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Abstract

Sproat(2000, 2003) proposeda formal model
of layout in writing systemswhereingraphic
elementsare conjoined by two dimensional
catenatioroperatorslt hasbeenshown in pre-
viouswork (e.g. Prakashetal. 1993,Vaid &

Gupta2002)thatissuessuchaslayoutanddia-
critization of symbolshave relevancefor sey-

mental awarenessand online readingamong
readerf Indianwriting systemsin this paper
we will developa scriptindex basedon prop-
ertiesof thelayoutandillustrateits application
with examplesfrom Kannadaand Devanagari.
We discusgherelevanceof thisindex to read-
ers' performanceon metaphonologicatware-
nesgasks.

1 Intr oduction

Whenlettersarecombinednto wordsin Englishor other
languagegshat usethe Latin alphabetthe basicrule for
doing this combinationis simple: addthe next letter to
theright of the previousletter More formally put,in En-
glish one(con)catenateletterstogetherin a left-to-right
fashion. Other scripts, suchas Hebrav, switch the di-
rectionto right-to-left, but overall the processs equally
simple.

This simple methodof combinationfound in Latin-
basedand other canonicalalphabeticscriptsis in stark
contrasto writing systemssuchasthoseof India, where
glyphs are combinedin a variety of manners.Thus,in
the Devanagarscript,for example,while consonantsire
typically arrangedeft-to-right, post-consonantalowels
maybewrittenafter, above,below or evenbeforethecon-
sonant(s}hey logically follow.
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2 Script Layout

In previouswork (Sproat2000; Sproat2003)a modelof
scriptlayoutwasdevelopedwhereinthevariousmanners
of combiningglyphs were expressedn termsof direc-
tional catenationoperators. In particular ve typesof
catenatiorwerecountenancedisshavn in Figurel.

The semanticof the differentcatenatioroperatords
shavn schematicallyn Figure2. In Figure3 weillustrate
eachof the catenatorsvith examplesirom Chinese.

Ieftwardscatenation:!

rightwardscatenation:
upwardscatenation:

. #
downwardscatenation:

. . J
surroundingcatenation:

Figurel: Catenatioroperatorsafter Sproat2000.

Sproat (2003) developed the system further for
Brahmi-dernved scripts of India, and provided formal
analysisof the DevanagariOriya, KannadaMalayalam
and Tamil scripts. Among the importantpropertiesof
thesescripts,asdescribedn theliteratureonwriting sys-
tems(e.g. Daniels& Bright 1996)arethefollowing:

Glyphs are arrangedinto orthographic syllables
termedaksara. An aksarabegins at the left edge
of aconsonansequencandcontinuesuntil theend
of the vowel of the syllable, possiblyincluding a
postwcalicnasal. Thusa sequenc&/CCCVCCVC
will be divided into V.CCCV.CCV.C, with the rst
vowel beingin an aksaraby itself, and subsequent
consonantlus vowel combinationsforming their
own akara. It is importantto note that the ortho-
graphic syllablesdo not in generalcorrespondo



M= H

I ("carp’) =FISH - LT
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cde (‘grass’) = VEGETATION - ZAD

B=000O%
guo (‘country’) = ENCLOSURE - EUQ

m=E

ya (“duck’) = BIRD - 14

.
Pl e

zhi (“will, goal”) = HEART - SHI

Figure 3: Illustration of the layout catenatorsn Chinese.Approximately95% of all Chinesecharactersarecomposedf a so-
calledsemanticadical,shavn in greenin the abore, anda so-calledphoneticradical,shavn in red. The semantiaadical often
givesaroughsemanticsenseof the characterthe phoneticcomponengivesa hint asto the pronunciation.As shavn above, the
semanti@andphoneticcomponentsf characterganbe combinedusingary of the®ve catenatotypesde®nedpreviously. Usually,

the particularcatenatousedis determinedy the semantiaadical.
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Figure2: Schematidllustrationof scriptlayoutcatenators.

phonologicakyllables.

