"m Bnd i + j .
o y ’ , R
\\", - . : . '
. " Several functional forms of discriminant functions have
S ' been proposed and:uSed"in'pattern~c1assificatibn. Commonly . -, .
-t B A - . . . . B L - . , . . ‘ . . -
, K e used forms are: linear, piece-wise.linear and polynomial &~
AR Ve discriminant functions. K e . A,.\ ~\\\\\\\\\ .
. . P - L L . . i ' ’. ' ) ‘ L LS ’ . '
> "u - e . ‘ ’ R B . ' . L . s I‘
oo r-. A .lihear 'discriminant- function \Dj(x)‘ is a lipear o
.. . - combination of-X=(x;, X, %3,..., xy), that.is S
8 ! : ‘ o . o " ' ; o
i‘.,‘ h o o ! . ’ ’ ' -(
s , “ %
¥ M - “ .
- i L9 )
r s ¢ , ' M
* . - Pt - S :
- ” hd - * ’ ‘ : /4




.
{

‘ Wﬁere GU = (w '“jﬁ ,e]3 ,...,wjft) is the We1ght vector -

"(Ullmann ,11973]), Linear dxscrxmxnant functlons have been'

, . . > N . ‘ et
e . n

Dy (x) '-%wjx.x“ wj'-,o“ L

obtaxned'from the.. J class tra1n1ng set sample patterns and

w0 s a constant. Severél (patametric hnd nonpérametric)'

approaches to estlmate ‘these welght vectors are dzscussed in -

used by Chow [1957}, Marxll and Green- [1960] H:ghleyman
[1962], M;nneman [1966], Tou and Gonzalez [1972] anq severall,

" other researchers in chatacter recogn1t1on.

’

r

M Y

’ ! ) . - 1] ' S " -"
i-Linear dxscriqxnant functions are e€asy to implement but

one “of their major disaévantagés is that this appfoach
1 1

assumes that ‘the. 1ndxvidual patterns are separated by neat

‘and clean boundar1es, wh;ch is in general an unrealistic’

assumption, Exper1ence in- pattern recognltlon applicatxons

shows ‘that . often classes are ngtllxnearly separable. To
;aqhieve.the maximum separability, use oﬁf the:.biece»yiee

" linear discriminant functions was proposed.

1
o

In thavpxece wise lznear dxscr1m1nant approach more than

one weight vector per class ete . usad. Thxs approach iéﬂg'

formally stated below.

-

]

2

ff“fi“‘\‘. Eet w,,' wz,(w3,..., W‘ be the m sets of wexght vectors

assocxated vith m classes (c . cz, cs,..., Con ) retpectzvely,

r

s



: 1 , B ' s ’ * ’ ) AR ,
- and let wexght vectors in the set Wy be denoted as w, for .

k=1 2, 3, ...,uJ ,' where uy is the number of weight . vectors

in t;he. set WJ . A plecewmse lu)ear discr:mlnant functxon 15‘ ‘ |

Vfdefined as: . ' " ‘ 3
‘ o TRy
DJ( X) = MAX ( D} )
i$k<uj ‘
“th)

where D4 ‘is the value of the k™ discriminant function -for

the jth clags.

An alternative formulation of this approach consxders

the m se’ts of WGlght vectors Wy, Wa, w3,..., W, as the ‘lset_
of . reference vectors for the m}kasses A N €y )
ey o

respectwely, and 'the distance é¢; (X, W; ) between the k

vrefgrence‘: vector of the 3 class and the unknown pattern X

is used té define the discrin{inant function as fbl‘l‘éw\s:'

) o D ) .
Dj (X) = MIN (d; (31 2’3 )) . . c

lskiu!“ A S

“« \, . v - N

'I‘he nearest nelghboz'hood method dzscussed in Cover a‘nd .
. Hart [1967] is "an example of thm approach . The appllcatxon
of . this technzque in 4charac.ter recogmtmn andv ) ‘i‘tsff'f}i-:."ii
;uitability'l in ~dealing with vthe problems,, such as-,‘ good .

"réference véct_o’; sel‘éction (Ullmann [1974]*) and optimum

dec1s1on makin crzterion can be found in (Duda and Fossum
. [&966], Johnson ét al [1966] Glucksman [1971], Deféhton and
Bass [19‘74]) S ' - i

. ox!
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(nonl1near) dzscrim1nant function was developed to atta1n

<

funct:pns eSpecxally when the classes \a;e; not - lxnearly

& "separable.‘ 'The polynomzal d;scrzmlnant functlon i;_ in
xo - general do£1ned as- ‘ - ‘ff L o

ai‘if SRR where¢’(x) 1s a function of the characterzstxc méasdfement;\
\',‘ s R .
.% VectOt X. Several methods based on orthogonal expansxon,
} least square approxzma;1on and sbochasttc approxxmation,
b2 Pl
o etc., have been suggested (Ullmann 19733: " Specht {1967) and-
2 | Meisel [1968]) to obtain the functxonal form of D (x).{;

The approaéhes prosenfed in this seoﬁion may perfofm

14

observatlons are that classes often overlap To ,deal‘ w;thu

‘'this problem "other methods vere 1nvestigaefd. A cohmonig

Another £unctzona1 form thch is termed as a polynomzal'

y "fﬁff maxamum separabzllty through the nonlxnear dlscrxmxndnt}“

[

O ’, " - well for non‘overlapping classes however, in practxce our ‘-

Y ':‘»’fu."‘ ’ used and well studzgdl'probabilistlc met od‘“ié'rb#ioﬁlfﬂa"

[ ' ' : Lo :

. presented here. O B :
lfA ; Sy ’ . SRR T L o . 4 .
’ - 4.2,1.2 Probapiliétic élhssi{icat{on nothod u;' fﬂ_'f ‘f7f
T : In the ptobabllxstxcamodels, each CIass c1 is assodi ted‘f
o L ;9; with a prlorz probab111ty P(c,)1 and condxtxonal densxty
R C,%iﬂ.;aj , P(x/cj) 'fot j=1, 2, 3, von M Dn the basxs of L priori
e ].ﬂfﬁ informatlon P(c,) and P(x/o,) the function of a claos1f1o;
RS lg L AR ‘,/ o . . . N
¥ ";,I". s l ! i § . ! ! ' ’r B '
W aw ; W 3’4'. ‘1 \ : , ! »l"\: _ ": ' N ’ “ .'
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is ‘to- test m stat1st1ca1 hypotheses that an unknown pattern_

X belongs to the class c, by def1n1ng ‘a dec1s1on funct1on

-Dj(x). This decxs1on function can be obtaxned by the Bayes
"theorem u51ng the a priori and condltnonnl probablztles,
P(c; ) . and p(x/c, The general forn- of th{g dénisipn
“function nj(x) is ﬁefined as\(Nflssén,ElQﬁS}): ' |

bj (X) = Plcj) P(R/c;)

1

The classification procedure knovn as. Bayes ' optimum

. decision rule is wused to classify an:unknown pattern into,

'oné of the known. pattern classes. Thus, an uniknown pattern
X is- .accepted as a member of the ‘class cy if

Q,D;(x)'> Di(x),ior all i=1, 2,'3, ...,m and i#+j. "~

It is important to note that the “computation of class

}

densities féquirps the assumpt1on about the under1y1ng

distribution functions. Thzs assumptxon may not necessar1ly

l'reflec;'. the actual d1str1butxon of the "characterzstic.

fmeaéutement vectors obta1ned from the underlying pattern.

» s ) 'l ! . “ ‘ l ‘.l - | | | - ‘ "
“™ 4/2.2 Syntactic APPrqaqhes ' |

‘In various pattern recognxtlon appl1cat1ons, along WIth .

"thc¢class1£1cat1on, the descr1pt10n of an unknown pattern 15
5a;so required. -The'syntactxc apgroach was developed t( et

this 'réquirenent. .Considerable . theoretical ‘as well

i

s appliedlnstudies_,haVe_Zbeen -reﬁg;;ed‘ in  the 3 pattern ~

. . ] . 0 ' b
e . s -

Al

P

R



—y

‘récognition 'literaturg, (Narééimhan,*ligséj. Nérasimﬁdn'andi”

‘(1mp11c:tly or explzcxtly) of the underlxlng pattern. .

