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ASSTRACT

A brief description of statistical and syntactic pattern
matching techniques is presented with an ewphasis on
statistical technigues,. The characteristics cf the Teltugu
script are describeds A subset of lt characters, wnich are
toth easy ang hard to recogrize, is selectea for the
gictivnary Qf standaro characters. A weilghtecg tinear
difference oolynomial of features is usey to recognize
Teluju characters. The features were Fourier cescriptors of
crojection profiles and cross sections taken in various
directionse. Alsorithms for obtaining the projection
orofiless cross sections 3Ing adaptive learning wmethod are
presented. The system wis trainedg and tested with a set of
8 nano—-written samples of each of 16 different Telugu
characterse. More than 907 of the 123 samples were correctly
recognized Dby the system. results of numerous trials
examining the differant features and classification

technigques are discussed.
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INTRODUCTIUN AND GVERVIESA

1.1 Introcuction To Pattern Recognition.

The problem of pattern recognition has received the
attention of many researchers fcr the past 25 years. The
apgrcaches taken to solve the proolemr of pattern recogrition
fall into three general categories: {l) template matchingy
{2) the classificatory approach ano (3) the syntactic or

structural approach,

In the template matching methods an urknown pattern is
compared with the template of each gattern classes and the

clessification is based on preselected matching criteriae.

In the classificatory approach 2 set of characteristic
measurementss called ‘features!', 1s extractea from the
patternsy and the feature set 1s treated as a point in a
multigdgimensional space. The recognition of each pattern is
usually made by partitioning thea teature space into
subspdaces, each sukbspace corresponcing to 4 pattern class,
This partitioningy made by agecistion functions,y, mizht be
etfacted ¢n the basis cf statistical or non-statistical
consiJerationse. This approach has veen successfully usec on
traoblems like character recognitiony medical diagnosise crop

classificatian etce The most important aspect of this maodel
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is the a priori selaction of an optimum feature set and
decision functions., This can be a aifficult task even for a
simple pattern set. For large and ccmplex sets like Chinese
idiographs and Tefugu charactersy it is not apparent how

this selection should be made.

[In the syntactic approachy thre central aim is to
generate the description of a given input 1n terms of its
sutparts called ‘'primitives', Patcern primitives are
selected 3 priori and their relations in the patterns are
descrioed by a grammars. The reccgnitiaon process is
accomplished ¢ty parsing the sentences cescribing the given
input patterns. Some of the problems associated with this
approach are: the selection of grimitives is similar in
nature to feature selection; the selection of a suitable
shape danalyzer to recognize primitives is nc easy task; and
the selection of a suitable grammar tc describe the patterns

is difficult.

The key to pattern recognition does not tie wholly in

statistical approachesy heuristic programmingy or rwore
formal linguistic approaches alcne. A yaod gattern
recagnition system uses statisticaly sturctural ind

heuristic tools at various stages of processing of the
patternsy with each tool veing applicd at the stage to which

it seems oest suiteo {Kan 721].

1.2 Atout Teleugu Characters.



Ry
[V
"
a
W

TeLuGl LrAnieTey ¥E_LGNITICH

Telugu 18 one of the notional languagzes of Ingiay
spocken Dby about of milticn peopgi=2 in the state of Anchra
Pradesh. The 1injuzge has a beauti1fu!l cursive script with
well over 2000 characterse. Tatucu is a hijghly ghonetic

languaje with each character representing a syllable.

The Teluyu alphapet ccnsists of 16 vowels and 36
consonantsy consonant-vowel combinations (C-V letters) and
conjunct consonants, A vowel folleoewing 3 consonant takes on

*vowel sign'. hences the

\Y)

aifferert 3raphic form caltad 3
vowels and cansonants combina tngether to form 576 different
L=V letters. The C-V tetters are formag by aadirg vowel
s1gns to coemsorants 4t agprogri2te 2l4c=2se. The C-YV letters
and conscnants are comgired in many Nays to grocuce
thcusands of ci1fferent characters. Figure l.1 5P GwsS an
2 xtract froa a Telugu took ~hicn 1llustrates some of the

commcnly used styles and fontse.

The Teluau characters are not cf unifcrm dimensions.
However, they can pe conceived as cdiftferent combinations of
special symbolss called primitives. The tetugu tycewriter

keyboard was designed under simifar essumuticnse,

1.3 Ubjective.

Tn2 obgyective of this thesis was to Investicate
classificatory Tethods for r2colni1z2ing hdana printec telucu

charactarse.
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Two different methods of extracting features were used,
narely: fourier descriptors of verticaly horizontal, left
angé rvight diajonzl gprojection profilesy and fourier

descriptors of row and column cross—-sectionss

Adaptive learning methods were used to train the system
with cifferent samples to adjust the weights of features

accorcing to recognition or misrecognitions

Very encouragincg results ( mora than GC% reccarition
rate) were ottasned by using features extracted from a
combination of projection profiles in several directions ana
crcss—sections 0 vertical and norizontal directions,
Agdptive learning wmethod improveu the rerformance of

recognition by about ZU%L.

thapter 2 provices the general vpacksround in various
technigques of pattern recognition anc chapter 3 descrites in
getail the relevant theories and algorithms used in this
study. chapter 4 describes tne implementaticn methods and
test proceduress Chapter 5 contains a discussion of the
resultse. Conclusions and suggestions for further research

are discussed in chapter 6.



ChapTe- ¢

TEELSITICAL ANG CUnNCEPTULAL o ACKGRUOUND

The technigues usean to soive gpattern reccgrition
preblems can e grouped 1nto three enerel approaches;
namelys template matchingy th2 statistical (or cecision
theoritic) igproech and the syntactic (or structural)
APEroache Fijure 2.1 shows th2: typicst statistical pattern
racognition system which consists of a3 feature extractor and
c3ttern classiticr usini the feature Teasdrements from the
tnrut o ittern, The syntactic mattern recounitian systems as
shown 1n Figure 242 consists of cattern gpreprocessingy
primitive setection and syntax aralfysise. This chagter
proviaes an overview of these Tethoas in waltarn

recognition,

Tne first step 1n any pattern recogniticn probler is to
select discriminatory teatures regresenting the pattern and
to 2xtract {(measure) these features. For exampley the Tost
important features of nanaaritten char2cters a&are the
direction of tre strokes,y th2 2rrangerent c¢cf strokes anc the
interrelation netween the SLIOK=2S Tnese fraturesy in
gmrerals wmay Not De 2451y Faa3uraciea,. Jouglly, 1 firary
tma 3¢ of the pattern can De €cstiy oDtatned anygd tren is

preprocessec to :xtract siginificant features.,



WILSAS  (vOULOYO DA™Y (Vi AINVd  IvolsuMes | Yy
A NOLLOW=A (X3 OAUN
o
Ad g A4S
NVOLLIOW DO DT
SEIIIVOS
< NaWLH3I3S
VML T SLOEWIRSO ST [ e IRV W <
f

=t LIV E WY




WALSAS nolivwoo 3y, NN WRVINAY Vg0 WIDMIT doond

2'C 4

30 NI NOLD313a s
Qv IaLs W) | VOUNTIY kD SV
S
YO LYWW YD EYNTANTE ™ AdwyS
Y
SISV NOUWINY0) 3 NG U edwessg
zoc,nh,naommo QW | Cavacn scdiz go) < (NOILVI3¥ %D Yo NI AR Fud | N3V
WOLLY D3 (SSY¥ID Kyhfvaz Ara by A o QDC\ER.EZ MVMU R Lad e
NOUMLNISIAIIY  NaEILivd



TELUGL CrARACT s ~cCoanNITIUN Page 7

The features can b= classifi2c Into three categories:
(1) physical featuresy e.gey color (2) structural featuresy
eeges ahapey structure and other jeometrical properties and
(3) mathewmatical featuresy (e.c.y statistical means,
corr=2lation coefficientsy @1g2n valuas and eirgen vectors of
covariance matricesy ang vther invarient properties)e It is
generally gifficult for a machine tc imitate the sensory
cagability of physical features.s Syntactic or structural
tattern racognition nethods have tzen develonped to analyze
structural features, The crcision theoritic or
classificatory approach 1s yenerally used for pitterrs where

tfeatures are extracted usiIng ratheadstical metnoss.

2.1 Template “atching

An trtutive agproach to raltern rzcognition is
“template-matching'™ [Ros 761y {Hen t4l. In this casey 3 set
of templates or protctypess one for each pattern classy is
selected. An unknown tnput patterr s ccmpared with the
teaplate of each classes 2nd the classification is basec on
creselected matching or similarity «criterqia, In otner
wordsy if the 1nput pattern matchz2s the terplate of the ith

cattern class better than it mdatch:s 4ny cther teaplztas,

o]

then the input i35 claissifieu as a menoer of the jth attern
class, This apnroach has ©peen used for s)me existing

grintea—character recognizZzers and bark—=check reaaers.
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The following are stangara measures of the degree of
match between a picture f(xsy) 3na a template T whose gray
level at (xsyy) is t(xyy):

max of (f(xsy)-t(xsyliy x ang y in T (el)

FF(xsy) = Tixyy)! A= (2.2)
jfires oty

2
gg[f(x,y)—t(x,y)]dzuﬂU (c.3)
-

These measures are all zero for a perfect matchy and
have high vilues for poor matches. They diftery howevery in
thhe types of errcors to which they are sensitive. For

2xampiey if flxy,y)=t(xyy) excect 3t few pointsy where {fix,yY

= tixsyl):i IS tarjey measure 2.1 will show @ largye mismatchy
wNereas measures 2e?2 andgd 2.3 will show negligible
wismatches., On the other n3and, if cflxyyY=tixyy)i is
2verywher2 non-zero out smally eecoy flxy,y) = tixyy) + ey

then measdre 2.1 yields a small mismatchy ey wnile measures
242 and 2.3 yielid large mismatches e:Ti and e2iTi,

respectively where {T{ is the area of the template T,

Another form of measure 2ok 1S the correlation
coefficient :
00, Sexuy bCam) iy

V8 $emmaedy (§, Cenmdudy

The value of this furction is alwiays between £ ana 1, with

(2.4)

value L ta2ina achievad only if f(xsyl=ctlxysyy) where ¢ is 4

nositive ccnstante.
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The ad1sadvantzges of the terntate ratchirg apgroach
include the difficulty in selectins a good template for each

pattern class ana 1n defining a Lroper matcting criterion.

The diffaiculty 13 especially remarkacle wher large
variations and distortions are exp=2cted in all the opatterns
celonginy to one c¢lass fwid 74). The wuse of flexible
template wmatching or ‘'"rubber-mask" technique has ceen

prcoosed by (wia 74) and ([Che 751, in 4an attespt to
accomrudate lar,e variations in pattern samples, Alsoy the
prccess of matchinag 4 template ajainst a picture in atl
possibile cosittions s computationally costlye Sore mettods
of feducing tne cost ¢f tva2molate woitching can ne found in

[uer 721 ang [hag 721.

el statistical etboos In Pattern Rccosnition

In this approachy a set of characteristic measurements
are extracten from tne ori1zinal gattern anc classification
is dcne by partitioning the measurement space into regirons
of fattern classess wusing decisior functions derivecd from
pattern samples. Clustering transformations can be used on
the measurement space in order ) cluster the tcints
representing the same pattern class. Such 13 trainsfcrmation
4ill maximize the mezn-—-sjuare gcist3ance tetwanen gattern
aecints tnit velony toc two Jiffersnt ctasses and mininize the
mean=s33uare gistance petwean pattern poirts of the samrz

classSe
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Alternatively,s, properties of ratterns like Twoments,
procjections and cross—-ssctionsy can be used as
characteristic featuress ana suitatile similarity functions

can be chosen for classificatione

2elel Feature Extraction -

The basic idea of feature extraction is to obtain
unique information representing the pattern from the ¢ray

feval in the pattern at different poirts.