Within an aksara, consonantsare combinedusing
variouscatenatorslependinguponthe script. Simi-
larly, vowelsarewritten aroundtheconsonantatore
usingvariouscatenatorsFigures4—5shawv thelay-
out propertiesof variousglyphsin differentscripts.
Full vowel formsareusedaksara-initially, otherwise
reduced(diacritic) forms are used. (In Hindi, full
vowel forms canappearat noninitial word position

Catenator | Full form | Diacritic form
(Null H <A i <kaz)
E HAT <[aal> |7 <kl[aa]>
AT <o wr <ko>
AT <[au]> | B <k[au]>
§ <[> |# <kiil>
: T <> F <kes
T <al> |§F <Kal>
: 7  <u> F <ku>
F <ml> |F  <k[u]>
® <[nl> |F <knl>
o ¥ <> fF <ki-

Figure4: Full anddiacriticformsfor Devanagarivowels, clas-
si®edby catenatoinherentto thediacritic forms.

too.) Similarly, consonantsvhencombinedinto the
consonansequences aksaramay includevarious
kindsof reductionsrom theirfull “standalone¥ari-
ant. Finally, varying degreesof fusionmaybe seen
with differentglyph combinations.

In mary Brahmi-derved scripts, somevowels are
written as complexesof othermore basicsymbols.
Oftenthesemore basicsymbolsarethemselesin-
dicatorsof othervowels. Thisis illustratedfor Kan-
nadain Figure5. Thus“o” in Kannadais written
as a combinationof the glyphs for “e” and “uu.”
Eachof thesecombineswith the consonantsvithin
the aksaarausingthe catenatorshattheindependent
symbolwould normally have. Thusthe“e” portion
is written above andligaturedto the consonanse-
guence the “uu” portion after andligaturedto the
consonantequence.In the other complex vowel



casedistedin Figure5, specialsymbols(“LONG”,
“ai”) are usedthatare not usedexceptin comple
vowels.

Aksarasalways have an inherentvowel, usually a
schwa-like vowel, which is the vowel soundthat is
understoodf no explicit vowel markis used.

Tamil differs from other Brahmi-derved scriptsin
that consonantsequence$iave becomelinearized.
A consequencef this is that vowel symbolsare
written aroundthelastconsonanin aprevocalicse-
guence. So, if a vowel mark usesrightwardscate-
nation and thusis written beforewhat it logically
follows,in Tamil it will shav up beforethelastcon-
sonanbf thesequenceThiscontrastsith thesitua-
tion in otherscriptswheresucha vowel markwould
shawv up beforethe rst consonanbf a sequence.
Similarly in Kannada,where consonansequences
tendto be stacled using the downwardscatenator
somevowels,suchasthe“ulke” diacritic for /e/, are
ligaturedabove the rst consonantn the sequence;
this againis in contrastto the situationin Tamil. In
Sproat2003,it is shavn thatthis differencebetween
Tamil and other scriptsfollows from the theory of
Sproat2000asa consequencef Tamil having lost
thetraditionalaksara.

" Catenator | Diacritic form
(Null | & <kaz)
Y & <ku=

| ] <k[aa]>
gn <kfuul>
: 18 <ki>
| & <kez
[ 5" <k[au]>
18,  <kfn]>
G:J. <k[r]>
fi (), LonG (7)) &6 <kfii]>
{e (l) [au] ()} 8n  <ko>
{e (). il )} 18 <kl
fe (1, LONG ()} B¢ <keel>
fe (). [wu] ). LoNG ()} | B¢ <kfool>

Figure 5: Formsfor diacritic Kannadavowels, classi®edby
catenatarComplex vowelsaregivenatthe bottomof thetable

The above discussionmotivatesa set of featuresor
guestionsthat can be asled of a phonologicalelement
in Indian languagesyis-a-vis its graphicexpression.In
particular for a particularphoneme andcorresponding
glyph  (possiblynull) one canaskthe following ques-
tions. Possibleanswersaregivenin parentheses:

Is expressedtall? (Yes/No)

Whatcatenatois usedto combine with its logical
predecessorfOneof four possibilities,since  is
notusedin Indianscripts.)

Is reducedn form relative to its standalonevari-
ant?(Yes/No)

Are andanadjacenglyphfused?(Yes/No)

Is acomple glyph aswith the Kannadavowels
from Figure5? (Yes/No)

Finally, recognizinghatin somelndic writing systems
(e.g. Tamil) the spellingis lessthanfully phonemid(i.e.
in Tamil, voiced/oicelesdlistinctionsarenotmadein the
script thoughthey are signi cant in the language)one
canadda featureof transpareng

Is transparentlyncoded?