.may be classxf;ed 1nto the~determ1n18t1c and tbe stochastic’

.4.2.2.1 Deterministic Approach.

, classes,, ‘andé G(,Gz}Ga.hg .;.,Gm denote m gramﬁits N

————

Ve ey e ! . . -
L e S L e v

)

.o
» N <

Reddy [1971], Kramer gt' al {1973); Fu [1974], Alil ¢nﬁ(3

Pav11d15 [1977a], [1977b} Zhang [1980]}

- » . ’ 1

In this approach a pattern is qonverted into a strxng of

primltxves with specxfxed syntéct:o operatxons. ‘Sttings-

1

éenerated from known pattern classes or by heuristxc rules

are used to construct the grammat £or a class .of - patterns. o

In turn, these gnammars fére used to desxgn a syntactzc

classifier, ‘generally known as "syntax anplyzer .‘whxch 1s L
ollectxon of syntax analysis rules.A'The maxn function of -
th syntax analyier is to classify an unknown pattetn 1ntofj

 fone o£ the known classes and provxde an adequate descrxptian
Similar . to the decision theoret:c apptoaches. thzs "approach -

:*;‘techniques; Some of the basxc dificrehces and llmxtatiens'

of these techn1ques are discussed in the £ollow1ng aectlonSu

*Suppre thét,,fthere"a;g (é‘r ¢,;‘¢,,...¢\ch)n;pattérn'

-

"correspondxng to each class, so that the strzng (for a known?»’

’-pattern) generated by . qrammar G; tepresents the class ct.

" Let L(Gi) denote the. language gé fzn:te setf of strxngs)

'generated by the “grammag Gy from all traxnxng set samples

T
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belongxng to class C;-; The determiniStio« tiassification
procedure classxfzes ‘an unkown strxng X obta1ned from an
“,unknown pattern as a member of the class .o‘ if x €L(G;)-:
‘,In -other words, ‘the str1ng x is successfully parsed by the
.‘grammar Gk. l - '

i1
v

; It should be noted that 1n the above scheme a 'string
,vob;a:ned ,rrom an unknown pattern may or may not be parsed
’&fExoerieoce' shows that due to var1ab111ty, in patterns,‘
sometimes a givén atrinq may. oa'parseo by more than one
''grammar with a consequent uncertaxnty in decision making.
To . deal with this uncerca1nty the construction ~o£ a -

"4stocbast1c grammar .was proposed.

T

K (.2;2{2.Stoohastio'apprbach

In' this’ approaoﬁ, for. every - string x € L(Gt),'f a - -

A

probabzlxty p(x), 0 ¢pix)< 1, } "'p(x)ll 1, is'assignaﬂ. . .
‘During the pars1ng phase of aqugaﬂoown strino. x the ““;'.“Q'
/ probabxlit} of accepéance, P(x/G;) .by the grammar G‘ is’ o
computed from the applzcable product1on rule. I strxng X | _lfz: ’
' is‘ successfully lparsed by the~ grammar Gc' the final _
‘probaplllty P(x/G ) 1s used in dec1sxon mak1ng, 'wﬁilé rhé“ S

/ M

string x is rejected by a grammar G{, P(x/Gt) is set to

zero.. ' - = ENRRE o
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Once the parsing of the stfzng
correspondiﬂg probabllztxes P(x%ﬁi
‘m are- calculated

such

X

;s accompl;shed and the

for éll i=1;" 2

a dec1510n theoretzc cIa551f1cation

i

3,

! / S

,rey

1rule3

as the maxzmum lxkelxhood method may be used to ass;gn‘

( , © the’ unknown Strlng x,go the class ¢ Vit P(x/G )=MAX P(x/Gj
( N ’ ? G’ -
. . . \ R 1 a . .o
élfor all i 3 =1, 2, 3, cee M, 1¢ Je . :

v -
e
. ) - M . '
2 . -
~. ‘
.~ ~. ‘. .

! IR L Someo'applipatioﬁs -and theoretical £oundations?6fﬂthi§

method can be’found}in Fu f1974] i "t

It is evident

tha: .the ;
. 'ﬂ. 1‘ stochasticu approach may help in resolv1ng the uncerta1nt1es

] ] 1n the decision makxng proceSS but it faﬂls to

. capture
D attr:butes related to pr:mztxves or subpattenns.'
: ) CoL AR : '

W Co years a’

the,

“In recent
nem incorporate the
1n£ormat1on prov;ded by attrlbutes.

o B ' o
: A’:‘”\ f e . . v

>
R ol * .
. o .
A .

‘ '
\

. ) K ' The combination - of \-syntactical anav stat1st1ca1
approaches has been’ a: topzc of research because nelther 'the'y

stat1st1cal nor the syntact1cal approaches alone can’ prov1de

5 ' © an adequate solutlon to the .problems 'engountered

) ;" o : practical applxcatlons,‘ such as’ unconstrained character
N T

., -+’ . " recognition...

~in .

The uSage of attr1buned grammars was suggested
by ‘Tsai and Fu [1980] for pattern recogn1tlon app11catLons.

Thxs was not 'a ﬂew idea; Knuth [1968] descrxbed the ‘use of |
| "atthbuted grammars . to. 3531gn vsemantiqsi,to context;free'

‘languages. : L

.

[ !
. . N

approach has emerééd Cto i 3 ' -

4.2.2.3 Aftributed Gfammar ' L

;,

R




At
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;J‘approachqs«except that the heuristic appréaches apply some

"rules, the. ,product;on rules als

dope T R - a P L o \

»

In attr:buted gvammars,.in

tay

ddftdqpijfo the syntactic
nsist of semantic rules’

to incorporaze thef~knowledge .about’

_w:th each prim1t1ve or subpattern. There are two kinds of

”étgribuﬁes- 1nher1ted attrzbutes (meaning from the, context

+

'oxher areas such as graph theory and heur1st1c. No clear .

of 'a phrase) and the synthes1zed attrlbutes (meanxng bu11t

[

- up from wzthln .the phrase) In pattern recogn1txon the

order. of appearance of primitives in a specified scan method
mag be cpnandered as an. 1nhep1ted attr1bute while ‘the
relati@e ﬁosition" of - subpattern in a plane or the
descr1ptzon of a subpattern in terms of sxze and or1entatxon

etc, may “bhe consxde:ed as synthesized™: attrlbutes. The

. attributed grammar approach- is more realistic since . it

allows the ‘syntax .analyier to accept a string of greater
variability.

4.2,3 Other Decision ﬁaking Strategies

) . o

In addltlon to the techniques described in. the last few

Sectxons there ‘have been ef@orts to explore technzques from

‘- ‘boundaries ﬁex1st wbetween the grapb—theoretxc and heuristic

{

i

rules: to ‘capture- the common ‘sense deC1310n maklng process'

‘ wﬁile the .graph theoretxc approaches are based on well

postulated .‘axioms (Katsuragi et al [1969], Watt and Beurle'f

[lB?iJ;:Fa%is and ﬁehrouz [1983]).

)

attributes aésociatéd',
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: pattern, such as end points, Jjunction points ’etc., ‘are:

!

4.2.3.1 Graph-theoretic Approaches

Graph theory has been applied to’ classzfy patterns ih
many dxfferent ways; these techniques dszer from each other

on the’ basxs of pattern representatxon and decision makxﬁg

IS

procedures, Generally speaking patterns are represented as

. . . +
.graphs  with or without attributes. in a. graph

representation without attrzbutes, the special points xn a

\» N

considered as vertzces and lines.joining these vertxces are’ - E

regarded as ‘the edges of a graph. On the other hand,‘_xn 8

graph representation usigg attributes (called attributed e
graphs) rules are prescri:§§<iiék assigning attfibutes :tOJ"J ‘

each vertex or -edge. The decision making process used in

this approach may be stated as follows:

’

\

W

Let G, and Gf be graphs constructed from ah unknown

pattern and the refeéence pattern respectxvely 1f G, is

isomorphic to G, then x is assigned to the e class. “In
RS ¢ E - .