2e2elel Metroc Of “oments -

In the method of moments used by Judaniy et ail [Dud 771
for recognizing aircrafty the picture under study is divided
into cellsy and the second moment is computec for each cell.
The secund moment (variance) is defined as the sum of the
prcaucts of vertical and horizontal gositions of gray levels
in 4 given <cell. A pattern then <c¢an pe represento by
monents. Moments wilil De the same for idertical gatterns
anc different for dissimilar patterns. By observing the
values of the momentsy 1t can be determined whether the gray
values are spread out horizontaiily cor verticallyy, however
this methoa is inadequate for describing structural

tntcrmation cf comulex patterns [Luc “31.
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2eZelel2 Progjection Profiles -

A gooc 1des of how The Jray flevels in a aiven regior of
a pattern are distributec can pe ottainec ty examiring the
crcjections of the —catterns in various difrectionse. The
projections in x 3anc y directions are ji1ven ty:

X(D = 2 PCLIY amd YOO = 3 PCGLL.

3=1 J=!

A set of projections in a sufficient nuroer of directions
contatns 2nough information to recorstruct tte nictures For
ohJdgects havine nither gray levelis tran thear DICKGrounds,
FEELE in progections can 1ndicite locations of major pdarts
of obgects., Tris s e3pecially true whan tne irage is
normatizea to cantain only J's and 1's. Thits methoasy theny
shoulo o2 well suitedg for character recognitions Sorg [Son
351 and Li (LI 931e used Fourier cescriptors of orcjection
crofites 1n horizontal and vertical cirectiors s features
for Chinese character rccoygnition. A very high success rdte
was cbtained aue to the fact that the characters were
coaposad rainty of vertical and horitzontal strokess and the
projections ragresented these compcgnents very walla In
agagitiony, the oositional invartance of the chiracters wds
achieved by deriving the rourter CESCIriptorss ing stroke
width correction was 3¢plicd using the convolution technigue

of the Fourier transform,

In this thesis the projecticn profiles of letudu
characters in four cir2ctions namelys horivzcecntaly vertical,
—4% and +475 Ccsyrees were used as fuatures, A corbinatior of

the four sets cf featurcs yielded uniQue cnaracteristicss
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Letails ot this method are 2escrihea 1n chapter 3.

Ze2els3 Cross-sections -

More detailed information about the arrangement of gray
levels in 3 reqgion can be obtained <tTty examining the
cross—-sections in variaous directions {(€eJey the
cross—section in the x—-direction is the function fi{xyy') for
4 garticutar value of y')., For 3 binary imacge Tatrix with
onty w's and 1's, the <cross=secticns w~itll sitply be the
nurpoer of distinct sequences ot runs of 1's, Figure 2.4
shows an  examcle of cross=seaction values 1n horizontal
cirection for pumerzls U throush J. FLAOUre ¢ o3 illustrates
the cross=section values of a Tamil cnheracter. Peaks in the
cross—sections correspond to object partse. Comparisticn of
crcecss—-sections of different pictures cen give us=2ful
information about object shage 1n termwms of Now the peaks

shifty expancy shrinks merge and splite.

putta [Dut 74) used the <change of runs ot 1's in
norizontal and vertical directions to derive 'events'y, 'ralf
events' etc. In the reccarition ot Fandwritt-n chardacterse.
Siromoney (Sir 76} used th= frecuecy of runs of 1's n
columns and rows for recognitior of crinted Tamil

characterse. The wctbeoe i3 Jdescribro celow:?

The pattern matrux s examina¢ column oy coluan and tre
nuroer of runs of 1's 1s not2a for each cclurn. This uives

3 strinag ot numberse Thnis string 1s condensec by cel-=ting
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00001 111 111111111111100
00001111111111111111100
00001111111111111111100
0000111111191 11111111100
0000111100011 1100000000
0000111100011 1100000000
0000111100011 1100000000
00001111000111111111000
mﬂ“mt““!““P
000011110U1 11111111110
000011110001 11111111111
00001111000111110011111
00001111000111100001111
00001111000111100001111
00001111000111100001111
0000111100011 1100001111
00001111000111100011111
00000000000000000011111

1muIn
1Mo
11111100
11111000

00001111111
00111111111
00111111111

2BX28

11112222222333333 111NN
Coadensed oW T (P51
Syabolic Tow rm sanL

11112222222222233332211
Coadessed colusa rwa 12321

Syabolis columm run  S11L28538281

CcROSS— SEETON.

s YoR A TRMIL CHA

aacTER [Sir 787
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the <consecutive occurances of the same numberse. This
condensing procelure sncrtens the string considerably and is
equivalent to g sort of thinninj proceaur=. Similariy, the
matrix is examined row by row ana another ccndensed string
is formede. The <condensed strinys will ve the same for

identical patterns,

The same method was enhancec to irccrporate the
refative lengths of the pattern segments. As in case of
eartier methody the number of 1's is noted. In this string,
any one numeral may occur in consacutive cositionse Shorty
Tecium ani lons runs are fcrmed agegrenaginz: cn the number cf
consecutive positituns of the same nureratle. rcr exampley if
the tenyth of the pattern matrix 1Sy S3ys 12, then 1y 11,
111, witlt form a short runj; 1111, 11111y 111111 will form 4
reacitum run and the rest w«ill form a4 lony run., This 43as
caltleus tre symbolic run methaocg and Jave unigue

ragresentations for Tamil characters [Sir 781,

The sympolic run methods howeversy is very sa2nsitive to

incividual differences of handwritter characters since swail

variations in writiny can cause targe variaticns in
cross—sections. However, this method seens to wcrk very
welt for patterns with hcrizontal snc vertical strokes and

with curtain connectivity osrop:rti=s., For this tresisy the
cundernsea run method was exarinegg in vetail fcr the
recognition of telusu cnractersy and tre c2tails are

gescritted in Chavter 3.
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2e2e2 Classification Methods -

Mathematicallyy the proclem of pattern <classification
can be formulatea in terns of "aiscriminant” or "decision"
functionse Let Wly wls eee ywr  de designated as 'nm!
patiern classes to te reco3nized. The pattern spacey theny
can be considzred 2s consisting of 'm' recionsy, e€each of
which encloses the pattern points 1n a cl3asse The
fecognitior problem can now De viewec 38s that of gererating
the Zecisiun functionsy, JLIX)y d2(X)y eae sdm(X)a These

furctions are scalar ana single-valuee functions of pattern

X e If di{x)¥>djix) for some i 2nc for some j = lg2yecemmy
1>y the gattern X telunis to pattern class «i. In other
WwWOrdsy if the ith decision functiony di{X)y has the largest
value for a pattern X, than X pelcngs n Al o Such an

autoratic classification scheme using a decision—-T7aking

prccess is i1llustrated conceptually in Figure 2.5+

Tne decriston functions can be generatea in many WaySs

depending on a priori knowledge apbout the patterrs to be
recognizede. sayers classification rule can te used if the
pgrobability densitly grstracution functions are wkrown [(Fu
76b1.

yame of the more commenly usea c2ci1sion functiors .ar

(¢4
.

(L) linear aiscriminant functiony,
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(). minymum distance classifiery

(3). picecewise linear ciscrininant functions

{Nearest neighbor)

(4). polynomiai agiscriminant functionse.

Another method of pattern classification is to use the
concept cf distance functions [Tou 74]. Cne way cf
estanlishineg <« measure of similaraty vetween pattern
vectorsy i35 by cotermining tneir oroximity. For 2xamples as
shcwn in Flyure 2.6y i t is intuitively cbvious that X
nelonas to pattern class wie solaly on the tasis that it is
cioser to the patterns of this class. Howevery, i1t might be
girffacult to classify Y into either pattern class basea on a
reesure of the proximity of thnis pattern to a classa. The
methoo of pattern classification by cistance functiors works
setter when the pattern classes tend to Fave <ciustering
properties. Some of the distance functions uvsed are:

minimum distance method,
maximin distance methods
K=means algorithm,

Isodata algorithm etc.

A similarity measure or JissiTilsrity measure sives a
nureraical vialue to the notion uf clos=ress or cistznce
petween two objects. The choice of & sicilaraity furction
gepends on the ease of comouting and its cagacity for

aiscriminiticn of vartous objects in the measurerent sgdce.
@
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Minnowsky metric:
n U e
A
ACEP = [E |5 %) ]

Canberra metric:

% \F.i’-r)\
4 CED R <l

Chebychev metric:
ds CF,T) = max | Fy - T
J
Quagratic metrics:

t
da (1) = (F-T) Q(F-T)D

where 1 a mxn Fos'd'ive dnd—«‘.mi_ﬁ atruix .
Mahalanobis metric:

L -
a5 CET) = (et WS (R w T CF-T)
Correlation " _ .
E-T-XXT-T.
A CE,T) = 55:;‘-(4 J)f T;) '
[2.&-T) 2G-%7]"

“City block"™ metrics

n
dtCF/T> = % leFj—TJ‘

where W w a weiaht yeetor.

“Chi=-square" metric: o

n .
) TR _Ts
de CFT) = 2 = | & T. |
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‘M3

™m
where F; = 2 F;
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2eces3 Learning =-

With the linear ciassification functions described in
section 2.2.24 pertfect r2cognition 1s possitle with carrect
values for the coefficients or w2ights, However, in
practicey these values for the weights are usuelly not
avalladle. under such circumstancsssy the cattern classifier
cdar have the capatility of estimating the best values for
the w2i3hts from the input patterns. The basic idea is
thaty iy otserving pgatterns with known classificaticns,y the
classifier can automatically gddjust the weights to achieve
correct recosjnition, The perfcrmance of tte classifier s
sUupposei to improve i1s qpore and mor < samgle patterns are

appliad, This process is callea learning or training.,

For ezch characteristic of the pattearny, an initial
wmeight 1s i5sSioneds. Tnis weight is increased if its
cheracteristic leaao to correct recogntion and decreased
oth3r~ise. fha weight adjustment can De done by a4 fixed
increment or by an appropriate fractignal ccrrelation rule

{Fu 7¢6bl.

In the early gpattern recoqnition system Jgs=2d oy Jhr
(Uhr 631, the recogntion proceoure wuttlized weitghts or
arplifiers at various levels, Thre recosnition orocecure
tnvaoilvai takinu tne gifference petween each characteristic
cf the input oc3attern and the stancard aqiction4ry rattern,
These lifferences ware then weighted by the corresgendina

pAatlern 2nplifirersy  and th2n  wetanted a3in oy genersl
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amplifiers rapresenting the averasage of oattern amgplifiers
across all patternsy whicn finally oroauced 31 weighted
average Jdiffer=2nce Dbetwezn the input 4and the oictiorary
patterns, This average differnce was wultiplied by 2 final
averaye difference amplifer to octain a cdifferance score.
The pattern with the lowest cifference score is selected as

the correct standard pattern,

After a pattern was reccgnizeay the pattern amplifiers
In thuse= patterns that nad aiffererce scores l=2s5s than or

only slightly aoove the cifference score fcr the correct

gatterny are modt1fired. The correct pattern ~3S compared
with «cach of the sinilear natierns in turn, tach
characteristic was exaTined individuallyys and a

cetermination made as to whether the correct patterr would
have been chosen if the chotce had ceen made on the btasis of
this characteristic alone. [f this cne cnaracteristic wculd
have identified the correct patterns then the corresponcing
amglifier was turneg up by one. [f it would have igentified
the wrong pattern then the amplifier was turred down by cne.
[f a pattern had a hisher oifference score than the correct
patterny then the amplifiers WET S aojustad only tn the
incorrect pattern. Ctharwisesy 2rolif1ers aere 2A13justea n

coth patterns.

A sempelified method of asygustine the wetuht factors was

usel in tnis thesits anag s dascribec tn Chapter 3 in details
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2e3 Syntactic fetnoas In Pattern xecoanitior

In some pattarn recajnition gcroolems, the structural
information that Jdescrines each vattern 1s important, In
the case of picture recognition or scene analysiss the
patterns being classified are usually gquite comrglex and
require a large numocer of featuresy hence tne nuroer af
Jescriptors will be large. It becomres impossibl2 to regard
each aescriptor as cefining a classe. \ Corseqguentlyy the

regutremnents ot recognitior can te satisfieaq orly by 2

Jescription for edch pattarn rather tran by the simple task

of classification, Som2 |z2nau=ne scripts like devanagari,
Teitu4u 4nd Chiraszy with thousanas of chartacter .,y fall into

i.ne methoo of representing the heitrarchical (tree-like)
structural of each pattern is to aescribe the pattern in
terms of simpler subpatternsy witn each simgler sutpattern
a33in Jescribea in terms of 2ven simpler sutpatternsy etc.
The simplest subpatterns selected, called "pattern

Drimitives % should be much easier 1o recoyJnize tnan the

patterns themselves, The "languaae" croviginy the
structural description ot patterns n terns of 2 set of
pattern primitives and their composition ooeardations is

suretimes calleyg a "gpattern azscripstion tangLagdes" Tre rules
qovsraning the compesition of primitives intc patterrs are
usuatlly specifiea Ly th2 "grammar" cf the gattarn
gescripgtion lanjuisga. Afiter each primitive witbin the

pattern ts idantified, the reccygnition process is
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accomplishec by parforming a syntix 3analysis ofr parsira of
the "sentence" describing the given pattern to determine
ahether or not it is syntactic4ily (cr gramatically) correct
with respect to the specified grammar. In aaditiony the
Ssyntax analysis also produces 12 structural descripticn of
the sentence reoresenting the given pattern (usually in the

form of 38 tree structure).