3 Script Indices

Basedon the above featureswe proposevector of fea-
ture valuesthat we will term a Script Index, which can
be appliedto ary phonemeandits graphicalexpression
(including allographs). The purposeof this index will
be to correlatefeaturesof the graphical expressionof
phonemesvith readersperformancenphonemeware-
nesstasksin psycholinguisticexperiments. It hasbeen
shawn in previouswork (Prakashet al. 1993, Padakan-
nayal999,Padakannay2000,Padakannay2001,Vaid
& Gupta2002) that issuesof layout (catenationdirec-
tion), and degree of fusion or diacriticity have a mea-
surableeffect on readers'abilities to shav awarenesof
the phonemecorrespondindo the glyph in question. A
striking exampleof this is in the differential avareness
of post-wocalichasalswritten with theanusvaa symbol,
in Hindi (Devanagariscript) versusKannadaPrakashet
al. 1993). Hindi spealershave greatdif culty in treat-
ing the postwcalicnasalasa separatsegments wheres
this is relatively easyfor Kannadaspealers. This cor
relateswith the fact thatin Devanagarithe anusvaa is
written asa small diacritic dot above the righthandedge
of theaksara,whereasn Kannadascriptthe anusvaa is
a large circle written inline with the main consonanof
theaksara.SeeFigure6.

We illustrate Script Indicesby meansof the examples
in Figures7—9. Eachphonemés associate@ith avector
whereeachof the elementf the vectorcorrespondso
an answerto the questionsoutlined above. Thuseach
vectorwill have theform in Figure10:

ConsiderFigure7, which shows the graphicalexpres-
sionof /peMsil/ (here/M/ representa postwcalichasal)
in (Hindi) Devanagari. The phonemegpeMsil/ mapto
a formal expressionof the graphicallayout represented



Figure6: Anusvaa in Devanagari(left) and Kannadafor the
word/pensil/.In Devanagartheanusvaa is thesmalldotabove
theinitial elementin theword. In Kannadatheanusvaa is the
large circle in the secondposition. Note that the actualword
apenciln Kannadas notwritten usinganusvag; thespelling
shavn is merelyatheoreticallypossiblespellingfor illustrative
purposes.

Figure7: Layoutdetailsfor /pensil/in Devanagari.

by the middle line in the gure. In this expressionthe
akarasaredelimitedwith squarebraclets. The spellout
of eachphonemas expressedfollowing Sproat2000,in
theform ( ) where isthephonemeand represents
arelationthatmapsphonemedgo their graphicalexpres-
sion. A specialversionof namely represents re-
ducedform. Within eachaksara, the catenatorsisedto
combinethe elementsare explicitly given, with the ex-
ceptionof thelogically rst elemenif theaksara,which
is alwaysarrangedisingthescript's macroscopicatena-
tor (Sproat2000),whichis left catenatiorin Indic scripts.
Not explicitly showvn hereis whetherthe elementsare
fusedwith otherelementspr whetherthey arephonolog-
ically transparent.Figure 7 alsoshavs how the formal
layout is actually expressedn the form /peMsil/, with
arrowvs shaving the correspondencwith the formal el-
ementsandthe glyphs. In Figure 11 we list the Script
Index vectorfor eachphoneme.

Notethat/p/ is marked asfusedsinceit is fusedwith
the logically following /e/. Also, in Devanagarimost
glyphsarejoinedtogetherwith the headbar:we are not
consideringhe headbato constitutefusion.

Turningnow to Figure8, we seea similar diagramfor
the Kannadaword /eesvaikya/. In this case,one of the
vowels /ail, is expressedas a complex symbol consist-
ing of /e/ anda symbolthatis only usedwith /ai/ (and
thereforeglossedhereas/ail). In the formal expression
of this mapping,this complex symbolis expressedasa
setin curly braceswith theindividual componentdeing

Figure8: Layoutdetailsfor /eesvaikya/ in Kannada.