4>

case G, and G, are attributed graphs and if there exists an_

*

isomorphism between G and G, ‘such that the a;tributes of

vertices or edges differ only within a-
th

corresponding
prescribed threshold, then x is still assigned ' to the v

class., ‘ ‘ <
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[N

! characterlstzcs extracted from the tralnlng patterns.

o

£

<
, ¢

It is ev1dent that rn order to establxsh the 1somorph1sm.

PO

‘between two graphs, vert1ces/edges need to. be compared df‘..

th1s 15 a txmé consum1ng operat1on.

class1£1cat1on

characterlst1cs

tlme. ,

extracted

s

K known'as the dec151on tree may be,

from an

v

A spec1al formoof graph

used\‘to jm1n1m12ex-the

unknown pattern X are .

‘

.

compared u:th the characterlstlcs stored at each node of the

dec1szon

tree.

randomly selected character1st1c of an

7ji the'froo

v

characterlstmc

t

Il‘VoncéV the

unknown

Depend;ng upon the comparzson/result of a

Decxszon trees are constructed u51ng_

v

The-‘

t

’ ~

pattern atf,

node a path to an, expected ssubclass is selected

expected

relevant to’

subclass is

thatf

furthe: decision 15 made about the

posszble‘

decxsxons at Leacw

L

node

‘establis

subclass- is

unknown pat

" inclyde. 't

f .

hed, : thejf"

tested and
vx . -
tern.., The

he -corféct

c1a551£1cat1on of an unknown pattern, return to root node ot

.ot

further\ processing at a lower node.

Untxl an unknown 15 eather

[ T,

I

”Thie

known\pattern.

‘ affect

th'

X

I1nval1d pattern.’-

B
¢ T,

clasS1f1ed

This process contxnuest'

‘orf rejec

)
\

+

ted .as . an

.

dec151on maklng process 1nvolves the search of the

ad

\\l

Thus

. c1a551f1catlon

.

u

the de51gn of

speed.u

. a

dec151on

The optama

tree tan:

1 des1gn of -

decxslon ttees has been an 1mpoﬂk&ht topxc of . " Fesearch and

11973]

. Swain

'
[

- several methods

have

\

and Hauska

(1977},

Dattatreya

\ [y

been propoSed (W1lliam and Demetr01s,

" and Sarmr

’
.
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"o ‘ [1980], Lin and Fu [1980]); Wanyg ana‘Suen{[1984]).
T A7 ’ ’ ' \\ |

. ‘ 4.3 ‘Trends in Decision Makin§ Process !

)

In general, the bdsic function of a decision making
process is application dependent. However, it is expected
that every pattern recognition system should (i) incorporate

" the knowlédge provided by the stqtistecal (numerical) and

structural characterlst1c measurements, and (ii) be flexible
in learning the var1at1ons in patterns. A.solution to the
former might help in develop1ng asystem which can perform
sat15factor11y in real lzfe applications. gomb1na;1ons’ of
the structural and the statistical approaches have been

suggested by several researchers (Kanal and Chandras%kran

[1972], ;Blackwell {1974], Tsai and Fu [1980}; Duerr et al

[1980]) as a possible solution. ¢

Theklatter is generally 'addressed by considering a large

//_\>\-h;‘\§{ifg¥ng set of sample patterns; it is assumed that the
» - ‘ )

training sample patterns reflect all possible variations. A

4
- ,prlor1 kn0w1edge obta1ned f;om these samples is used in the
form of wexght vectors, probabxllty d1str1but1on parameters,

‘.grammars, prototypes, graphs or dec:szg; rules (used in-

decisjon treeés) etc. A formal knowledge representation’

h) . [
method which allows update and .organization of knowledge in
. N ' ‘ ’ ’ -
real-time, without any .change in the .decision making .
! process, ‘if " reguired.. I;,shgu}d be noted, dec151on making
/ ' » L .‘ G WY
/ . \ ' ‘ '
h €

€ saee i~

—
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i N 5
approaches based on syntax analysis or decision trees need

re-organization of decision making process for every pattern

not perceived during the training session of the classifier.
g

> g « !
Thus,' a formal method for knowledge representation and

- -

organization needs to be .developed. Based on thestheory of

.. . relational databases, a knowledge ' organization and 1\

. {
representation strategy, suitable for our classification
method is described in the last Chabter and used for the

classification in the structral module described in the -next

Chapter. »
)
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‘deformatxons like unexpected breaks, holes, and limbs

83

_. Chapter 5

v ' :

A Multi-stage Classification Scheme

5.1 Intr‘sﬁﬁtibn

It has been pointed out in the 7last Chapter that the

statistical and the structural ‘ppfoaches alone cannot

provide adequate solutions to the problems faced by a

recognition s§stem in practical situations, such as in the

recognition of totally uncoustréined handwritkén characters,
@

The statistical approaches are weak in dealing with the

problems of shape and size variations while the structural

approaches are very sensxt1ve to the random noise and other

in a

.pattern.' A combination of the statistical and structural

approaches may be useful in dealing with these problems.

IS [ 4
'There are many different ways in which- these approaches can

'be'combined.

In this research the classzf;catxon process is divided

into two phases: using the numerxcal features in ‘the

prediction module, and the structural features in the
structural module Fig.5.1. Performances of individual
module and a combination of the two modules for the correct
‘ 1Y
r \
" /,{),( , (] AT ‘t\ % . @‘

o
i



" classification are investigated.

N

g

~ | Structural
-+ 7| Module.
Expected Classes

Prediction
Moaule

Fig..s.rl

f

. The statistical features were used in the prediction

module with the prihary objéctiye-of predicting the expected

class of an unknown pattern. But, if the prediction towards

4

a particular class is very strong then the unknown is

‘recognized within this module; otherwise it is pAssed to the

structural module along with the information- regarding the.

expected classes.

.yt

The structural features vere used in, the structural
module. In this module if a pattegyn is recognized as one

ﬁembér of thfﬂ

-

expected classes then it is dcéeptgd otherwise
P - LN . 3 ) .

)

rejected. S v

w,

- In both modules concepts from the fuézy set theory were

. used for the classification of an unkndwn pattern. Concepts.

3

.and rbasic definintions used are presented below., The

o

dgtaiiaq descriptions of each module are described in the

P

subsequent sections.
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5.2 Fuzzy set and Pattern Recognition

e

. <
‘The fuzzy set theory due to 2adeh [1965], has been

applieh to develop a practical pattern reﬁognition system,
Althouéh the applicability of this theory' against the
‘Bayesian abproach has been guestioned on some philosophical
and computqtional' grounds ‘ (Stallip&g [1977])} yet
researchers from the applied pattern recognition fields have

argued and justified.its usage on the grounds outlined bélow

(Kickert and Koppellaar [1976]):

M... . The very high variability in handwritings was
the reason for considering the new proposal for the
actual class assignment procedure based on fuzzy s\i
concepts. In this method the -rather dubiou

assumption about underlying probability  density
functions of handwritings is avoided. MNoreover, the.
concept of vagueness seems to be a more appealing and
convincing way -'of describing the variability in
lettets than the concept of probability."

)
1

3

The fuzzy set theory is used in various ways to solve

different problems in pattern recognition and image

' processing, In syntactical pattern recognition it is used
Q

to compute tﬁélmémbexship\gfade of a string of primitives
- <

. .
generated unknown patteen (Wee and Fu [1969],

"

Depalma and Yau [1975); Thomason [1975]). Tamura et al

{1971] have introduced the notion of fuzzy relations to

t

compute- the class-to-class similarity to determine the

pattern clusters. In .the conventional graph-theoretic

- E;}.fl:
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' approaches Dunn [1974]) has déscrj%éd"usage of the fuzzy
graph while Chang and Pavlidis [1977] and Adamo [1980) have

discussed methods to generateé fuzzy decision trees.

«

The scope of fuzzy set theory "is not limited to the
classifier design. Siy and Chen [1974] used it to obtain

» - ! \ 3
‘the fuzzy descriptions, such as measures of straightness and

~,orientation of pattern primitives.