The various r~lations or comoosition operations cefined
iron subpatiterns usuAally can Le CXLresse1 in terms of
{ogical anc/or mathematical operatiors, For 2xampley if we
choos= “"ccnecatenation®  as the only relation {composition
careration) uszc 1N de2scrizing ;atternyy then for the pattern

urimitives shown in rigurs2 2.7 the rectangle shown in

\J

Figure 2.8 would ne representea by tre string fa4actccecd!.
¥ore expliicitly, i f me us= "+ for the heau=-to-tail
concatenation operationsy the rectangle in Ficur2 2.E would

be rzpresented by the string Ya+a+atotbececec+d+d?y anrd its

corresponding tree—=I1i1ke structure would e as sfFown in
Figqure 249 Similariyy 3 slightly more comnplex exaaple is
given in Figure 2.1 using the patterr pramitives jiven in

Figure 2.7.

An alternative representation of =2 pattern'®s struccoural
information is 1 "relational ,rason', In usin, & relitional
craph tor pattern cescriptiors 92ng Cen ircluce any relation
thaet can ce conveniently cet=2rmineu from the patterr., ANote
thet (L) ccncatenstion is tne only natural operatior for

one-gimensionil languagesy and {(2) a ygraph can cuntain
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closed loops whereas a trez cinnoty tnereforey ygraphs can be
used to express richer cascriptiors than treese Foweverys
the use of tree structures does provide a girect way to
adapt the techniques of formal ianguage theory to the
prcblem of compactly representing and analyzing rfpatterns
containing a significant structural ccntent {Fu 761y whereas
graphs do not provide Aa direct way of anatyzing the

structural content of a patterne

A labelea griph apobroach Was used to represent the
structural 4NC connectivity information of strokes in the
Tamit scrigt for hancprint=d character r=cogarition by {Chi
501 In this approdchy tre characters were assumed to be
composed of line-like elementsy, cailed primitives (Figure
Zella)y satisfying certain relational constr2zints. Cirected
fabeled jraghs are used to describhe the structural
composition of characters 1n terms of their primitives and
the relational constraints satisfied by them, For examrple,
the nodes of the grapn in Figure Ze.llc ccrrespond to the
junction names of the letter '§5' in Figure 2.l1lb. A
jJunction can either pbe an end point of 2 crimitive or a
point where two or more primitives Teet. The 1icel ang
direction of an ecge represent the primitiva2 joiring the
jurctions named by the end nodss of the edge, Fer anlysiss
the jraph of a letter is reprzsented by a3 connectivity
Mdtrixe The recognition algorithy uses a topoicgical
mdatching procedure to compute and maximise the correlation

coefficientse. gasic symbols &are first recoanizec te
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identify derived symtolse. An excellent recognition rate was

obtained Dy using methoa.

2e3.1 Linguistic Pattern Recojnitior Systems -

A linguistic cattern racognition system general
consists of three major rhases: cra2procassingy pattern
descriptior or reoresentatiory and syntax analysiss as shown
In Fijgure 2,12, The functions of creprocessinc includes

(l) pastterr encodiny 2nd agoroximaticns and (2} tiltering,

resterostior and enhancement.

In the preurncessing onds 2 :n input  pattern is first
coceaq into or approximated Dy sore convenient form for
further processinge. For examplesy a bitack—~anc-white picture
can te coded in terms of 3 9rid or matrix of U's asnc 1'sy
4nc a waveform can be approximatea oy its tire samples or a
truncdateg Fourier series expansion. Date compressior is
cften appliea st this stage to make the processing in the
later stages of the system more efficient. Theny technigues
of firlteringy restoration and/or enhancement Are useq to
clean up noises tao restore tne udegracation, ana/cr to
imgprove the quality of the coded or dqgproximaten patternse.
The output of the preprocessory then would cte patterns ~ith
r2a2s50nqaciy "3000 quality”. c+ch @r=grocassec pattern is
then represented by d sentence-| i1xe structurey CeYey 4d

striny or a graph.
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The pattern representation process consists of: (1}
pattern segrentations ang (2) primitive (feature)
extraction. Each preprucz2ssed oatt=rn is segmented into

sutpatterns and pattern primitives o©vased on prespecified
syntactic or comoosition operations andy in Lurny each
sutpattern is igentifiea with 4 z2iven set of gcattern
primitivess. ach pattern 1s then regresentec oy a set of
primitives with specifiedg syntactic ogarationse. The
deci1s1on on whether or not the representatior (pattern) is
syntactically correct (ie. celonas to tne class of patterns
gescritced by bthe adiven syntax or grammar) will be performed
oy tine syntax indalyzer or "oarsar"., The syntax analyzer
usually can produce a complete syntactic description of the
pattern 1o terms cf a parse-tree, proviceo the pattern is
syntactically correcte. Ctherwisey tha pattern 1S cithe=r
rejected or anaiyzea on the Dasis of other given Qrammarssy
which presumably describe other possiole classes of patterns

ynoer considerstion.

The simplest form of recognition is “"template
matching™. The string of primitives regresenting the irput
pattern is matchec 3gyainst strings of primitives
representing each reference pattern, ana the irput is

classifiel in the same class as tne reference _atterr w1 ch
s the "bast" matcha More comglceX reccynition nettods
involve a complete carsing of the i1ngut string exoloriny the
complete neirarchical structural gescription of the cattern.

The selection of apgraopriate appruach for reccenition
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usually derends on the prootem requiremente.

Obtaining a3 sraumar that uJescribes the structural
information about the class of patterns under study requires
a grammatical inference machine which infers a grammar from
3 given set ot training patterns ir fanquage-Ilike
representations. This is anatogous to th2 “fearning"
process in statistical pattern recogniticn systemss The
structrual descriotion of the class cf patterns unoger study
1S5 1earnea frem the actual samole petterns from that classe.
The learneg descripgtions in the form of a grammar 1s then

usend ror pattarn Jgescriotion ana syntyx analysis,

Practical applications of linguistic pattern
racognition include the recognition of Engtishy Chinese [Cha
7319 and Devanazari characters [5ir 791, spoken digitsy
matnematical expressions [And bEjs the classification of
cutble-chanber and spark-chamber photographs {Sna 681 [Bha
721y chromosomes and finger print ivages [(Mca 751y, and the

tdentification of machine parts [VYam 731.

An excellent example of the use of the fincuistic
method is PLANG a fanguags descricing cevanasarit script
{Sin 831, This script <consisteo of ctaractars with

verticaly herizontal anc cursive strokes. The pitterns ire
Jescrioec in a nattern descrigction fanguage for reccegnition

4ANQ an4lysise.
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A sentence in PLANG agescricel 4 two-—dimensional gattern
in terms of primitives and composed Tacros sgecifyiry treir
relationships with respect tog various regions of the picture
frame or in terms of subpatterns operated o0y a frame
fiunction(s). A partitioning fucntion was assumec which
partitionec the zicture into nine egual regirons as stown in
Figure 2.13. Every partitioned regton coutd oe oartitioned
further to get finer 'regions'! oy racursively applying the
partition function on a4 partitioneld r=gicn. The urion of
recions cculd be oefined by usiny the U operator. A
sentence in PLANG was represantea  as the vutcome of a
*frare=function' operating wnon tist of ‘frames' or
another PLANG sentence. Two or wmore cicture frares could be
corbined (n a8 desired manner to maxke 1+ lafger picture framey,
or an ori3inal picture frame could be transfcrrea to 3 nNeEw
picture frame in a desired manner wuttlizing a set of
frame-functionss. Two frame functions namec ‘sugerimpcse!
{denoted by '#') ang 'appeni! (denoteo oy *.') were usea for
Oevanagari script. HRZ (horizontal line)s VERT {(vertical
line)y LTD (teft-going diagonal)y RTL(right=coin3 diagcnall,
CURVE (arbitrary curve passiny throusn spzcifiedg rejiors in
that order)s and vUT (a dot) are selectea 2s the primitives,
and were illustratea in Figur=2 2.1z, Comgastior of the
Davanasarl chdaracter K RATN an a 1ty PLANG cescrauption are

siven 1n Figure Z.lil4.
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DEVKRAIN
Describe KRAIN
Describe KRAI
Compose
Compose

Compose
Compose
Compose
Compose

Q

-------- —‘-—-——---J--_--q-_ - - —-l

1
]
1
f
oB((n?) U (u)lm Superiapose cx! Il
e ((n2) U (RBIA) "'@ : > :
. ! ‘
7 8 |9 '
~— r—r \
BR3(1% B) |--j--==1 Buperimpose F-d-Lf-{ Supertmpose . -4 k-1 :
Grm "r.J-.g.-‘ vaar P 1] '}1’?’"W“? - 5
]
. v
]
“ L0 .:_.- 'H’.ﬂ."‘. - 0:-n 10 E
I IECETO Y £ !
KA -~ | 7Y lj
.o 0000
S~ ”33‘ (s [N 45) )
‘~.nv
13 Superiapose m
voz ((er)u 17 12
G 1 “hete] r
ol Kaal

& 3 Superimpose CORVE(MM R)((N? LX) U (BT LN)R)((1x LX) O
(m L3)R)(()et LB) U (X2 xB)R) ()t R)

Composition of Devanagari composite character KRAIN.

Begin
(+((KRAI)DOT((MT) U (RT)Q))))

A(-(0000) (0.450 .45))((KRA ((LM) U (RB)Q))(AI ((LT) U (RT)Q))))

((KRA(R)Y(s((KA(R)LTD(MM R) (LB R)))))

(KA (R)) («{(HRZ(LT R)RT R)) (VERT(MT R)(MB R))(CURVE (MM R)(RM R) (RB R)) (CURVE
((MT MM) U (LB MM)R) ((MT LM) U (RT LM)R) ((LM LM) U (MM LB)R) (MM LB)

U (MT MB)R) ((MT MM) U (LB MM)R)))))

((AI(R))(+{{(CRL (LT R))}RTD (LT R)((MB) U (RB)R))(CRL (MT R)}RTD (MT R) (RB R)))))
((CRL (R))(+((CE((MT) U (LB) R))(DE(MT) U (RB)R))))

((CE(R)(CURVE (RT R) ((MT) U (RB LT)R) (LM) U (MMJR)((MB) U (RT LBJR)RB R))
((DE(R)CURVE (LT R)(MT) U (LB RT) R) (RM) U (MM) R)((MB) U (LT RB)R)LB R))
(coordinates of lower left corner of picture-frame height width)

End

2.14 Comro;vhm omnd PLANG dgmx.ta‘hcn d’}) DQ_\}O\V\(\am S N v

KRAIN . [Sine31.
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A PLANG description for ill symools of the script were
stored. A locai{ feature extraction operaticn was performed
in which every point of tne pattern was 4assigned a label

defrending wupon the local property it exhibited with resgect
to its n=ighporing points. The local properties included

whether the point 1n question formreo the part of a vertical

lines horizontal linesy rignt-going diagonral, left-gcing
diagonal or do not care. These labels were used by a goal
oriented top—adouwn pzrser for pri~qitive recognition, In

Figure Z2.1l9, a hierarchic reoresentation of the PLANG
description for the symbol KA iS snoun, The parser lcoks
for the frime function and locks for the approgpriate
pramitives in the pattern, It it 1s successfuls the parser
moves on to other subtrees towards the richt, Ify at any
stagey the goal is unsuccessfuly 3 penailty is enterec anc if
the penalty exceeds a preset threshold valuey the rparser

picks up the description of the next protable symrbol.

