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Abstract

Sproat(2000,2003)proposeda formal model
of layout in writing systemswhereingraphic
elementsare conjoined by two dimensional
catenationoperators.It hasbeenshown in pre-
vious work (e.g. Prakashet al. 1993,Vaid &
Gupta2002)thatissuessuchaslayoutanddia-
critization of symbolshave relevancefor seg-
mentalawareness,and online readingamong
readersof Indianwriting systems.In thispaper
we will develop a script index basedon prop-
ertiesof thelayoutandillustrateits application
with examplesfrom KannadaandDevanagari.
We discusstherelevanceof this index to read-
ers' performanceon metaphonologicalaware-
nesstasks.

1 Intr oduction

Whenlettersarecombinedinto wordsin Englishor other
languagesthat usethe Latin alphabet,the basicrule for
doing this combinationis simple: add the next letter to
theright of thepreviousletter. More formally put, in En-
glish one(con)catenatesletterstogetherin a left-to-right
fashion. Other scripts,suchas Hebrew, switch the di-
rectionto right-to-left, but overall theprocessis equally
simple.

This simple methodof combinationfound in Latin-
basedand other canonicalalphabeticscriptsis in stark
contrastto writing systems,suchasthoseof India,where
glyphsarecombinedin a variety of manners.Thus, in
theDevanagariscript,for example,while consonantsare
typically arrangedleft-to-right, post-consonantalvowels
maybewrittenafter, above,below orevenbeforethecon-
sonant(s)they logically follow.

2 Script Layout

In previouswork (Sproat2000;Sproat2003)a modelof
scriptlayoutwasdevelopedwhereinthevariousmanners
of combiningglyphs were expressedin termsof direc-
tional catenationoperators. In particular, � ve typesof
catenationwerecountenanced,asshown in Figure1.

The semanticsof the differentcatenationoperatorsis
shown schematicallyin Figure2. In Figure3 weillustrate
eachof thecatenatorswith examplesfrom Chinese.

� leftwardscatenation:
!
�

� rightwardscatenation:
 
�

� upwardscatenation:
"
�

� downwardscatenation:
#
�

� surroundingcatenation:
J

Figure1: Catenationoperators,afterSproat2000.

Sproat (2003) developed the system further for
Brahmi-derived scripts of India, and provided formal
analysisof theDevanagari,Oriya, Kannada,Malayalam
and Tamil scripts. Among the importantpropertiesof
thesescripts,asdescribedin theliteratureonwriting sys-
tems(e.g.Daniels& Bright 1996)arethefollowing:

� Glyphs are arrangedinto orthographicsyllables
termedaks.ara. An aks.ara begins at the left edge
of aconsonantsequenceandcontinuesuntil theend
of the vowel of the syllable, possibly including a
postvocalicnasal.Thusa sequenceVCCCVCCVC
will be divided into V.CCCV.CCV.C, with the �rst
vowel being in an aks.araby itself, andsubsequent
consonantplus vowel combinationsforming their
own aks.ara. It is importantto note that the ortho-
graphic syllablesdo not in generalcorrespondto



Figure3: Illustration of the layout catenatorsin Chinese.Approximately95% of all Chinesecharactersarecomposedof a so-
calledsemanticradical,shown in greenin theabove, anda so-calledphoneticradical,shown in red. Thesemanticradicaloften
givesa roughsemanticsenseof thecharacter;thephoneticcomponentgivesa hint asto thepronunciation.As shown above, the
semanticandphoneticcomponentsof characterscanbecombinedusingany of the®vecatenatortypesde®nedpreviously. Usually,
theparticularcatenatorusedis determinedby thesemanticradical.

Figure2: Schematicillustrationof scriptlayoutcatenators.

phonologicalsyllables.

� Within an aks.ara, consonantsare combinedusing
variouscatenatorsdependinguponthescript. Simi-
larly, vowelsarewrittenaroundtheconsonantalcore
usingvariouscatenators.Figures4–5show thelay-
out propertiesof variousglyphsin differentscripts.
Full vowel formsareusedaks.ara-initially, otherwise
reduced(diacritic) forms are used. (In Hindi, full
vowel formscanappearat noninitial word position

Figure4: Full anddiacritic formsfor Devanagarivowels,clas-
si®edby catenatorinherentto thediacritic forms.

too.) Similarly, consonantswhencombinedinto the
consonantsequencesin aks.aramay includevarious
kindsof reductionsfrom theirfull “standalone”vari-
ant. Finally, varyingdegreesof fusionmaybeseen
with differentglyphcombinations.

� In many Brahmi-derived scripts, somevowels are
written ascomplexesof othermorebasicsymbols.
Often thesemorebasicsymbolsarethemselvesin-
dicatorsof othervowels.This is illustratedfor Kan-
nadain Figure5. Thus “o” in Kannadais written
as a combinationof the glyphs for “e” and “uu.”
Eachof thesecombineswith theconsonantswithin
theaks.arausingthecatenatorsthat theindependent
symbolwould normallyhave. Thusthe“e” portion
is written above andligaturedto the consonantse-
quence,the “uu” portion after and ligaturedto the
consonantsequence.In the other complex vowel



caseslisted in Figure5, specialsymbols(“LONG”,
“ai”) areusedthat arenot usedexcept in complex
vowels.

� Aks.arasalways have an inherentvowel, usually a
schwa-like vowel, which is the vowel soundthat is
understoodif noexplicit vowel markis used.