Fuzzy-set theoretic = recognition 'teéhnjques can be
distinguished from,opewanofher on the basis of: (1) 'the'
purp;se ‘of its GsdQL--it can be used to describe vagueness
in'pattern prihitives, subpatterns or pattern itself; (2)
its usagef in different (grammatical, graph-theoret}c etc.)
classification mephbds; and (3) methods used to compute the
membership ™ grades., Furthermore, fuzzy classification

.techniques differ from their non-fuzzy counterparts in some
philosoéh%pa{ point-of-view and compu;ationai procedures.

.

Basic definitions used to develop the clssification
é?%cedures for.,both the modules are giéen below.

pefinition 5.1 ’

Let P be a subset of a set of patterns C, the

characteristic function AP of P is defined as follows:

A

1 ~if peP

: 4
- Hy(p) = {‘
e 0 if pgP
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Clearly,

the characteristic fgrction assumes the value

"1l" for every pattern in the subs

¢ v EeperFRR Lol RN il T —

i;/?, so that it cannot

provide much  discriminatory / information, If the

reflects
',nof only the membership but al o the strength of mémbership

of each element in P then it provides more

-

bharaéteris%ic furction &y (p) ta@ég a value which

information for
the classification of patterng. S0

*

Ly
e R
Lo AT # 353

-~

To incorporate the. strength of membership, consider that
the characteristic functi

ey AT

K, (p) may take any value in the

v e Tk

ST

interval (0,1]. Thus,/ an unknown pattern may not be

identified as a pattern/pe P (n,(p) = 0), could be weakly

identified as a paéte/n p € P (4, (p) near to 0), may more or

L. : less be identifiabig/as p € P (K,(p) neither too near to 0
“ * nor

e b

too near to l», could be strongly identifiable as p € P

(K, (p) near to 1)/or may be completely identifiable as p € P

when (Bp(p), =/1). Using this imprecise definition of the

characteristie/iunction, the subset P can be considered as

the fuzzy s%?éet of the set of pattern classes C.

‘ ( Definitio{ 5.2

’
Givérd a set of pattern classes C and let c € C, a fuzzy

subsiﬁ P of C is a set of ordered pairs ( clp,(c)) for all

ce(, where c is a class within C and #,(c) is a membership
X B P
hét

acteristic function that takes its value in a membership
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*
set T =[0,1], which ?ﬁd’icates the degree or level of
membership of c¢-in B.. ' )
r 'Definition 5.3 '
' Let pe B a.‘ngI x € X, where X is some feature set, then

fuzzy relstion R, in P x X is defined,as:

-~

 Bag o Lol

for all (p,x) € B x X: hp(p,x)e I =[0,1]

vhere for each pair (p,x) ”‘é, indicates the strength by

.which a featute x€e X may 1dent1fy an unknown pattern as

o

R e At S L Y P SRR

P € g. )
; Definition ‘5-.4 'ﬁ i ) o : - L L
Lt . R ) . .
‘ Given a’ fuzzy subset g,- (clll- (c)), ce g, then entropy;
b H(fp('c, ) IR f ("cy )) is defmed as (Kaufmann [1975])
. ] w ‘
i R S . SR Z{' (). lnS'(c)
: ' ' . | .——1'—'--'——) ——————— - - - o
¢ ?“(f‘pn (c‘ ) 'k -‘- 0"' ;’B; (C )) ) ' . ) ! ‘ N
: : : : ) ln n S
" vhere, ' > ‘ : L
pp (cg) &f"\'
- £ oleg) = —gmmmmm=m=ns | e
’ ko {c;) ' )
c . tox
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5.3, Prediction Module .  ~

. Suppose that there are m classes énd let X = '(x"1 ,)(;,
5%, X;) be the ”statistic_alu features ol;ta';ned ffom the
"training samplesof. the t™ class, where x;, takes its discrete i
values .in the'rang; 0 toL (L’“'. Suppose that ’7:,1 is the
frequency of occurrence of the j"‘ feature in .the i"™ zone

3 , :
(for the =zone definition see section 3.2) taking a value k

‘ . ' :
in the r" class. Then the proportion % /Ny, where N, is

" “fwwmiwrﬁw“{afﬁﬁrﬁ'% REr Eaeh T L oY AR SR SN
A R i -
.

: the ‘number of training samples in the r* class, can be ysed
§ ™ as the membership grade for the t™ class if the. j”‘ feature
. assumes the value k in the i" zone.
~ :
%: . " ' ‘ . *
S ‘ . Using definition 5.4, "the fuzzy entropy due to the j
‘ feature can be.computed according to the following:
H . 3
vt ¢ *
.~ Z'qu SLRAN , .
\ H Y
v Htjk ' mEmesme= iteteinindednieht bbbt ,
( Q Inm .
N * . ‘
where ’ .
/ * ’ . -
¥ Eiju '
) ' R ‘qu = -——i—--:'-—- .
‘ - E AN
G ' and - SR a1 S
! . s 7 : L3 3
o Tk
- o : Yk, N, .

‘Hiijk takes a value 1 when the jm feature in the i*h zone with

e A e T et B T S
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value k contributes no discriminatory“information when all

.

the classes are equglly likely. The confiﬁénce ‘f&ctor due

h

to the j* feature assuming value k in the i™ zone is

|
T

computed by~

. A2
where K,  is the count of classes for whith ﬂgk =0,

J

¥
The confidence factor A xk and the proportion E*J“ " are

t
used to compute the weight of a feature element taking value
k in the i" zone. ' “The weight is computed as

f .
w%k = Eqk X XMF . The following example illustrates Fhe

computatibn of the weight of a feature element.

'Suppése there are 3 classes (m=3) and there are 10

samples (N, =N =N,=10) in each class. Furthermore, the "ji"

feature assumes the distribution | ﬂ%k = 5, nZW =

nfj,‘ =1) in the i

6 and

: +
proportion or the class membership Eqk
oy ‘ .
feature supports each class 1is obtained as (5/10, 6/10,

1/10). ‘The normalized memberships’ Yék are’ computed as
(0.5/1.2, 0.6/1.2, 0.1/1.2) and the uncertainty Hejx in

decision making due to this feature is 0.835. Since the, j"

feature occurs in all the thrée classes, Kqé =3 and the
confidence factor X(ﬁ( by which this feature can correctly

classify an unknown is 0,165 (1-0.835)., The corresponding
' LN,

L]

zone for given value of k. The
&_ given value of
4§ which the 3"
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weights ":J" for each class are obtained as (0.0825, 0.0990,
and 0.0165). )

The weights wak ‘are -used for prediction purpases. The

‘prediction procedure is based on the-.assumption ~ that
features assuming values (0,1,2,3, or 4) independently
classify an unknown pdtt;rn into a ﬁnique class. The
prediétion procedure ;égas follows: ' '
‘Let udk _be ;he i feature extracted from the/junknown
patt?rn.

Uik = 1 if. the j™ feature takes the value k in the
th '

i zone; otherwise qu =0, Euclxd1an dzstances D and .

¥ . oo
angles Ok betweggn the feature and weight element; for a

given k in allM zones is computed according to:

ra

E‘\pk'tak L T '
EEIUISES! - ’ .

0k= cos_x -;---:3!--’-:'- ..................
/3 et
L

‘For  each value- of k =0,1, 2, ..., 4, usingl'thg

distance, five predictions about an unknowﬁ ‘were .made - by

taking that value for which DK 1s m1n1mum. Similarly;,other
five pred1ctlons were made by con51der1ng the five, minimum,

values ofokover gll the classes r=0,1,Z, ...., m. “In case

\r
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partrcuiar $alue

oflh tie or whenever no feature assumes a
(of k}cthe prediction for that value of k‘was’ignored.' Rules
copcerning the decision making process in the 'predicticn

modulek‘are dxscussed in Chapter six. The ‘motivation behind

1_troduc1ng several ptedxct1ons is the expectat1on

L3

that
is very unlikely that all the predlct1on§ can go wrong for'a

normel character image. The main purpose ‘for

predic.' is to capture the 1mp11ed cluster1ng effect, that

is to partition the pattern samples into expected and

unexpected ciqsters vhich is illustrated in Figs. 5.2{a-c),

where the expected classes are (0,6);"(0;65. and (6)

respectively. Classes other than these are considered as

5 |
unexpected..