Contextual information about the script helpeag dChieve

a recognition rate of more than G0 percent,

2e3el Selection Jdf Pattern Primitives -

The determinaticn of primitives with which tne oasttern
of interest may ©be cescriced i35 laruely irfluenceg cy the
rature of the agati; thnere is no Jeneral solution for the
primitive selection problem [(Fu 76}. The prisitives should
scrve as ovasic pattern elerents to (rovigde a comrpact out

adequite aescription of tne ddata i1n terms cf the specified
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Fig. 6. (a) Thinned pattern. (b) Labeled pattern.
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Fig. 8. Pansing trec for symbol “KA™.

215 HEIRARCHIC REPRESEN TATION FOR symBor kA L Sin 83)
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structural relations (fejey tne ccncatenation relaticnl.
The primitives shoulc be easily extracted cr recognizeg by
existing non-1linguistic mathoauss since they are considered
to ©be simple ang <compact patterns and their structural
information 1s not important. For examples for speech
patternss phonemes are naturally considered as a "gJooa™ set
of primitives with the <concatenation relation (Cho ¢€3].
Similariy, strokes hive been suggested as primitives in
describing handwriting {Ede oll. However, for general
pircterial patctternss thare iIs no such universal gicture

element,

Freaman's chain code {rre 61itfFre 621 is 4« common set
of primitives usea to descrioe the boundaries or skeletons
in a pattern. In this scheme, a rectangular gria is
overlartd uvn a two-gimensioral patterry and th=2 str3icht line
secments are us=sd to connect the 3ri1d points falling closest
to the pattrn,. Each line segment is assignec an octal digit
according to its slope. Patterns are thus represenrted by
chains or strings of octal digits. Figure 2.,16 illustrates
the pgrimitives and the codec string descricing a curve,
Siaple manipulations li1ke rotationy, 2xpinsiony medasuremant
of curve lengthy, and determination of pattarn
self-intersections can be 23351 ly cirriegd sut, <rohke ana
Wiley [(Xno w?7l]l and Feder [Fea R3] used tris wetroc for

uescrioing hand—-printed characters.
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A set of pramitives encoatng  s20metric gatterns  in
terms of regions has bpeen proposeo by {Pav 651 In this
casey the basic nrimitivas are halfglanes In the pattern
spacee It can be shown that any figure (or arbitrary
polygon) may be expressed as the union of a finite number of
convex polygons., tach convex polygon can, in turn, be
representea as the intersection of a finite onumter of
halfglanes. By adefining 4 suitatle ordering (3 sequence) of
tne convex polyagons composing the arcitrary golyaony, it is
possible to aetermine & uniguz wminimal set of gaximal
polysonssy callecd 4 primary subsaty the union of which is the
ylvan oolyjuna As o lingutstic =2naloygys 1 figjure can be
thought of as a 'sentence's tne convex polygcns compcsing it
as 'wotdsy' and the talfplanes as 'letters', A more getneral
selection groceaure cf pattern prirityives Laised on recions

wdS proposeo by xosenfield and Strong (Ros 711,

Another form of reoresenting polygonal figures 1 the

v

use of primary graphs [Pavl 721[Pave 721. The primary graph
of a polygon A is one whose nodes correspond to the nuclei
and primary subsets of Ay and wnose brarchkes connect each
nucleus to all the primary sunsets containing 1te An
example is given in Fijure 217, Primary sutsets 3nc ruclei
of nolygjons apogroximating the fiaures are stcwn Iin Figure
dell 1 {sh-aed areas Aare nucleil. Prirmary ;ranhs fe¢r the
corresponding polygons in Fi3gure 2,174 3re given in Ficure
2elTD Thnis form of —representation provides irfcrmation

absut the togcoloay of the picture. Alsoy patterns



Primary Subset Label
or Nucleus

ABLM
ADEP
CDHI

OFGN
ABQP
CDER
OTKN
SFGJ

HWN=RAO OB

a b

‘\
/
\\ ]
e e e
7
Octal primitives Coded string of the curve = 7600212212
3 b

Fig 4.10a and b. Freeman's chain code

26 F:'caa_vxl\o«u‘n clodn cade EFJm_ 62]
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repgresented by graphs c¢an ve formally agescribed ty graph

grammars which can be anaiysed,.
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Ze3.3 Pattern Grammar -

Once the pattern primitives are selectecsy the next step

is to construct a grammar that will generate a language to
gescribe the patterns under studye. ne will consiger two
classes of languagesy namely, finite-state versus

context—free ana context-sensitive. Finite state auotomata,
which are easy to implement recognize or accept finite-state
languages., However the descriptive power of finite-state
fanguages is Weaker than that of context—-free and
context-sensitive 1anguages which recuire non-deterministic
parsing procecurcs., A precedence language may oe usea for
pattern agescription in order to obtain efficient analysis.
Cn the other handy a context-free procrammed graemar
denerating a context-sensitive langu3ie may bte selectea in

orcder to describe the patterns affectively.

As an example consider the language
n o o n N
L = { a bcoc d& l W\?ﬂlz
which could be interpreted as the languaje dgescribing

squares of side length n =142scea

c c
c

a4 b
A b

O o

d b

L is a context sensitive lanJu3aje anc can be generateg by a
context—sznsitive grammar or a context-free prcgrammed

grammar as shown in Figure Z.18.



The language
L={a"b"c"d"|n2 1}

could be interpreted as the language describing squares of side length n=1,2,...
(4 [

L 1

a d b
a a

L is known as a context-sensitive language, and can be generated in the following
two ways.
1) A context-sensitive grammar
G, =(VNr P, S)
where

Vw={S,4,B,C,D,E,F,G})
Vi={a,b,c,d}

P: S—adb dG—-Gd
A—=aAC aG—abcD
A-D bG—bbcD

Dc—cD dFB-vdFd
Dd—dD dFd—Fdd
DC—-EC cF—=Fc¢
EC—-Ed bF—bbc
DB—-FB aF—ab
Ed—Gd bB—bced
¢G-Gc.

Fick. 2- 1B Centaxt - serative ammmo:r( =S

A context-free programmed grammar

Gz=(VNi V’h Pi Si J)

where

Ww=1{S,4,B,C,D}

Ve={a, b,c,d}
J={1,2,3,4,567)

P: Label Core Success Failure
field field
1 S—aAB {23} (8}
2 A—aAC {2, 3} {8}
k) A=D {4} (8}
4 C—d (s} (6}
S D—-bDc {4} {8}
6 B—d {n {8}
7 . D=be {8} {9}

&

. LLF 6]
2.\% b. Cenloxl- }-Lc_q P'aogmm\me_d 8mm~\.\o:n Cra
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Although many classes of patterns intuitively appear to
be context-sensitivey context-sensitive grammars have rarely
been used for pattern cgescription sinply because of their
complexitya. Context-free {languages have been ttsed to
gescrioe patterns such as English charactersy chromrosome
imajesy spark-chamber pictures [Sha 681, chemical
structuresy finger- print patterns ano spoken digits {And
681. Figure 24163 describes a3 context-free grarmar

gescriving the chromcsome itmages shown in Figure 2.1G0.

In patterns using string grammarsy the only relation
cetween sutbpatterns and/or primitives is concatenatior; that
ISy €dcn sucgittern cr orimitive c4n be connected only at
the left or right. This one~-dimensional relatior is not
very effective in describing two—- or trree-dimensicnal
patterns like mathematical expressionsy pictograms etce. An
dttempt wdas mace to include more useful relations by [Nar
1073 As an exampley TRIANGLE(asbsc) means that a ternrary
retation TRIANCLEsy is satisfied by the line segments ay b
ang cy and ABUOVE(XsY) means that Xx is above Y., Similarly
the mathematical expression

a+b
C

can be describeg by

ASOVE(ABUOVE(LEFT(ayLeFT(+9D)) 9g==)ycC)

where LEFT(XsY) means that X is to tre left cf Y. A grammar

descit0ing the houses in rijure 2.2C03 is shown in Figure

2eliibas



Vu={{submedian chromosome), {telocentric chromosome), {arm pair),
(left part), right part), {arm), {side), {(bottom)}

P: (submedian chromosome) — {arm pair) {arm pair)
(telocentric chromosome) — {bottom) {arm pair)
{arm pair) — {side) {arm pair)

{arm pair) — {arm pair) {side)
{arm pair) — {arm) (right part) -
Carm pair) — (left part) ¢arm)
(left part) - {arm) ¢

(right part) - ¢ (arm)
{bottom) — b (bottom)
{bottom) — {bottom) b
{bottom) — e

{side) — b {side)

{side) — (side) b

{sided =+ b

{sided - d

{arm) — b {(arm)

{arm) —» {arm) b

{arm) —a

2.190 context-freo WAMASTT ciﬂrmkbvl-vsa chyowosowme WwWange»

Aencribad im 2.9 b EFL\_{é].

babcbabdbabebabd bebabrba
a b

2.'q ha Submedian chromosome and b) lelocentric chromosome
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[>sha 7Cly by attaching a 'heada' (hd) anc a ‘'tail! (ti)
to each primitivey has used the four binary operators +yXs—,

anag ¥ for defining binary concatenation rvelations between

primitives (Figure 2.21l)e cach pictorial pattern can be
rzpresentedc by a 'labeled oranch-oriented gragh! or
relational graphy where nodes represent subpatterns of

primitives and branches denote (binary) relations (Figure
e22). Fecer [Fed 711 has formalizec a 'plex' grammar which
JdJenerates fanguages with terminals having an aroittrary
nunber ot attaching points for connecting to other
primitives or sudbgpatternse. Pfaltz and Rosenfield bave
extended the concegpt of string crammars to jrammars for
tateled grapns called 'webs* {Pfa 711. tach prcduction
gescribes the rewriting of a grapt A into another gragh B
anc also contains an 'emoedding' rule £ whict specifies the
coffnectton cf B to 1ts surrounding graph (host web) when A
i5 Trewrittens Herey the terminals or grimitives are

fegcresented as vertices in the gragh.

2edet Syntax Analysis As Recognition Procedure -

After selecting the appropriate pattern grimitives ano
their suitable pattern grammsar representing the
concatendation relations of the orimitivesy the next step in
sy;ntactic  pattern recognition method woula be to perform
syntax analystise Syntax analysis or parsiny is necessery if
a complete description of the input pattern is required for

recognitiones As mentioned 3d0vey finite-state automata



ath hd(a+b)=hd(b)
d tia+b)= tl(a)

awb hd(a x b)="hd(b)
ti(ax b)= tl(b)

-
o

hd
b
hd
b
e
Sy hd hd(a—b) = hd(a)
“ ;b ti(a=b)= tl(a)

/—\ ud hd(avb)-—-hd(a)
N t@eb)= tl(a)
b

asb t

0.2\ Cormcalzviotion selehons batioec o F:(_LML-RUCA [Fuel

S s
' l
/A Housc
e . TnanK
Trangle + °© * /Q_ a
a
'l a * b * c
T € ~ €
b c
b c -
b a ¢ < ~¢

. PDL structural description of “A™ and “House™

F(_c_a 222 POL&L*L’T‘\S ILLFJ'LCVWGLDL Ba ,[CJ)Q[(_& bEOuV\C"W~C:s:lQN\L§A
310#‘"&' EFLL_féj.



The following grammar will generate sentences describing houses
[Re f«d 2.2¢ch -
G=(W. V. P,5)
where

Vau={<house), ¢side view), {[ront view), {roof), {gable),
{wall}, {chimney), (windows), (door>}

VT={D'Q'Q»EB.A.CI.D.-.H.]
O0.0.t,

S=(house)

P:. (door)—
{window) - [, (windows)— — (¢windows), )
{chimney) — [], {chimney)— q
wally~ [, ¢wally~ O (doory, []1)
{wall)— (O ((windows), [])
Cgabled» A\, {gabled— } ((chimney), /)
Croof) — \ "\, Croof)— } (¢chimney, )
(front view) - } ((gable), (wall})
¢side view)— § (Croof), (wall))
{house) —(front view)

(house) - = (¢house), {side view)).
The notation

— (X, Y) means that X is to the right of Y,

© (X, Y) means that X is inside of Y,

Q (X, Y) means that X is inside on the bottom of Y,
} (X, Y)means that X rests on topof Y,

== (X, Y) means that X rests to the right of Y.