Figure9: Layoutdetailsfor /laksmiisa/in Kannada.

elementof the set. Theinherentvowel is not expressed
graphically andthis is representedn the formal repre-
sentationwith the expression (a), andin the graphi-
cal representatiomvith the “kill” symbolof a skull-and-
crossbonesThe Scriptindex valuesfor eachphonemen
this caseareasin Figure12. Notethatif a phonemds
notexpressednoneof theotherfeaturesarerelevant;this
is why thevaluesfor all featuresexceptexpr are0 for /a/.
The<ai> componenbf the expressiorof /ail is written
to theright of theexpressiorof /v/ ratherthanbelow it as
onemight expectfrom its useof the downwardscatena-
tor. Sproat2003arguesfor arule of Kannadalineariza-
tion wherebyall but the rst of asequencef downwards
catenatorsrecorvertedto left catenatorsThusthe rst
glyphin asequencef glyphsthatusedownwardscatena-
tion is written belav the glyph it logically follows, then
all subsequenglyphsin the sequenceare written to the
right. Finally notice that the featuresfor cat, red and
fusedareorderedsetswhenthe compl hasthevalueyes

Figure 9 depictsthe graphic expressionof Kannada
/laksmiisa/. The ScriptIndicesfor the phonemesn this
caseareasin Figurel13.

4 Script Indices and Phonological
Awareness:Preliminary Evidence

Previous researchmentionedearlier shaved that issues
of layout (catenatiordirection), and degreeof fusionin
Indian alphasyllabarieslo have a signi cant effect on



one's performanceon metaphonologicatasks. In all
thesestudies phonemictestshadcorrespondingyllabic
testscontrolledfor the generaltask demands. In gen-
eral, participantsperformedconsistentlybetter on syl-
labic teststhancorrespondingphonemictests.However,
gualitative analysisof performanceon variousphonemic
tasksrevealsthe following. In the phonemerecognition
test,performances betterwhenthetargetis a consonant
partof akara(orthographicsyllable)ratherthanavowel.
Phonemenddity testresultsalso demonstraten advan-
tageof consonantargetsover thevowel targets.
Childrenwho nd phonemidasksverydif cult areal-
most100% successfuln deletingphonemege.g.,arka
/rl, andanusvaa “nasal postwocalic sounds”)that have
independenglyphswritteninline with otheraksaras.The
secondconsonanin a sequencehat hasa reducedbut
not fusedglyph alsoposedno problemin deletiontask.
On the other hand the succesgate in deleting conso-
nantswith full but fusedformsis very low. In addi-
tion nonlinearity of someof the features(e.g., arka in
Kannada)also pose problemsin such tasksas aksara
deletion. Thus, catenationstheir explicitness,indepen-
denceand linearity are the factorsthat determineone’s
successn metaphonologicahanipulationof theglyphs
in question. The overall performanceof individualsin
metaphonologicahsksshouldbeafunctionof thesefac-
tors. Our aim in future work is to arrive at a scriptin-
dex basedon thetotal vectorvaluesof individual charac-
tersandto comparethe performanceon metaphonolog-
ical testswith scriptindicesin the Hindi (Devanagari),
KannadaMalayalam Oriya,andTamil languages.
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[expressed, catenator, reduced, fused, complex, transparent]

Figure10: Featurevectorslots.

Ipl  [expr=yes, cat=left, red=no, fused=yes, compl=no, trans=yes]
lel  [expr=yes, cat=up, red=yes, fused=yes, compl=no, trans=yes]
IM/  [expr=yes, cat=up, red=yes, fused=no, compl=no, trans=yes]

/sl [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]
fil  [expr=yes, cat=right, red=yes, fused=no, compl=no, trans=yes]
N [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]

Figurell: Featurevectorslotsfor DevanagaripeMsil/.

leel [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]

/sh/  [expr=yes, cat=left, red=no, fused=yes, compl=no, trans=yes]

i [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]

/ail  [expr=yes, cat={up,down}, red={yes,yes}, fused={yes, no}, compl=yes, trans=yes]
Ikl [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]

Iyl [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]
lal [expr=no, cat=0, red=0, fused=0, compl=0, trans=0]

Figure12: Featurevectorslotsfor Kannadaeesvaikya/.

n [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]
lal [expr=no, cat=0, red=0, fused=0, compl=0, trans=yes]
K/ [expr=yes, cat=left, red=no, fused=yes, compl=no, trans=yes]

/sl [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]

Im/ [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]

fiil [expr=yes, cat={up, left}, red={yes,yes}, fused={yes,no}, compl=yes, trans=yes]
/sl [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]

lal [expr=no, cat=0, red=0, fused=0, compl=0, trans=yes]

Figure13: Featurevectorslotsfor Kannadalaksmiisa/.