.of the prediction- module. For a normal

l ‘ ¢ .
character "6", the prediction is unique but ' for the other

two images prediction is not that accurate. 'This happens

due to considerable variations 1n the size and shape of an

image.

tor pred1ct1ons, but the same effect can be ach1eved by

':ustsq‘ multxple recogn1t1on schemes wh1ch are both expéns1ve

'and time consuming. P :

the 'multiple”

Furthermore, these figures illustrate the power:

image of the’

 Here d1fferent values of a feature element are used .
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5.4 Structural Module ol ' -

In this moduie”a different :;lasqificetion syrafegy is
agopted; This strate§§' was developed by _analyzing tﬁe
existing classification';echniques. .A close 1look at the

" fuzzy aﬁd/or ;non-fuzzynelaSéifica;ion methods reveals that
most of these methods have one thing in common, they demand
a rigid definition (siﬁil%r to the prediction module) of a
prototype for eech representative class.. This problem is

v .
briefly.diséussed in the last Chapter. 1In fact, rigidity in

) 1 :

capability of a recognition system, Classification
technjques based on cluster andlysis and decision tree do
provide some real-time learning capabilities, but the

addition of some knowledge abou¢ an unseen pattern may

e -

. ~ prototype deffnitiorn limits . the real-time learning'

require asreorganization of the system's knowledgebase. For

example, consider the recognition systems based on cluster

analysis, decision tree ahdlsyntax analysis. The addition

M —

of 'some-information relevantjto a new pattern may reguire

the compugetion of new/ cluster center; for the cluster

analysis based systems, and reorganization of a decision

tree'?for éﬁ optimal decision for decision tree based
4 .

systems. Similarly, in symtax analysis based systems, for

very unseen pattern, a new grammar needs to be constructed,
> b L
. vhichi™~gplies the modi;iggfion' of the &yntax analyzer.

limit the real-time learning eapabilities of a

¢

.Jf"
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_ recognition system. ‘ - — S
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v In 'our structutral module a dynamic clasﬁ&fdcatlpn 'system

2
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is developed. Unlike conventional approaches, this approach
approa -hi

" does not réguire: (a) altérations"(réprganization)‘ in
. r . -

o

knowledge organization for'unseen patterfhs; and (b) a rigia-

1 Y
prototype Qefinitiod pér class. To avoid the rigidity in
prototype  definition, the concept of a hypothetical

Al E-Y

prototype is introduced. o I
’ 4

We believe that a recognition systém desighed to meet

the above two requirements will learn unseen variations in
v .o 7 c .

. 'patterns in real time with greater flexibility. )

<

5.4.1 Basic Approach - .
. | » "
. Let C= 'c,, ca,.:., c, be the set<éf m pattern c1as§e§,.‘
and X = §f, xi....,in  be bhe‘setypf.n fegtu;;s obtained
from an unknown pg}tern. ‘Assume that the presence of. a

.
feature "element x,

divides .the pattern class C into two
subsets: (1) the, set of those éhassesr in which _the

. , i . :
characteristic 'x; "is present; and. (2) the set of those
. . oo i

classes in which the characﬁeristic X, is absent.

Let Pq'for all i=1,2,3,...,n be ’'the sgbsets‘ of the‘
pattern 'class set~C obtaired due to the presence of feature
elements xé, for ail‘i=l,2,3.f.,n reébectively. Ah. unknown T

(A
v . .
PR .

. )
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p' ern w;th feature set X may be a member of&%&ptnon-empty
subset P = %{? of the set C. If the cardinality of the
subset P ig one, then7 an unknown pagﬁegn is uniqgslj
identifiable, . ﬁnfortunatgly,_this is' not always the case.
A feature. may be ﬁresent in several pattern classesl

Consequently, the subset P will contain more than one

-element. Under this situation the set-theoretic approach

cannot provide a unique identificationawhich is evident from
definition 5.1 of the characteristic function.
. :
Return1ng to the pattern classification problem,“each
subset g for all i=1,2,3,...,n of the set C obtained due
to the presenbe 6f feature elements x;, for all i-l, 2, 3.;.,4
n respectively can be Eonsiderea as a fuizy ,sﬁbset;
(clug(c)),_ for all ‘ceC. - Hence§ fhé presence »Ef. a
particular feature in an unknown vpanternf does not only
identify én unknown as one‘of the members of the subset gf,

but éiso assigns a degree’of membership. This degree of

member5h1p can be 1nterpreted as a measure of confidence by

which an unknown pattern is 1dent1f1ed as one of the members’
: ¢

of the set C and assigned to a subset P' of the set C. 1In

special situations this characteristic membership function

".may take the value which is either 0 or 1, which fhplies

that the ordinary set theory is al\Farticular case of the

. theory of the fuzzy subset. Next, we generalize'the theory

used to classify an unknown pattern,
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5.4.2 lgnknown identification
The identification of an unknown is simply to compute

., the mem?rs}up charactenst:.c values of the fuzzy stbset
Ti " 4

[

i et ;

: ceC, and:i=l,2,3, ...;n. The membership characteristic
N ' q

function #p of the fuzzy subset P can be computed usmg the

" p = \J B'vhere each gt is a fyzzy subset’ (c Iﬂgi,(c)) for all -

fuzzy relatxon and ideal and non:.deal prototypes defined as

' "‘ {Lxllows:

Definition 5.5

v

* Gl fuzzy relation R, with membership " characteristic

\ function,ﬁ& (p,i),
‘which : .

y (x) = MAX (K, (E x)), for all X € x - ,,'
PeER R . ‘

‘Definition 5.6

S

N Given a fuzzy relation R, with membership characteristic '

function uR (p,x), a nonideal prototype p is a pattern for
wh:.ch 7 | -

’[l» (x) = MIN(ﬂR(é x)) for all X € x.

'ﬂ . N , < . .r A " — -

»
*

' 1t should be ncc.’e_d .‘ that every"“ feature element ‘in;.»x-

. provides the maxipnal evidente for the ideal prototype and, -

n ideal prototype p"' is a pattern for

Al
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minimal evidence ‘ 't,ghe' nonideal prototype. These .

prototypes can be cons1dered as ‘two reference points and can

be created in real time from the information contributed .by
! : ' .
each feature\element. It is expected that an unknown should

lie within these two reference points., Using. the fuzzy

relation #&(p,x) and prototypes p and p the membersth

'»charactensuc function p.&(p) can be computed by

gt .

-

5o v "
. YP & : . '
o (p) = -—-:----~$, .for all pe P ‘
p ¥ #P
a "

where \b and !/’hare the d1stances of a pattern p of P from
ideal and nomdeal prototypes p and p respect1ve1y. These

dlstances can be cbmputed by -the relat;lonshlps given . below-

Jtl | ‘ ‘ ‘. _ |
A p, Z("' (P.x )- FR(x )) oo
[ j=t | \

The membersh1p characterlstzc funct‘ilon ILP (p) takes (""the

values in the 1nterva1 [0,1].. The value of I/«p (p) approaches

-1 whenever ¢Papproabhes zero, that is, the pattern p€. B is

very similar to. t,he._ldeal protoype pt. On the other hand -

'yF;(p) approaches zero whenever ¢;is close to 0, that is, . p

[T ) B S
[ v ¥



. PO el i s o s e A
e TSRS PSA e i A Ralits skl 8

B il a LIt S Xl R )

Eoiloﬁing values;

e (2|pg(2‘)go.26_4'6)

\/

[ . . A

99

——\ '- ‘ ’ ‘ .‘F ‘ ‘
is very similar to the nonideal prototype p~. The value of

' ' + -
pplp) = 1/2, it ¢$! ¢$1eads to an indeterminate situation,
AL . )