F:a. 2.20a.. 8&0«\/\\/\/\0_‘& ola,ac.«,l.btvg bowsn v 2:20b. [R(761.

House Description

A t (4.0)
ﬁ 1(1(1.A).0(8.00)

—~(1(1(0.), o (B.0)).L(a.0(8,01)

By, 2 20 b. Podliim duzocxl.lb‘ﬁcrh c% hewns L Fu 761
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recognize or accept finitte-state languages, if 2 class of
patterns can be d2scribedg oy a finite-state lanjuagey a
finite-state automaton can then be constructed to recognize

the strings or sentences describing this class of patterns,

when a context—free languaje is wused to describe a
class of pdtternsy the correspondin: recognition device Sy
in generaly 3 non-deterministic gpushdown automaton. The
output of the syntax analyzer usually incluges not cnly the
gecision of accepting the string Jenerated by tne given
Grammary tut also the derivition tree of tke stringy which
in turny gives the complete structural description of the

pattern,

2.4 Oescriptive Characteristics Uf Telugu Cr3aracters

The telugu alphabety with more than 2CU0 charactersy
consists of vowe lsy consonantss and consonant vowe l
corpinations (C-v letters)y and comrbinations of consonants
ang/or C-=V letters (conjunct consonants)e. There are 16
vowels (Figure 2.23a) and 36 consonarnts (Fiaure 2.22b). A
vowel following a consonant takes on a different graghic
form called a 'vowel sign' ([~ay 771. Vowel signs
corresponding to the vowels in Figure 2.23a are showr in
Ficure Ze23Ca The vowels 4n¢ consonsnts coirtine to forn 576
gr fferent C-=V l2tterse. The C-v letters are tormed¢ by adcing
vowel signs to consonants at agproocriate placess Figure
2.230 snoas sore €=V lettars ohtainec ty comcining tte first

consonant in Figure 2.23b with all the vowelse Similarly



0 e3 QS & & o)
QDML T enoene

Fii. 1. Vowels,

F‘ia'- 2:.2%a Vowels

Fia. 2, Consonants,

Eia. 2.235ph. Consenanis.

v 0 S ’\‘ §ov R. J J‘ o J‘
Fui. 3. Vowd signs (starred vowel xigns ocenr only wilh_' the cousonunts 3, 9, 12, 17, 18, 19, 26,

and 27).
F;a_ 2.23¢. Veowe! s;ans co\—resfoﬁdalv\a 4o vowedls i g 2230

Q.23 2. c ;
xamp -V lettens. V17
Fia 223 dae..)‘.x.nmllwofc \ s Rgd
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the characters shownr In Figurs 2.235€ are obtained using the
ninth consonant. It is clear from the above description
that vowelss consonantsy and C-V jfetters can be realizec by
superimposing shapes called “"suild-primitives™ at
appropriate places over certain "basic-letters". The basic
letters ano build- primitives are shcwn in Figure 2.23f and

2+23Gy respectively.

C-V letters and consonants may ©te conmnbined in many
diffarent wadys to progucs tnhousancs of different characters
callea 'conjunct-constants®'. In generaly one C-V letter and
one or more of the consonants comtcine to form a congjunct
consonant. Conjunct consonints «~ith dore than one consonant
are very rare. If such cases are excludedy a conjunct
consonant will consist of tWwo components. The first
component, called the "main component',y, 1s a C-V letter,
The shape and {location of the second component depenos on
which consonant it iSe For somre consonintsy special
syrboisy callea 'conjunct-primitives® (Figure 2.23rk), are
substituted to form the second component (Figure.Z2.22il). In
some casessy the corresponding consonant (without the first
vowel sign) is written oelow the main component; some

examples are illustrated i1n Figure 2.23j.

ZeY Previous work In kecognition Lf Some Incian Scricuts,

kajasekharan ana Deekshatulu [raj 771 have successfully
usea structural methoas for the recoanition of Telugu

characterse. Considerable work was gone in recognition ot



& 5 > M N\ 9 —5 o
Q) wl’\).),;u._

= 8 223 8 « Build-primitives,

"
.

(:18 - 223k Conjuwet-primitives,

éz,gw@gnw%

F‘oa .223 L Exzinpes 0f canjumet cunsananix with roujuincl-primilives.

X 3 &3 e
N & ew & N

J anianls in whie ants witlonit the fisl viwel sign
Fia 2.23 3 Exagdes of canjonet vonsanants in which eatoonants

appent Mhow ¢V letien. E %,j 77] '
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other Indian lansuage scripts like Jevanajgariy Bengali and
Tamile. Siromoney 4and C(handrasekharan [Sir 781 wused a
condensed run method for reccinizing printec Tamil
charactersa., A labelled grapnh representation for Tamil
characters was wused by Chinnuswamy [Chi 8C] . Sinha [Sin
79) used syntzactic aprroach and & opicture language to
gescribe the build primitives cf Devanagari characters. A
knowledge basec system was developeo later on to recognize
words N the Devanagari script [Sin »4], A generalizeo
formal approach for description anc analysis of major Ingian
languages wds Jroposed by uovatta LLat t5]. A combination of
Jtructural ang statisteical methods tcr recoanition of Tamily
M2layalam ano vevanagari scripts WAas attemptea by
Chandrasekharan {Cha 851]. Ray ancd Chaterjee [Ray 351
cesigned a classifier for 3enaal characters basea on
nearest neighborhood technigquee. A character recogrition
systemy based on the contextual information in composing the
Tanil charactersy was developz2a by Chanor4sektraran [Cha ©3].
A heirarchical decision tree classification schemre is used
by Marwah et al (Mar 84], tased on the fact that characters

in Devanagari script can be constructea using cartair basic

primitives. (Note: Bengialiy Malayalary, Tamil ana Telugu
are regional languages in [Ingida and have thcir own
gistinctive ;cripts. D2zvinag+4ara scrigt is useud for

larguagas like Hinoiy “Marathis Sanskrit etc.)

Subel ‘Yeccgnition Uf Teluyu CTharacters Using Structcural

Mathods =



TELUGU ChARACTEL RECSCNITION Pise 36

After a careful aralysis of the Telugu characters, it
can be found that all the possible Telugu characters can be
realized by superimpcsing certain grimitive shapes over 25
tasic letterse, Based on this observation Rajasekharan et al
{raj 771 devisead a two-stage recognition system. In the
first stagey 3 3Jiven pattern «~as examined for the gpresence
of primitives., If they were founds they were —removed from

the given pattern after their presence was noted. The

primitives were looxad for in the cheracter in a cefinite
order since some oprimitivas occiuvue others. Alsos the
search for a particular primitive was linited to a

particuiar region of tne pattarn. After tne removal of the
grimitive shapess the remaininyg basic letter was recognized
using an on—the~line coding procedure. OGverall recogrition
cf the 3Jiven characters was accomplished by using a cecision
tree which made use of the primitives and basic letters thar
were present in the input patterny and contextual

information for composing the characters.

A& block diagram in Figqure Z2.24 describes various
sutsytems of the Telugu character recognition system, The
digitized images were segjmented tc  segerate ccrposite
characters into basic character priditivess A histcgram of
the number of figure points present in each row aof tre inout
cattern was usea focr this segmentaticn. In 4 ninary pattern

of O's and 1l'sy figure points were regresented by 1's and

background points by C's.
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Noise was removed in two phases. In the first phasey
if the number of figure points in the 3-neightourhood
(Figure 2.25) of a backyground point .as greater than 5y the
corresponding point was filled with a figure point. In the
second phnasey if the number of figure points in the
8-nei1ghpourrood of 3 figure point was less than 4+ then the
corresponaing point was fremovede. The thinning algorithm

developea by Ceutsch [Deu 721y was then used to extract the

skeleton of the image,

The sequ=ntial tewmplate matching procedure makes use of
a difrectec curve—traicer which traces 2 thinnec—line pattern
Ly C€hoosinyg SucCCcSsive points 1in c¢cne cf tha allowed
Jirections. The set of d4llowec cirectiors is an ordered
subset of the set of eight princical directions (Figure
2edbH) e Let the eight principal directions te denoted bty Nx
= {1923e2e83a Let R = {R13R2y44«RT}y wnere 1<=T<=8, and Ri
pefongs to Nxy 1<=iL=T, The orcered sety called the
T-tupley specifies the allowed directions in which the
tracer should MOVEe At any pointy the tracer looks in the
allowed directions in the order in which they are listed in
the T-tuple and moves to the first untraversed figure pcint
encounteredes In this ways successive points ar2 chcsen to
trace the line pattern using a3 T=-tuple, As soon as the
tracer meets 4 situation at which there is no wuntraversed
tigure point in the allowed directicnsy it makes use of the
next T-tupie jiven and traces the pattern. For examgle, the

T—tuplés Fl={5y7+6} and L1={34594} are sutficient to trace



6 8
7

. Bight priucipal divections,

]
? ]
z
y y . y
(a) (b) (¢)
z z
\/‘ " o
y
(@) )

y
(e
ﬁﬁ 2.25 Examples of patierns that e o toneed using the T-tuples £1 aml DI, EPoa 721
F1:=95,7,6%cud DL=335,4%3
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anc recognize the line gatterns in Figure 2.25a The tracer
starts at x and continues up to y using the T-tuple Fl. At
the point y, the tracer dgoes not fing a figure point in the
allowed directions specified in Fl. Hence the tracer gets
the next T-tuple Dl 3ng traces the fgattern. At point Z,

tracing is stogped,

This wethod is not affected by variations ir sizes
stretching or saueezing of the line patterns in the
rorizontal or vertical direction, and 1S impervious to
rotation to 3 certain extent, Howevery this method has to
be aided by other facts like the relative lengths of line
segments traced by Jifferent [-turles, the region of
operation of the tracer while using a T-tupley the relative
positions of end points ang junction fpoints, etc. Alscy the
ordering of the directions 1n a T—-tugle should be aone with
yreat cares Figure 2.26 shows 2 build primitivesy the

T-tuples usedy and a flow diagram to direct the tracer,

For recognition of the basic lettersy an
'on-the-curve-tracing' procedure was wused [Raj 72]. This
method involved coding the character in the form of a string
of T—tuples by tracing the charicter along pcints in it. An
appropraite set of T-tuples was chosen to trace the pattern
frem i set of s=lectea pcintses like 3n end points jyunction
pointy top left point, bottom left pcint, tco rignt ccint
etc. The «code represented by the seguence of T-tuples was
very compact., (Fiaoure 2.27)s & dictionary of codzss for the

pasic jetters was prepared including informatior li1ke the



Cods - 10F)¥ 02 Code : 10FHFD2

) ™

Lxmuples illnstrating the on-the-cnrve coding procedure.

Rguve 2:26 Gn-The-ciowe coding preocaduna. LRy 721
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length of the curve segmentsy, 2tc., The code of tre test
letter was compareg with the codes in the dicttonarys and a

90% recognition rate was ottained.

[t can be seen from the description given n sectiaon
2e4 that Telugu ts a complicated but structured scrigt which
has many curvitinear componentse. xecognitiaon of similar
[ngian scripts oy [Sin 791, [Chi 8Gl}sy [Cha 831y and
reccgnition of Telugu characters bty Rajasekharan and
LCeeksnatulu {xaj 771y suggests that syntacttc or structural
rethods will be the wrost appronriate method for Telugu
cnaracter recognition. with this view in minly syntactic
nethods ane pattern {ingu4ges N partticular were examined
for this stuuy. It was observed thst a pattern Jdescriptian
fanguagey simifar to PLANGs suggestec by [Sir 83] ~wctfa be
raquireds Howevery such an implementation would be complex
ang time consuming. Thus this thesis was directed towards
statistical methods. The details cf the relevant theories
ang aljorithms employed in thts thesis are descrited in

Chapter 3.



LEFAPTER 3

RELcYVANT THEURIES AND CONCEPTS

el Relevant Theories And Concepts

In this thesisy the decision theoretic or
classificatory approach was usec fcr recognition of Telugu
characters. Fizure 3,1 agescribes the functions of the
recogynition System, which basicaitly consists; of two partsy
andlysis 4nd cilassification. an3lysis consists of feature
selection using onrojection profiies and cross-sectiansy and
adaptive iearning to train the system. Ciassification
censists  of feature extraction anc oiscramination using a

similarity fucntion.