" Thus,” a’ #imple classification procedure can classify an

- unknown. . l“patterh as - p°, . if for all

eplp | ( P (P*)) e MAX (plrp(p)) > 0.5}

"For the éémputation of the grade of membership (PB(p)),

consider the pattern shown in Fig, 5.3. The shape features

'(Fl, - F4, F7,' F13, ‘F1B and F19) obtained in both the

hor;zontal and. the vert:cal scans are used to form the fuzzy

o relatxon Bxp,x) see F:?‘NS*ééj . B S

i}

The. charac;erxsty . memgersh;p grades for the ideal,

“prdtotype F«; (x) and “the noniqdeal prototype Il-; (x) —are
A

obtained as (0.4600, O. 832%: 1.0,.0.9670, 0.5330, 0 7970,
0. 5450, 0 5320 0. 6380) and (0., o., 0., O., 0., O., 0., 0.,

.40.), respect1vely.“4051ng these two reference points £nd the

fuzzy distance described earlier the grade of membership

ue(p) for eéch, pattern is compﬁted and it takes the

‘ (01#p (0)=0.0214)
~ (11p, (1)=0.0006)
(] , -

(31tp (3)=0.7836)
S .((4”1.8 (4)=0,2097)., o
' (,51;;;3(5)-0.3092,) o T

.
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e The max:mum,vaiue of}lp(p) =(0.7836) corresponds to " the Lo o

®

' pattern class 3 and is greater than 0.5. Thus _the unknown j

" . . .
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5.4.3 Implementation .

.
’

For every sﬁape primitive extraétéd £fop @gg;unknown
pattern, its location is used as the key to séiébﬁ its best
fit location "in 'thé coressponding éhape relation (sec.
3.5). Sei;ching is done by computing the city block
distance between the 1ocatiu{{gf the best fit rectangle of
the shape'\from ah unknown pattern and the locqtion pf,the
same shape primitive in the daiabase. The tupleﬁﬁfor\‘which
the computed distance is minimun is selected. ' The
frequency,nr , r=1, 2\ 3, ..., m of'occ&rtence‘of the ' shape
brimitive stored ~in that tuple during the training session
(see sec 3.5) ij used to construct the lfuzzy vrelation &.’
The membership characteristic function #5‘(p,x) vhere «x
denotes the underlying shape primitive and p corresponds to
the pattern classes in whicﬁ that shape has been observed,

is computed as 7, /N, for all r =1, 2, 3, ..., m.

Using the method described in the 1last section the

‘membership function Pa (p) is computed and the unknown

pattern is identified. The performance of this scheme is
presented in the next Chapter. A flowchart depicting the

complete recognition process can be found in Appendix C.
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Chapter 6

Test Data and Experimental Results

6.1 Test Data

_\’\’

The test data set used in thi; research was collected at-
fourteen dead letter mail offices throughout the United
States by the U, S. Postal §érvice, Research and Development

Deparfmenth Pattern Recognition and Communication Branch.

- The basic requirements- for accepting mail pieces in the

database were that the address was handvritten, that the ZIP.

,cgde vas not defaced and did not occupy an area in excess of

9.75 mm x 34.14 mm. Each ZIP code was digitized on a grid

of 64 x 22&, 0.153 mm square elements. This corresponds to

a resolution of 166 dots per inch.

21P codes were microfilmed with a slightly bluish green
spectral response (530 nm) to prepare the = positive

transparencies of each Z2IP code image. A 1.615 micron,

) programméble, CRT scanner (Information International 1Inc.
: 1 ,

PFR-3) scanned the ZIP codes from the positive
tranéparenéies; “After intermediate processing (64 density
levels), the scanner output was finally recorded at 16

reflectance levels. The filming reducgion ratio (2.028:1)

e
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and the subsequent data reduction resulted in 0.0054 inch as

the effective scanning spot size. The effective spot was

derived from the 25 equally spaced scanner spot in é x5
arrays, resulting in the 5.4 mil,app}bx{mately'squaré spot.

The encoding of the grey level ranges from 0 to 15 where O

represents the darkest point and "F" represeﬁ;s tﬂ?tifghtest

point (Fig. 6.1).. : ’

]

The data pose a variety of problems faced in real life
. ! ' { .
applications like: (1) the paper quality (Sngh, ﬁoarse

matte, linen, smooth, glossy, ribbed, ridges and others),

paper colors ranging from white to black, paper patterhs.
(none, straight, figured, shaded and bthers); (2) ink\colprs
(%%ue, black, green, red, brdwn and others); (3) pen types
(quill, ballpoint, feit tip, pencil aﬁﬂ others), éné (4)
/writiné style and random distortions suﬁh. as ~field
‘intrusions, 'skipping, right and leftbtgppers, variatiors,

A
skewness, open loops, nesting, write-overs, overlap and

£

" touching, etc., (Fig. 6.2). '[

1t should be noted that we have not tried t& solve the
problem-of skipping in this study. All other cases were
handled during the binarization and ségment§tionlstages

described in Chapter two. i S

2

The ZIP codes were automatically segmented under human

L

supervision. From each Z!P code image the individual digits

2.
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6.2 Experimental Besults -

The Tresults presented in this section are mainly
concerned with the iecognitiOn of individual digits rather
than the 2IP codes. No attempt iSO.made ,to' study the«
recbgnitioh petforménce on the entire ZIP codes ﬁus to the
problems faced in the segmentation process.. Though the
§;§meé%btion procedure performed well in ideal conditions it
failed sometimes in some cases such as skipping, touéhfng
and missing digits. Due to these cases all the five symbols
of;a ZIP code -were not ‘always avaxlable in good shape for
the recognition module. On the basis of our experience on I
sqcy field data, we expect that apﬁroximgtely 50% ZIP codes ‘
can ‘beAcorrec§ly segmented, ,The_major‘reasons for this lb;
percentage are-~-the poor guality of éhe iméées and ' the“ .
problems highlighted in section 6.%. o B

The experzmgntal data set consists of 8540  digit 1mages -
selected from :?Z 2P code_datﬁbﬁse.< Durzng the tra1n1n9
ses?ion‘ of the prediction module the classifier was trained
;n steps of 200 sampies (20 samples/class). One ofi the
reasons to train the classifier'iﬁ‘steps'is to study‘its ‘ ~ﬁ

predxct1on behaviour for both the seen and unseen patterns.

After each training step two tests were performed, one to

A

‘test the pred1ctxon ability of "this module’ on the data

already included in the training set and the other to test

the same on the data not included in the training'set. For’

“

&
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both tests, a set of 200 samples were randomly selected from
) the' tfaining set ‘and outs1de the training - set. “The.

,predlctlon capab111ty (at 1east one correct pred1ct1on out

4

of 10) is 111ustrated 1n Figs. 6.2. l(a b)\ The main purpose
of this study was to determine the tra1n1ng set sxze for

thxs module. ﬂ&gs 6.2, l(a) (b) show that after tramn1ng on

the 2000 sampples, the pred;ctaon for both the traznlng and -
;test1ng data fluctuates in the range of 94% to . 98%. ' The N
i training was stopped after 5000 samples (500 samples per

class),because no’ s;gnxflcanE“ change " in the ,p:ed1ct1onf

behaviour was°observed.

\

BT should be noted that in“the oeginming the correct

:—pred1ct10n percentage for the tra1n1ng set’ was h1gh but it

gradually declxned Sxmzlarly, tor,‘the test;ng set}

1n1t1a11y the correct pred1ct1on was low ‘but it gradually ‘*
,.1mproved as tra1n1ng progressed.' In the case of tra1n1ng :

set th1s happens due to the randomﬂess of the data set (e. *E

s1ze and shape var1atzons) "In the test case 1n1txallyfthe

3

performance 1mproved because some d1scr1m1natory features o
may not occur 'in gtheﬁ 1n1t1a1 tra1n1ng set., As tralnzng“,
progressed, some add1txona1 features / elates// to .,theAi

'different' shapes of f characters £  the -same class

>~ ) . . PR

(e.g., 2, 2,2 i»...) are added to the knovledgebase of the

system.
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- .pattern éénnot'be ciaSsified~by;Ru1e l,

— Vdecisions split and: the unknown pattes

atadet

- 6.2.1 Recognition: Module .~ = .. T
E O S ,
’Three" basic decision ‘making . processes, namely,

stat1st1ca1,‘ structural .1and ‘hybrid  .(statistical - and
structural comb1ned) were studxed ‘Fbr thelstafistibal=

A method the 1nformat10n gathered in the predxctxon module _iS;I

used. The followzng ru1e5'~were 'used to study ‘tHe .

performance of the dec s1on makzng process based on, the

-

numer;cal~£eatnres.\ T 1‘ IR Con N

\

Rule 1

L ’ | - ' .

Unzque 'decxszon, that is, all the act1ve dec1slons frOm

¢ the 10 pred1ct1ons are unanxmou5r\i.e. the underlyxng
.. ) Ty,
. iunknown pattern 15 classzfxed nnto a unique class.

’

’

Other "rules are based on the caef where'an unknown

t is, the active

’ ~

more than one class.

Rule 2. | IR )

'A;I'the active.éecisions(placé'an unknown pattern into

two different classes.

- . ‘ -

‘Rule 3. : o

All the actxve decxs1ons place an unknqrn pattern 1nto

three d1fferent classes.

< -

sified into

~
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H

. Rule 4, .

-

‘All the*activg,décisidns place an;unknowni pattérnj.intbv

: four different classes. . . e PR -
o maes.
- ) .. Al éhe' active deéigioﬁé plaqe:ad pﬁknpwﬁ«paﬁterﬁ into
% ” five differth cléssésl’ o 'i A “
% ’ _ 4 :
(- . . . —weww INn rules 2~5 a gmmple' majonty ru}e . was applied to
g | ,tééognizé an unknown pattern. In the case of tie or when
% ~ ‘.,‘;all the active decisions place an unknown pattern ;nto. more
? : . : lthan five classes, the unknown pattern is rejécted.:'The
% . ‘ pefformance statistics of the .system on the testing and .
' §~L/ . traiﬁiﬁg sets are shown 'in Figs. 6.2.2 (a-b) respectively.
%: | .”The confusion table fot each rule on the .testing and
ﬂ ? tfaining set is given in Appendix A. - Cumulative (using all
i - the rules (1-5)) confusions for both the training set‘ (5000
b ) . samples) and testing set (3540 samples) are shown in Tables
" 6.2:1 (a-b). | | T
\ ‘
. h -
g )
S (‘_,&gfg;, ‘
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For Fhe structqral mgdu;é,’the classifier hes thained on
the same 5000 samples (500 samples/class) as used in the
statistical module. The perfqmance of  this epproéch ‘was
tested on the data rejected by both rul‘l and rule 2 and is
displayed in‘the confusion Tables 6.2.2 (pfb). Comparing
the recognﬁtion reliability and rejection rate of this
. approach vith the statistical approach, we find that this
) approach performs much better than the statistical approach

-~

" based on rules 3- 5 (Appendix A).

- In the hybrid approach the Trecognifiion rates ‘attained

“using rules 1 "and 2 -in the statistical approach Tables
6.2.3(a-b) and structural approach Tables ,6;2.2' xe-b) are
used to demonstrate the _capability of the’ system. = The
performance of this‘apprpach'is shown in the Tables 6.2.4
(a-b) which demonstrate signif{cant improvements over 'the

statistical approach Tables 6.2.1 (a-b),

——

It is evident from the results that the combination of

the structural analysis with rigid acceptance rule in the
- statistical analys1s phase will yleld a better recognxtnon
score., But in this case approxlmately 60 to ;p percent of
the data will be proccesséd by the structural analy51s
module which is an expensive process. |
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6.3.1 Comparison

It is -virtually impossible to compare the recognition

1

performances of different recognition systems, because of

the diversified range of differences in experimental

procedures and the qualityLof the test data which plays a’

central role in a recognition system. However, for

illustration purposes some results on handprinted numerals:

from the field data are given below.

Using a combination of' statistical and  syntactical
. ' , \

approaches, Duerr et al [1980) conducted an experiment on °

handwritten numerals. They use® a lab prepared data set
consisting of 10,000 numerals written by dpproximateiy 200
‘persons. Their system was trained on 5000 nuﬁerals, and
regaréing,ths\gyefgif performance they state: "if no saﬁples

are rejected a recognition rate of 99.5% is obtained”,

,"In‘ the éxperiment-conducted by Spgnjersberg [1976] the
‘data were obtained from more than 200,000 randomly' chosen
aécount holders who wrote the numbers in their own styles in
specified areas (constrained data). In the training stage,

a recognition rate of 94% was obtained. In the testing

stage, only 60% of the payment orders (documents) were

correctly identified‘ with 0.01%-ahd 39.99% of substitution

" -and rejection rates respectivelj..
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the system has been trained with more samples.‘ Our results

.was also done on a substantially larger and randomly chosen

126

In another experiment conducted;bleeill [1969] on the
ZIP code data: collected .from mail sambles writtgp by
individuals of d¥fferent nétionality, a recognition rate of

. ! N
85% on the 5000 training samples was reported. ) 4

A
T o1t is practically impossible to program each method Q:d

compare the results with . our scheme. However, \to
demonstrate the ' effectiveness of this scheme, expe;;ments
were conauctgd using fhe most effective characteristic loci
féaturés. Several types of .numeriéal and structural
feéfures have been 'uséd -in handprint recognition (Suen

[1980)). The multi-directional Loci (Suen, [1982a)) were

. chosen as a standard for the reasons: (1) It has been.

. ’ ~
studied by several .research groups; (2) It is rglatively

insensitive to noise, brfaks and stroke variations; and (3)
Parallel process of detecting features is relativelf simple.
In these experimentatioﬁs} a clustering pased recognition
scheme was used and the results on the selected saﬁples\from
the ZIP code database are summarized in Table 6.3 on >the

next page (Tien [1985]).

These results were ob@Pined‘with very few samples and it

is anticipated that further improvements ma§ be made once

N

on the testing set using the hybrid apﬁroach (Table ‘é.2.4b) ’

shows an improved performance of between 4-18%; our testing v

~ f

N

&
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‘ B da/t\a Set.= T

Tab1¢~6.3.

1 R ! I . t
ICorrect | Error | Rejéct ! '
- | R !
o 1 - r !
ITraining set 184.62%7% 10,0%* 115,38%* !
1390 samples - 199,23%%* 10,7%%* | 0.00%**|
! ‘ ! ! !

! ! ! ! R
Itesting set 171.77%% 1 4.2%* 124.20%* |
1333 samples .185.59%** 110.5%*%*] 3,90%**|
| : ! ! ! !

Sum v g

* Recognition Results using Multi-directional Loci. 4ﬁ;
*% Recognition Results Using Multi-directional Loci
and additional features related to the center of

\graV1ty, zones etc. '
\

The performance g¢f our method may, be compared wmth some'

recent works--partzcularly with the. syntactlcal approaches.
In _the study on ‘the 400 handprinted numerals (lab prepared
data), Shridhar and Badreldin [1985] reported a -recognition
accuracy of 99%. A direct coﬁparison of their scheme with
ours cannotlbe made; However, botﬁ schemes‘may be compated
“on the pasis of the recogditioﬁ mqéels and their use in

reagli-life applications. As a recognition model, Shridhar et

al have used an automaton whose state transitions were

derived from a small set of samples--which \mgig not

necessarily .cover unexpected variations in handwritings and
v . '

does .not provide a formal mechanism to study héndwriting

variations. Thus, as menfioned in Chapter 4 like other

B 1‘4',&@
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performance on a much larger set of field data,
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syntagticai apprbaches
is rigid and requxres mo&1£1catzon of the automaton for

variations perceived in the future stages. In .our approach
such variations can be gasily, incorporated« in the
knowledgebase by addlng separate tuples for the

anlysis or

recognition reliab111ty, . our  model

o

the structural analysis where

haracter recogn1t1on, thexr model,

strhctﬁral.
re- calculat1on of  the confldence £actoré 1n thep
.predlctxon module. For pract1ca1 appl%cat1ons, in terms of'
has shown better:

especially.’