This chapter contains 2 detaiied description of the
varicus methods of feature extractior. acaptive tearring andg

citassification functions used in this study.

3,2 FEATURE SELECTICN AND EXTRACTION

The followina methocs of fzature selecti1on were usec 1n

this study:

i: Application of FFT to the projection profifes
2t Crass—sections or column and rcw runs

EL; Application of FFT to the cross—-sections



e ©OI4

ITION
INOV Y
(NG WLy v 3 050\d ._,
———NOY ISNA NG D
NOS\IYINGD
N LS
WO 1o gL sNOVL 23S P
- < ———————— -
B ANdno4d -7-od )
vivQ
i ¢ IVIWENL1Cd <
SSY19 NIV 3o 234i1g * 1S3L
A sl d0dd
Alli‘_\_.v_/.(anr VN0 L 20:- Umhou&
N2t I\ STV T2 NOW2IYLIXA 3¥OLWIA
oIV
4 N
SIZIAVOW
WREJIRTS)
ASION
€ 30w A
P s »
o aA3TO3AaNO?
- . \ - A‘
WICIT L SNou23s
. . A||I||III
<= ANIgQ04 , ssodd
—© pu bR VAT T iy
- Ai
—a AUdvay ATdWY S
Lotz 1) e . -.o.mm,s
N
fllngﬁFuu.&QR ~NouSTIAJ T
NOLLYATAS  IyAvSEY

)

TAR( WD o132 L 40 WYISOWIg svola Tw.

Wishs NTU

“30od

-

A1 ANt/ 2



FIGURE 3Iv2
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43 Condensed cross-sectiors
5: Condensed cross=sections after noise removal

The same methoads were appliec for feature extraction also.

3.2.1L Projection Profiles -

The progjection profiles of an image can be obtained by
summing up the grey values in a given direction. For a
binary image (black 2nd whitel)s this simplifies to counting
the number of clack dots (representec 3s 1's) in a given row
2f column, Peaks in projection profiles «carn indicate the
locations of mazjor »n2arts of the obgect. Projection grofiles
cAan be generated in cgifferant orientations namely roNsSy
columny left dgiajoral and right diagonal. For Chinese
charactersy Devanagari script and Tamil charactersy, which
have more horizontal and vertical strokess the bhorizontal

anc vertical projections are more useful. It is not clear,

how2ver, how useful these will te for Telugu characters
which consist of a lot of —curves, It a3appears that the
diaggonal projections coulid be more helpful in this case as
they woulg contain information of the curvilinear

components.

Figure 3.2 expl2ins diagramatically, the metrocs of
oontaining the projection profiles, FOr a 3iven NxN melrixy
there witli ope & verticalsy N horizcntal ard 2N ciasacnal
gcrojectionse. In case of diagonal graojectionsy howevery only
the c¢c=nter N ftnes were consicerecy ie€ay the corner

triangies witn sides N/2 X n/2 were cmitted, [n particulary
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the top left and pottom right triancles were omittec for
right diagonal projectiony and the bottom teft and tcp right
triangies were omitted for the left diagoral projection,

This reduction was done for the following reasons:

1. The size of agiagonal projecticns woulac be Ny for
an NxN matrix instead of 2N.

2« Most of the useful information is usually contained
at the center of the picturey, hence the ccrners can
pe cmmitted,

3. When both projections are consideredy the corners
omitted by the right diagonal ar=s included in the

feft

diagonal and vice-versds without loss of information.

[he algoritnms for obtaining Jrojecticn profiles in

various directions are described below:

For a binary pattern matrix PAT(NXN):

HORIZONTAL® HSUM(i) = PATC(isd)s 1 = 14N
VERTICAL: VSUMCi) = PAT(jeidy i = LN
LEFT GCIAGONAL: LEFTC1) = PATUlisjls kK = (j=1)+n/C

RIGHT CIAGOMAL: RIGHT(i) = PATUlisg)y & = (jridanN/2
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Figure 3.4 shows the projection profile values for
character '@D'. As it can be seen, the prcjections in the
horizontal direction are nothing out the total number of 1's
in that row. For exampley the projection for row 1G is 3
and for row 1l is b Vertical projections for columrns 18,

19 and 26 are 1s L6 and 12 rzspectively.

34242 C(Cross=-sections Or Runs: -

Just like projectionsy cross-sections can ¢cive an
inaication of the characteristics of the pattern. For a
piInary i1mages where black dots are represented Dy 1's and
anhite sgaces r2presanted by D'Sy 2 Ccross—scction in a given
cirection is Jiven by the number of oistinct sequences or

runs of 1's.,

The cross—sections are computeo using the following
algorithm:
For row runs:
FOR I = 1 TO KCWS
ROWRUN(I) = G
FOR J = 1 TO COLUMNS
IF PATTERN(ILsJd) = 1 THew
IF PATTEWN(I-LsJd) = O THEN
START & MNEw wUN
KUWRUNCI) = rdWwrUN(L) + 1

The column runs can be obtained in a similar way,
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The number of column runs will te equal to the nurber
of columns and the number of row runs will be equal to the
number of rowse. This tasic set of feature measurements will
be unique for each character. for the current studys the
first and last four run values were omitted as it was
observed that they were mostly zero'ss oOobtaining a reduction

in number of features from 64 to 5¢.,

The row and cofumn cross section values for character @D
' gre snown in Fijure 3.4, In row LCy there are two runs of
1'sy one starting at column 27 and the other starting at 30.
The length of the run is not ccnsiderec hera; cnly the
number of runs is important. In rc~ 11y there is only one
rur of L's starting in column Z6. Similarlys in cclumn 20
there is 3 long but single run of 1's, starting 3t row 18,

Column 29 has three runs starting from 1lls 2¢&€ and 45.

The cotumn run for this character after deleting the leading

and trailing 0's is :
11122233333333433322223223332222222211

and the row run is:
21223444444444554444333322222222222222111

Typicallys the row and column run vilues are represented

witnout feading and trailing u's.

Jese3 LoOncensed (ross-sections -
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The condensea column-run strins is formed by retaining
only one digit in each run o¢f that digit in the
corresponding colflumn run, Tnis c¢cen Gte <cone by simply
scanning the string ana replacing a strirg of successive
duplicate entries by a single entry. The condens2d row run

is obtained in a similar way.

From Figure 3.4, the full column run for character 'QD'

is

11122233333333433322223223332222:222211

anc its condaensed run is

12343232321,

This is optatned by replacing the first 111 ty 1y 222 by 29

333332333 by 39 4 Dy 4 etc.

Similarly the row run s

212344444444455444433332222222¢222222111

ang its condensed run is

21l23454321.

The advantages of usingj condenssd rurs 3are:
(l). Condensin1 is a king of thinrin; Srocess,
{2)e The condensed strings will be 1naepencant of the
thickness of the letters and tne proportions cf tha
DVrANRry 1Mmsge.

(3). They require less storaje sgace.l{reduction fraom c4 to
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dbout lol.

(4). The condensed run strings can oe uniquey qualifying
them as good features for reccgnition,

{5). Easy to compute,

(). 4 simple string comparision function can be used for

classification.,

3e244 woise Removal In Condensed Strings -

Lorse remcoval dalgorithms can te agplied after the
condensad runs 4re obtainea. Tne method usec in this thesis
is dertved from Siromoney [Sir 731 and involves reroving
solitary cccurances of any numbers from tne condensed runsy
since sucn occurances are cften duc to noise genearated in
dicitizaticn, A perfect examnle is shown in Figure 3.4 in
row LJ at column 29, There is a 'C' at this position ino
the resulting gap is generated by noise. Hecause cf thisy
now there are two runs of 1's, 11 anc ls though it should

have 4 single run of 1111. This can create variations in

cross—-sections ana |lead to regection Dby a reccgrition
algorithm. This is a <cas2 of an isolatec occurarce of a
run. It can be seen that 1f the gap 1s filledsy 1t Wil De
consistent with the subsequent runss btt it is wvary

difficult to know whetner tilling the c¢ap would b2 useful or
nCLIC cr2ate Tore nNolsSee It was chosen tr tnis tresis to
eliminate such agccurances as 1t was vVery simgle to
irglerent. Another example is at row 27 and column 1¢&.

There 1s a sincle Ly for a black dot) in comgarison to its
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imrediate neighoor column LY, which has a run of tergth lé.

This is obviously generated ©»y nroise and shoultd be
eliminated. This method of eliminating isolated occurances
of runs usually eliminates spurious features being
consicerede. Howeversy there is a possibility that irmportant

information could be lost.

Noise romoval can be implementeo with the helrgp of a
count field associated with each value in the ccnaoensed
cross=section. In the first steps the ccncensed

craoass—secticn is ootained along with the the number of times

a numeral cccurs in the full run,. Ir the second steps a new
striny Is formed by cdelating 31l tre elererts from the oild
string with a count of 1. As a last steps the list is made

unijue oy merg3ging successive elements of the same valuey ang

a10ing up thair counts.

From Figure 3.49 the full cofumn run for character '@9'

11122233333333433322223223332222222211.
Its condensed run s

12343232321
4NC (1t3 count array s

538313412382,

This i3 obtained by reptacing 111 oy 1ls and setting the

count to 39 replacing ¢22 by 2 and setting the count toc 3,
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[y

repalcing 33333333 by 3 anc s=2tting count to By etce. It can
be observed that there are two isolatec occurances fcr 4 and
3 with a count value of l. After removing these two
numerals, the run values are 123322321 with associated
counts 338342382, Nows successive runs of 33 can be merged
to a2 single 3y and runs of 22 to a single 2 by adding tbreir
associated counts. The final runs valu=zs are: 1232321 with

counts 333¢£382y where '8' is 1l1i.

3¢ 3 Magnitude Spectra Using Fourter Analysis

Numerical properties of projectionsy such as their
egne=ci1mensionsal momrents (Fourier coefficientsl)y can be
useful as cobject descriptor s, Fourier analysis is a ceneral
purpose procler solvina tool that uses a transforT techniaque
from space domain to frequency comaine. This 15 of
particular significance to character recognition because the
magnituie spectra of a character will be in freguency
domains anag are independent of the pcsition of the
cnaractersa. That means that the character can e shifted
(but not rotated)s and the Fourier descriaptors still will ce
essentially the same. Thas is sometimes referred to as

spatial invariance.

The other advantaces of using Fourier transfcrems (FT's) are
that they are simple to use ana they provide exczllent cata
racuction. Many transforms gtve N Jescriptors for N input

values. Cnly N/c¢ values need ce consicerec b2cause cf the
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symmetry progerty of the FT. Even further reduction can be
obtained by observiny the freguency soctrum and elimirating
the less significant components (3ri 781y [Son 251s [Per

771 [Sta 781,

Th=e basic c¢efintion of the Fourier transfcrm operation is
[kuc 79]
xeo \
_,pux
FCWY = |\ 4=d e dx.
~ca
wnere: Fiw) = the frequency transform
T{x) = the function to pbe transformeg
w = the frequency variacle (ceey r3dians/second)
X = the spatial variabla (es3.9 tim2 in seconcsl
J = sqgrt of -1

Tne transfcecrr F{w) is in the complex comain gano is perfcrmed
using corplex aluebra and integratior. The aosolute value of

Fiw) is defined as:

TFiw)i = F*{w)Fw)

To calculate (¥F{w)iy we can use the interpretation

a. > L
TEiw) iy = {re Flulr .+ {Im Flw)l}.
where +0°
ke Flw) = H‘(z)@c\muv&
- 00

| P
In Fiw) = §-$r1> sin(W@x) A=
-0

To finaliy arrargje these 23quations into a structure
suirtiotle for conmputer calculations consicder f1 = f(xi) to

represent the Call vilue from 1In exoerirent or an eguation
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W
4]
4
X

at position xi. For simpiitcity we assume the data pcints to

be equally spaceds that is xi+t+l - xi = celta xy a constant.

we can also consider fi to exist only over the interval
x1 to xn, Qutside that intervaly fi will £e cefined to be
Zeroe Combininag the above considerations into a

programmable formy, we have:

I
L N
N L

=
The magnitude spectrum is simplyl:F(qu: .
This equaticon is the casts for cumputsr calculation of
the Fourier transform of the function representd by {fil}s in

this thesis.

In this thesisy the Fourier transforms were useq alth

projection profiles and cross—sectionse.

3.4 Learning Algorithm

A self adaptive learning algorithr was used in this
thesis to train the system with gifferent saaples of data so
that the various characteristics could Le absorbea into the
systemes This algorithm is a simplifiec version of that used
oy Jhr 2nd vosster [Uhr c3] which aagustec the weights
associated with each feature and the values of the features
themselves. This method is independent of the values of the
tecaturzas themselves which facilitated wusing tre sare

learning method for features extracted from different
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techniques. This wmet one of the or jectives of the thesisy
to study various features ana see which one best describes
the <character., In this studys learning was useqo with
features obtained by Fourier transforms of projecton

profiles andg cross~sectionsa,

The learning algorithm is as followse

Each character has a set of feature measurements, called
typtcal valuessy sloreda in a gictionarye. The number of these
typical values depenos on the methoa of feature extractione
For egach character there is a weicht associated with each
tygptcal value, Initially, ail the weighbt factors are
initializeo to 3 constant value (say 6C)., Tre choice of the
tnitial weight factor is important pecause its value should
be neitnar too low nor too hegh after l=2arnirj. The
following steps are foliowed for eact feature set to adjust

the typical values and weights assoctated with them,
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l. Initialize the weicht matrix

2. Input one sample character per standard character to

the system,

3. For each input characters adjust the weighkts of thre
features
of the appropriate characters by comparinc the
sensitivity or apility of the features to differentiate
different characters.
For thes Kkth character, then:
FCR 4 = 1 TG NUMFEATURES
FUR I = 1 TO WUMSTANDARCCHARACTEKS
IF TYPICALVALUESAMPLE(J) — TYPICALVALULESTU(Ked) <
TYPICALVALUESAMPLE(J) = TYPICALVALUCSTO(IsJ) THEN
THE COKRRECT STANDARD CHAKRACTER IS CLUOSER TC THg

SAMPLE,y 50 REwARC IT

WEIGHT(KsJ) WEIGHT(K,J4) + GPTIMUNML

WEIGHT(I+4d) WEIGHT(I+d) + GPTIMUMZ

ELSE
THE CORRECT STANUARO CHAKACTER IS NUT CLCSER
TO THE SAMPLEs 30 PUNISH IT

WEIGHT (K4 J) WEIGHT(K4Jd) - CPTIMUNML

WEIGHT(I4J) - GPTIMUNZ

WEIGHT (I y4)

The values of CPTIMUML AND GPTIMUMZ are choosen in such
2 way that OPTIMUML > 3%0PTIMUMZ2. This selection casicelly
proviges 3 disctinction between important anc less iapcrtant

featurese.
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At this point, after each learning Dphases the system
can be tested and the performance of recognition and the

effect of learning can be studieds.

4« The typical value 15 also ddjusted to the average vatue
of all the samples so far. A COUNT is maintainedy, one for
cach feature set. Its value is set to one at the time the
dictionary is prepared. After every learning phasey

its value is bumped by 1.

LEUNT = (CUNT + 1
TYPICALVALUESTD =
(TYPICALVALUESAMPLE + (TYPICALYALUESTC)I®*(COUNT=1))

/ CCUNT

5. This learning orocess can be rep=ated for all
2ivaiiable sets of sampless. ldeallys, the larger tbte
numoar of sampless the petter the chances of correct

recognition.

3.5 Classification:

The classification or assigynment of the unknowr input
to a particular pattern <class ts accompiisheda by using a
difference polynomial 3as a measure of similarity. This
methud was based on the polynomial used by Yiles [wil 301

for pattern anslysis and involves the following steos:

1. Normalize weights,

nerinalizeaweirynt = rawweight/averageweight
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where averdgewelght = sum of weijbts/number of terms
2. Compute the difference metric

totdif = sum of { normalizedweisht % cifferenceas }

where difference =

itypicalvaluestd - typicalvaluetest!

When poth patterns are identicaly totdif will be zeros
otherwise its value hopefully will be wminimal for the
correct stancard character. [ts value can te a3ajusted to
fall in the range of ¢ to L if the tygpicil vaiues arc their
differences are normalized. These values aiso need to be
normailizer 1 f the ranij= of typical values 15 highs In
celtner casey the difference metric with minimum value will
hopefully b2 the correct character, the next higher value
will pe one for the next closest character etce Alscy it is
necessary to normalize tne welightsy 45S they vary a lot

guring adagtive learninge.

This difference polyncmial was used 1n this thesis with
the fourier descriptors of projectior profiles and

cross—sections.

A simple strin3 comparision functicn was usec with ccnuersed

cross-sections and cross—-sections after noisc removale.

The results of various metrous of feeture oxtractien anc the

et fact of adaptive learninyg cescrioec here will be discussed

in Chapter 5.



CHAPTER 4

IMPLEMENTATICN AND TEST PROCEDUKES

4a41 fmplementation And Test Proceagures

The fucntionai block diagram of the teluyu <craracter
recognition system is shown in Figure 2.1. The system
vasically consists of three garts: pattern aralysisy

learning and recognition.

This chapter contains the agescrigtion of the hardueare
confirgyuration useo and the software packages uvevelcped for
the studys. The details of test proceaures are also

gescribede.

447 Hardware Configuration

Tnis study used two different hardware configursticnss:
an I8M PC for digitizing the characters and a VAX 11/78C for
performing the functions of rattern analysis and
recognition. The VYAX computer system was selecteda so that
complex analysis and recogniton stucies cculd be easily

performed with large data sets.

A ar1gitdal vigeo camerd i1nterfacea to an I#Y PC was used
to cigitize imajes of tnhe characters. The cijitizec imaies
ware storzg on 1 floppy disk and transported to a vaXx where

the pattern analysis ana recocrnition functiors were
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perfcrmed, Infornatior ancut some of the availacle digital
video <camera equipment can ve faurd in [Cia-1 83], [Cia=2

831.

Fijure 4.1 shows the details of the hardware
configuration, The equigrment wusec consisted of a cigital
vidgeo camera made oy SGNY anc a vicec monitor interfaced to
the I3M PC through an RS232 ports. A pawerful software
package supplied by [MAGELA3 was wused ta digitize the
cnardctars, The charcters were written on &.5X11 inch
pagery 16 characters per oages and pltaced on a fitat
backlignted Loara. Another ficht source W3S fragjectd
gerectly from thne tope. The picture was purpagsefully
overexposedc to jJet maximum cantrast. A |jttle screen on the
viceo camera was used to adjust the paper within the frare
of the video nonitar screen. Figures 4.3 shows the set of
standard characters and the samole characters used fcr this
study c3n be founa in Figures 4.3 - 4.11. These sanples af
hanceprinted characters were cotlectea from thre2 differ=nt

peapiee

Once the image was digitizea anc froz2n, several other
functions were performed. The image was ecited to elimirate
any apparant nagise around the characters. The grey scasles
tnen a4Jere adjusted to yat maxinum ccntrast and to ncrréatize
the values to ( or 256ewith 'U' regresenting a white sgace
ang '256!' represz=nting a btlack spot. This was necessary in
orger to =liminate nagise jenerated cue to the texture and

unevenness of the opaper. Next, tre image 4as zdgomec to a
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256X256 pixel size from the original 512X512 sizey to cget a
nice size of 54Xb4 bytes for each character. Finallysy the
image was archivea on the diske cach pagey containing 16
charactersy was stored in a single unformatted file of b4k

cytes.

doth standard characters and samples for learning were

digitized unger the same conditionss.

4 secona IBM PLU connected to the VAX was us=d tc ucload
Lthe image files. All the b4k byte binary unformattea files
cn the flogery were converted to VMS fitles of 129 records
with a fixe! recora length of 510 bytes. Fcrmat corversion
routines were built to extract the binary images of

incividual characters form these files,

4,3 Software Configuration

The software for analysisy learring and recognition was
irpiemented in FORTRAN 77 FURTRAN is a nice language for
scientificy 3nd mathematical applications anc was selected
as the programming 1languagey because it was easy to
implement the Fourier Transform functionse. The cwUIVALENCE

statement in FCRTRAN also came 1n handy for fiie format

CONMVErsSions,

The software configuration of the character reccgnition
sy teawr is explained in the datafiow Ciagram 1n Figure 4,2:
The circlas represent softsare functicnal mocules «i1th 1ata

flcwing in and out of them. Data files 3are cdenoted peneath
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horizontal lines,

which were developed

software basically
SAMPLE

LEARN, RECCGNIZE

of the programs is

CICTIONARY:

<LOGGNTIOA

In aacition

contained

Pa3e B7

to several test praogramsy

during the testing phasey tre final
five programs: DICTICNARY,

ANG CRUNe A list cf the functions

given below?®

Prepares the dictionary of standard characters with

features extractec from the binary

kKeaas the binary i1mage
For
horizontal,
vertical, and diagonal
coetficientss computes
angd writes one record
SAMPLE:
Przpares simple data f
differant ssmples for
~2d4ds the pinary image
For each of 128 sample
verticals and diagonal
coefficiertsy, computes
and writes one recori
LEAKN:
1Jses the self adagptive
wetghts of the feature
apsorb the characteris

Reaas data from std.da

each of the 16 standara characters,

image filzc.

fitle (129 records c¢cf 510U oytes).

computes
projections and their fourier

column and row cross—sectionsy,

to per character to std.dat file.

ile with features extracted fron
ea3ch stancarag charactar.

file (129 records of 510 pbytes).

charactarss computes horizcntal,

projections and thnetr fourier
colurn anc row cross—sectiarsy,
to samote.azt file.
learnting method to 40just the
s of the standard craracters to
tics of the sample characters,

t file and updates t accorcing
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to the values reac from sampie.dit file.

RECOGNIZE:
Classifies the test pattern aAccorcing to the aictionary
using a normalized weighted difference polynomiale. The
correct character will have the minimum value of this
polynomial. The values of the oolynomial for each
of tne six features is printed for each standard

ind far all f¢r ta2st chardcters<.,

LDLaAaiNS Cross—sections of rows =nc¢ columnss condensed

Cross=sccliuvns ¢na +p2li=S NoOVSe reToval froc-aure.
S T2-0 o b=
A smatl suoset of 16 characters from well over ZOuce of

the Telugu characters was cnosen for this study- The set
included a3 variety of characters which are similar out
gistinct. They were selected in such a w3ay that some of
e shouio 2 ssy TOr r2cocnaettor Iy Liedennyron R 2 I R
anc some by taking cross-sz=ctions. FiJuro 445 srcws the
dictionary characters 2nd Fijurcs 4.3 - 4,114 Inia
handwriting samglzs ot thre= dift-r -0t ,coliz, Ta= st o oar

characters are numpered from 1 to 16 and tfe samples are
nurbered from 1 to 12°2. The characters ‘,{;'.'S’, 'S-,':;- are
411 very similar and are confusing even to human ©vein3s.
Simitlarlyy, the characters '@' and '@' differ only at the top
right corners but are different ovels. The character 'f@ is

tncluced 4as it s totally differcnt from rest of the 15
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characters. This data sety thusy is a small but
representative sample of rost Teilugu <characters in that

there are both easy ana hard characters Lo recognize,

4,5 Test Procedures

A series of tests were performed to analyse the
recoynition rete of the system with different methous of

feature a2xtraction and classification methodse.

AsS discussed aboveys a dicticnary of 16 standard
characters w~as prepared anag stored i1rn a data files A set of
3 samples for edach stangard character were also digitized,
Features were extracted using Fourier analysis of prcjection

prcfiles and cross sections.

The recognition was testea first without training from

sanmpiess

A weighted linear difference polynomials, also <c3lleaq the
"city o»plock! methoa (Did 70l (il 8U)] was usec «sS the
giscrimination function.,. The same 123 samples which were

used for training the system were c¢iven 3s tre test cata,

The next step ir testing was tu train the systerm with
cifferent handwriting samples. The {earnins progriam was run
to train the system with one set of samplesy one fcr egach
stancard charactery, and the classification was testec. The
cltassification program printeag the values cf the

discrimination function. The results of cluassification were
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tatulated in a 'confusion matrix' which shows the systams
ability to discriminate different characters. The atove
steps were repeated 8 timesy I1n oraer for the system to

absorb characteristics of all the sampies.