substltut1on error is we%{
"under 1% and reliability is over 99%. . . - S
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7.1‘§et£ormahce Aﬁaly@is

‘ i.:““ ‘_ In th1s sect;on f1rst the resu;ts ot our expe?zment are

P d1scussed and f:nally typmcal rejected and subst1tuted

SRR " samples ‘are examzned S

L e \,17:1<1 Discussion S T e e B

- ~ - N "

e As ment1oned earlier, character i

recognition . i a_
Jand itW’is* tﬁe\basi§-6£

Requirements in

' .Lchalleng1ng ﬁ;eld of research,

digital document pr ceésing. " the dffiée

. f"f“ automation ‘have created, .more -thapn ever, _needs for the
- A : 'dévelopmeﬂt|xof_ ‘reiiable‘ 'digital ' document processing
‘eéuiﬁment. -Thouéh,a du;ing the pas;_fe; decades, differenf
‘ L appféaches have been applied to ’éoiye. "the charac;ér
s B recognition 'problem; ®ven gqod‘reéults Qerg reported, thei;‘
) n ; ,'_ reli@bility and ﬁfactical applicability cannot be judged.
; | unless these recognition models are tested with field d#ta;‘
\ In this research the applichbilit& of rpopﬁlar Eecoénitidn~-
5 N 'approécﬁes,V‘némely, "the statistical and the- structu;al)"»
é, . N S
A
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recognition schemes on the field data is ‘explored. It

- shduld‘be noted that majority of research works in character

.~ .recognition (in general pattern recognition) "either a

@tatistical or a structural ébproach is implemented and

tested. In our research,  separate ‘' statistical and
A . ‘ .

‘'structural techniques are developed and tested. Also

method to combine these techniques is examined. ' Performance

of . these techniques is summarized in Table 7.1; which shows

individual resultss of:  (a) the statistical

N

. apprpach-—obtained by applying 'rules"; to{ss; (b) the

*“structural approach--obtained by performing- the stnucturqi

analysis "on -the @samples rejected by rules 1 and 2 and (c¢)

~ the hybrid app;oach--obtained,by considering the results of

rules'l and 2 and the structural approach. The performances

.of each rule and the combination of rules 1 and 2 are shown

in Table 7.2.

The substitution rates for rule 1 in the prediction

‘hgduie (Table 7.2) and the structural module (Table 7.1) “are

‘less than one percent. Using rule 1 and thﬁmstructural

approach the same performance~—qs with the structural

approach alone could be obtained. However, it should be

noted that under this combination only 30% of the data will

be processea‘ by the statistical approach and the remaining

data will be,pro¢esséd by the structufal‘approach but at the

‘expense of higher computational cost.
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Co7..2 Rejéétiop:and Substitution' .

: . . ® . . . )
Figs. 7.1 and 7.2 respectively. Rejected = samples

- example, broken five's (Fig.

T

Typical rejected * and \suBStitutéd'samples‘aﬁé shown in
are

examined first. An unknown  is rejected--(i) if its

membership chaﬁ%cteristic, computed in the structural yodule
. \ , mput !

is less than 0.5  or <(ii) if  the identification by the
structural module is not the same ‘as the frequent member
(majofity~predicpibn) of the predicted class.

Y - e,
’

Referring to Fig. 7.1, - characters "0", "2", "3", "5",

' "6", and "B" were rejected under the first criterion and

A
"", "4", TI" and "9" were rejected under the second

‘cri ion, - o :
’ ' %

. Our observation shows that there are three major reasons

' for _substitutloms: (i) random errdrs--broken‘samples were

frequently substituted for _some unexpected class, for

7.2 (d)) vere substitbtéd for

a three; (ii) size variations--samples having less than half

~of the normalized size were assigned to a random class, for

example, a zero shown in Fig. 7.2 (a) is recognized as four”
X ™

gnd (iii) feature dominance--infrequent samples of a class

o

having, features in common with some frequent classes. A

perfect example is the character 6 shown Fig. 7.2 (f), where

the cavity facing the right is 'in 'the position of the

similar cavities frequently appearing in ffve's, and the

\
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“bottéﬁ hole feature which is very frequént in samples .of six
- aﬁd eigﬁt and ‘less /frequgnt in fiQe'B, three'é ang two's
‘were dominated by that cavity:.feature. Conéeguently_ tﬁib )
six was substituted by five. - \ - R ’
. R o .
o The random errors are difficult to control., However,
fé;gftitutfon errofg_may be minimized by considering suitable
normalazatibn scﬁeme; to counter ‘size variations. And,
efrogs due to feature dominance ‘can be‘.minﬁmizsd Sy
idéérporgfing. some ~additional knowledge, such as, rules
vhich can eliminate ambiguiéieé; For example,‘incorgorating
‘"a‘ rule s;ating tﬂat a patfern without left cavity cannot ‘be
"accépted-aé five will not permit such errors. A general set
6f’such~§ﬁ;es t%nAonl; bg.derivgdvby a manual study of large
( £di1urg set and is a topie¢ for future res;éréﬂ (see. Section

- N v ‘ N \ '
RS ' 7.2-below). ' _ ' :
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7.2 Future Research

Research reported here ‘can, be extendeé:in three major
directions: (a) h1gher ’oraer shape extraction--as
illustrated din\ Chaptet three, the shape extraction methdd
can be extended to define and . extract - more complex shape
pnoperties (secono,, thiro order cavities) useful for the
ahalysis of'comolex batterns, for example, characters from.
other languages (Kr1shnamoorthy et al [1983], Ahmed and Suen
[1984]; Suen [1986]) and general patterns like map nalysxs

. (Ahmed et - al" - [1985)); . (b) ) spec1a1 pu;pose

lhatdwaref;paralielism involved in the pred1ct1on ana Uthe

;structurali modules -can be rea11zed by means of the speczal
\purpose hardware. Appl1cab111ty oI such arch1tectures in
pattern recognxtlon (1n partlcular character recognltlon) 15 7
rev1ewed ¥n (S1dd1qu1 and Ahmed [1984]) (c)'development of .
11 a rule- based class1f1cat1on scheme--amblgu1t1es such as
those descr1bed 1n the last dect}on and other types can: be

- removed by dlscovering %ules dur;ng the tra1n1ng phase of. a

- - oo « . P T p—
recognztzon system R .« - -

: ST oy - :
v J . , T ,
S \~ T Te e N .o L

R R A ) e L

\

- 7 7.3 Conclusion " - . B .- ‘ Y,

[ U - . * . ‘ - Y A\
- [ R N .

', Genérally speaking, Tesearch "works'e in: chdracter '~

" fecognition 'are considered new if  they present some new °
- NP I PR . N SR L y
'ideas on’feature definition) feature,'extraction3 feature

selectzon or’ character class1f1catxon. The "image processing

— s - . “ L ) - J N L= V-
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and segmentation part which is essential for a reading
machine and can affect the feature extraction angd
claseification is frequently ignored or rarely mentioned.
In this research, a complete model of a machine capable of
reading totally unconstrained handwritten numerals, covering
required image processing-- enhancement and binarization, a

‘new segmentation approach,' both . the stétistical and new

structural featuré definition and extraction and a two stage

classzfxcatxon methpd has been developed and tested on the

huge field data. . e Ca
‘. v . o [

The image processing part developed for th1s research is

prob;\m‘“aependent but our segmentatlon and structural

-«
feature extraction metho is very general and- its

applications'ere not limited text or cha;aqterr patterns, '

“It can be‘hpplied to 'any binary pattern,'parficularkyv the
structural feature extraction scheme whlch doe's not depend

on a priori shape deflnltlon, 1nstead it allows to def;ne

!

$apes in terms of a finite set oﬁ fundamental shapes. In’

addition, . the relational datapase model prpvides’ a

ponvehiédt mechanism for the etorage and retrieval of the

information related to a shape and its attributes.

t
N v . N . “
4

i

< S . .
" The motivation /behind the (developmeﬁt' of several

' / : ;
classification schemes was the search for a  better,

\

practical .and minimum error classifier. The ‘prediction
- N\ - -

i

_module was develdped with intentions to -judge the auality of

PR

’
- \
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