The results of these experiments are described in chapter

5.1

Another series ¢f tests were grerfcrmed usina conuoensed
Cross s2ctions as the faature extraction ma2thod. Ir tnis
metnodsy the column and row run values were preparaed for both
stangard and sample characters. The discrimination function
was 31 simple string comparision furction to compare the
values of the dictionary and test characterse. The results
are printad in Figure 4.l14. The confusicn matrix was
prepared manualiy. The same Ltest was repeated after
"scrubbing® the datas 1e. eliminating solitary occurances
of single runs. These results were also tabulateg in a

confusion matrix.



CEAPTER 5

RESULTS AND DISCLUSSION

The otjective of this thesis was to study various
methoas of feature extraction for recognition of cursive
Telugu scripte This chapter presents the discussion on the
results of various experiments. Topics for further research

are suagested in Chagter bGe

The oinary i1miage of each character was represented by
E4Xb64 bytese caCch of the projection profiles is representd
by o4 oytesy and the power spectra of the prajection
profiles also have the same Size. Howevery wusing the
symmetry propary of the Fourier transformy only first 32
values of the Fourier descriptors need be considerec. This
resulted in a compact representation of the feature set. In
aacitiony, from an examination of tte magnitude spectray it
coula be seen that the lower frequency components are
dowinant, and that the high frequency components are
insignificant., This fact could oe wused for further gata
compression of features ©but was not corsioered in this
study. In ally a total of 123 bytes ~cre r2cuireda to store

all four sets cf fcatures for a charccter.

The values of hori1zontaly verticaly left diagonal and

right diagonal progjection grofiles and their power sgectra

are snown 1N Fijure 5«2



TELUGU CrarACTER RECUCGNITICN Pije 63

The column ang row runs {ecross~sections) mere
represented by 64 bDytes eaches Frcr an observation of the
pinary images it was found that the outermost four lines in
poth wvertical and horizontal directions did not contain any
informations so without {osing sij3nificant data, elerents 5
through S0 were selected as the featuress Tris requirea 112
pytes of space for the two features, In later testsy
howeversy even further data reduction was achieved by taking
the power spectrum of the cross—sections and usina only the
Tost stanificant 32 values. Congensed runs r23uired fewer
tnan 3/ bytesy ana further condensation resulted in even

tewer oytese

The actual values of row and column cross-sections are
shcwn in Figure 53 and their fourier gdesciptors are also

snown in Figure 5,3,

The dictionary of standard characters was prepared and
stored in a data file, Features of samplz characters were
extracted 1n a similar way and the data stored in the
sarple.dat file. The sample character set used for learning

was also used as test input.

The classification program 4as fun with these test
sarpless and the results are taobpulateas 1n what is calle? a
tcenfusion matrix'e In this Mallf txy rows represent the
ingut character and columns regresent the recoynized
character. Thus the diagonal sntries correspond to exact

matches. These entries would have a maximum value cf oe 4as
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8 samples were us=a for testing each of the 16 stanacard
characters. A value uf <8 indicates incorrect
classifications and the mistaken character can be fcund in

the same rowe

The recognition rate was calculated as the ratio of the
sum of the diagonil elements to the total number of samplase.
A summary c¢of various test results is presented in Faigure

5.1.

51 Results Of Test 1

The magnitude spectra of hortzcntal, verticaly left
giagonal and right diagonal projection profiles were used as
features In this testy and a recognition rate of €47 was
ootained. Sore of the char3acters |like ',ﬁ',',é'g'ﬁ',';/)'.
which are confusing even to hurans, were recognized
correctly by the system. The confusion matrix for this test

iS given in fFigure, 5e¢4

The system performed very well after the learning
chases recognizing 9&7Z «of the characterse. This suggests
that the power spectra of prcjection profiles can be used as
a good feature selection method fcr 3 cursive script like
!5!

Telugu. Hfcwevers in the case of the cnaracter . the

system pertormed worse than its performance tefore learning.

This can be attributed to the fact trat the sarples are so

giftferant that the orijinal characteristics were acversely

af fected.



SOUMMARY OF . TEST REJYOLTS

RGLURE S-1.

TeEsST# | FEATURE CLASS\FICATON LEAR MING- RE0GAITION
EXTRACTION METHOD RATE
METHOD k.
i. PROIECTION  PROF ILES LINEAR DIFFERENCE Vo 64 Y.
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» RONS » NO
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542 Results Of Test 2

In this testy the cross~sections of rows ana calumns
were used as featuresy ana a linear aifference polynomial
was used for classifications. As can be seen from the Figure
H5els the values are very close to each others naking
discrimination difficult. Only 20Z cf the <characters wuwere
classified <correctlyy and the performance never seemed to
impreve  even af ter learning.,. A 207 recognitior rate
obviIOoSiy sug3jests that tne faatures are nct very agistinct

ana unigue.,

A majocr contriusution to the fajlure of this method is
the spatial variance of the <charactersy ieey physical
cispldacement of the characters 4ithin a given frame. In the
Subseyuant tests an attempt was mace to eliminate spatial
derendencies of the features of the characters,

543 “esults Of Test 3

The magintude spectra of the columrn and row run values
were wused as features along witn a discrimination function
method similar to the one usead in Test 1. The magintuage
spectra yirelded uniqgue features ana 2n excellent N1t rate of
cokx uvefore learning and 997 after learning. The Fcurier
transform celiminated the problem af spatial depencenciesy
while cross—sections provigea unique featuresy herce the

success of thyis methocC. See Fisure 5.6 far the ccnfusion
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matrixe.

5«4 Results Of Test 4

This was an improvement over test 24 in  thtat the
congensed values of column and row runs were used. This
method was usea successfully by Siromoney [Sir 18] for
recognition of printed Tamil characters and was was exgected
to yield oetter resuilts because the condensed runs have the
effect of thinning and characterizing the features. The
discrimination method was a simple string comparison, On
the averages cofumn runs oroved toc be more useful than the
row runs, The standard <characters had unigue values,
sdggesting that this method coula te successfula Fowevery
the values of the sample runs appear tc be affecteaq greatly
oy the fength of the cufrveys curvature of the curve and
relative position of the different segments of the curves in
the character., Alsoy after a <close examination of the
valuesy it was found that there were a number of 1solated
occurances of single runsy ie€ey 3 feature occuring only
once. In genaral this can be constdered to be noisey
although it might contain useful features. Improvemrent can

te made by obtaining sympalic runss removing noises etc.

FigJures Y.7 and 5.2 provicge a comgarison of Naw

condensed row and column cross—sections scored tefcre and

after noise remvoval.
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5¢95 Results Of Test 5

!oise was reduced for this test by eliminating isolated
occurances of single runs ot cross-section valuese This was
done at the feature extraction stages and the wmethod is

cescribed in section 3e¢Ze4.

As it was observea in this testy the cisadvantage of
this noise reduction was that one may lose useful
inforration. This was observed to be the case where the

characters had a '/( type of joint petween segmentse.

This method yielded very poor rscognition rates of 8%
No fearning was attempted in this tests cut training the
system with different sampies might improve the reaccgnition

rateas
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CONCLUSIONS AND FURTHEX KESEAKRCH

el CONCLUSIONS

This chapter describes the advartages of the various
character recognition schemes testea ir this thesisa,
Sugjestions on expansion and further work in thi. area will

also pe presented.

A character recalnitior system  witn two different
methods of feature selection has been implemented anc tested
for Telugu character recoygnition, In the first methody the
grcjection profiles of the patterny in tour difrerent
girections {(verticaly horizontal, left diagonal anc rijht
diagonal) were taken and the Fourier descriptors cf these
profiles were used as the characteristic features. The
system was trained using an adaptive learning algorithm so
that characteristics from different handwriting sarples

could be absorbed, A linear difference polynomial was used

]

as the discriminatior function. With the 128 samples of a
16 character sets a €47 recognition rate was cotained before

learning which improved to Jc/4 after lesrning., The dizgcnal

profiles represented the information in the curvilir=ar
components of the characters and in comdination with
vertical and hnorizcntal profilesy this methou yielcec very

encouraging resuits.
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In the seconaga methods a nethod of ottaining
cross—-section information in the rows and columns of the
pattern was used for feature extraction. The same linear

differece polynomial was usede A VeEry low recognition rate
of 2C% was obtained. Improvements were triec by ottaining
condensed cross-sections and doiny noise removal etce.s bDut
with tittle success. Finallyy, Fourier descripgtors of the
cross—-sections yielced excellent resulits of 82% recognition
rate before learning and 9%% ifter learning. A compination
of tne Fourier dgescriptors of column and row cross-sections

crovided unique representaior of the characters under study.

vec FURTHER STULDY

fhis study used only 16 from a set of wmore than 2900
Telugu characters. An obvious extension to this stucy would
b2 to expand the test character set to incluce more comglex

characters and characters of different lengths,

This stuady vyielded excellent results with Fourier
descriptors of column and row cross—sections., This can be
easily extended to cross—sections of l2ft and rijht
diagonals and shoula yiela promising results since the

diagonals would represent features ot curvilinear

corgonentsSe.

In this studys the use of conaensed cross=sections dia
not yield encouraginy results. A more gromising mrethod

using symbolic cross-sectionsy usec Ly Siromoney at al LSir
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781, is worth examining, In tnis methody the normalized

lengths of the various segments are maintained.

Another interesting and useful applicticn would be to
develop a Telugu script reader. This would requirey in
aggition to recognizing individual <charactersy a wzay of
identi1fying a wordsy with contextual informations. This might
raquire a knowledye base of rules to compose words and other

structural information,

Telugu characters contain many curvilinear cowrponents
anc are composed of a basic set of primitive symbols using a
reguiar structura, These <characteristics su3jest that
syntactic wmethods 2are more suitatle for Telugu character
recognition [Faj 77]le As dgiscusseud abovey these methods
were considered out rejected for this thesiso Employing
syntactic methods [Sin 83] would «re another interesting

projecte.

As another projecty an elcetronic fascimile reacing
system can be develaoped. This would involve compressior of
the original image and its later regenerztion. Fourier
descriptors of projection profiles could 9Jive a compact
representation of the image. For examplesy a 64%Xc4 ©yte
image can be reduced to Just 32 bytes. Ccnoensed
crcss-sections can provide even more compact representation
(< 32 bytes) and are much faster to generate (no need to do
the Fourier analysis)s It might be possible to recreate the

criginat i1maye from these compdct representations.
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The obgjective of the thesis was achievea 0y comgaring
various methods of feature extraction and discriminatione.
The condensed-cross section rethod with no acaptive learning
scheme did not give encouraginga results. Howevery excellent
results were obtaineg by using nmagnitude spectra of
projection profiles and cross—secticnsy, with cross—sections

scoring slightly better than projections.
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10 1212342 12321
11 123431 1232321
121212342 1232321
13 1212342 132321
14 1212322 1232321
15 12343} 1232321
16 12342 132321
IMAGE FiLe = SAnP7,IHg
CUNMDENSED RUW A4D CuLuMy VALUES FOR 1o CHARACTFRKS
CAAKk CUN=ROW CON=CUL UM
1 2321 1432121
2 23432} 12324121
3 12343.1 1232121
4 232i 1232123
5 232, 1232121
o 2343721 1232121
7 23432, 1232121
§ 2321 1232121
9y 2312342 321
10 24312342 321
11 24312344 2321
12 24312343 321
13 23212342 2321
14 312342 2321
15 2312342 2321
loe 2431232 2524
IMAGE FlLE = SAMPg.iMy

CONDENSED RuW A4D CULuMw vALUES FUR lo CHARACUFKS

CHAR CUN=RuUW CuN=CuLum
1 23234342 2321232}
2 2323431 13212324
3 2323432 32123¢1
4 1232342 2321231
5 243234342 23212321
6 13234342 132131
7 23234; 2321231
b 2432342 1321231
9 232321232 132321

10 232321234z 13232
11 2321?32 232321
12 232321232 23231
13 1321231 23232
14 23212342 3231
18 12321232 23232
lo 232321232 23231



	Adaptive statistical recognition of hand-printed Telugu characters
	Recommended Citation