� Tamil differs from other Brahmi-derived scriptsin
that consonantsequenceshave becomelinearized.
A consequenceof this is that vowel symbolsare
writtenaroundthelastconsonantin a prevocalicse-
quence.So, if a vowel mark usesrightwardscate-
nation and thus is written beforewhat it logically
follows,in Tamil it will show upbeforethelastcon-
sonantof thesequence.Thiscontrastswith thesitua-
tion in otherscriptswheresuchavowel markwould
show up beforethe �rst consonantof a sequence.
Similarly in Kannada,whereconsonantsequences
tend to be stacked using the downwardscatenator,
somevowels,suchasthe“ulke” diacritic for /e/,are
ligaturedabove the �rst consonantin thesequence;
this againis in contrastto thesituationin Tamil. In
Sproat2003,it is shown thatthisdifferencebetween
Tamil andotherscriptsfollows from the theoryof
Sproat2000asa consequenceof Tamil having lost
thetraditionalaks.ara.

Figure5: Forms for diacritic Kannadavowels, classi®edby
catenator. Complex vowelsaregivenat thebottomof thetable

The above discussionmotivatesa set of featuresor
questionsthat can be asked of a phonologicalelement
in Indian languages,vis-�a-vis its graphicexpression.In
particular, for a particularphoneme� andcorresponding
glyph � (possiblynull) onecanaskthe following ques-
tions.Possibleanswersaregivenin parentheses:

� Is � expressedat all? (Yes/No)

� Whatcatenatoris usedto combine� with its logical
predecessor?(Oneof four possibilities,since

J
is

notusedin Indianscripts.)

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

� Are � andanadjacentglyph fused?(Yes/No)

� Is � a complex glyph aswith the Kannadavowels
from Figure5? (Yes/No)

Finally, recognizingthatin someIndic writing systems
(e.g. Tamil) thespellingis lessthanfully phonemic(i.e.
in Tamil, voiced/voicelessdistinctionsarenotmadein the
script thoughthey are signi�cant in the language),one
canadda featureof transparency:

� Is � transparentlyencoded?

3 Script Indices

Basedon the above features,we proposevectorof fea-
ture valuesthat we will term a Script Index, which can
be appliedto any phonemeandits graphicalexpression
(including allographs). The purposeof this index will
be to correlatefeaturesof the graphicalexpressionof
phonemeswith readers'performanceonphonemeaware-
nesstasksin psycholinguisticexperiments. It hasbeen
shown in previouswork (Prakashet al. 1993,Padakan-
naya1999,Padakannaya2000,Padakannaya2001,Vaid
& Gupta2002) that issuesof layout (catenationdirec-
tion), and degreeof fusion or diacriticity have a mea-
surableeffect on readers'abilities to show awarenessof
the phonemecorrespondingto the glyph in question.A
striking exampleof this is in the differentialawareness
of post-vocalicnasals,writtenwith theanusvara symbol,
in Hindi (Devanagariscript)versusKannada(Prakashet
al. 1993). Hindi speakershave greatdif�culty in treat-
ing thepostvocalicnasalasa separatesegments,wheres
this is relatively easyfor Kannadaspeakers. This cor-
relateswith the fact that in Devanagarithe anusvara is
written asa smalldiacritic dot above therighthandedge
of theaks.ara,whereasin Kannadascript theanusvara is
a large circle written inline with the main consonantof
theaks.ara.SeeFigure6.

We illustrateScript Indicesby meansof theexamples
in Figures7–9.Eachphonemeis associatedwith avector,
whereeachof theelementsof thevectorcorrespondsto
an answerto the questionsoutlined above. Thus each
vectorwill have theform in Figure10:

ConsiderFigure7, which shows thegraphicalexpres-
sionof /peMsil/ (here/M/ representsapostvocalicnasal)
in (Hindi) Devanagari. The phonemes/peMsil/ mapto
a formal expressionof the graphicallayout represented



Figure6: Anusvara in Devanagari(left) andKannadafor the
word/pensil/.In Devanagaritheanusvara is thesmalldotabove
theinitial elementin theword. In Kannada,theanusvara is the
large circle in the secondposition. Note that the actualword
ªpencilºin Kannadais not written usinganusvara; thespelling
shown is merelya theoreticallypossiblespellingfor illustrative
purposes.

Figure7: Layoutdetailsfor /pensil/in Devanagari.

by the middle line in the �gure. In this expression,the
aks.arasaredelimitedwith squarebrackets. Thespellout
of eachphonemeis expressed,following Sproat2000,in
the form 
 (� ) where� is thephonemeand
 represents
a relationthatmapsphonemesto their graphicalexpres-
sion. A specialversionof 
 namely
 � representsa re-
ducedform. Within eachaks.ara, the catenatorsusedto
combinethe elementsareexplicitly given, with the ex-
ceptionof thelogically �rst elementof theaks.ara,which
is alwaysarrangedusingthescript'smacroscopiccatena-
tor (Sproat2000),whichis left catenationin Indicscripts.
Not explicitly shown here is whetherthe elementsare
fusedwith otherelements,or whetherthey arephonolog-
ically transparent.Figure7 alsoshows how the formal
layout is actually expressedin the form /peMsil/, with
arrows showing the correspondencewith the formal el-
ementsand the glyphs. In Figure11 we list the Script
Index vectorfor eachphoneme.

Note that /p/ is markedasfusedsinceit is fusedwith
the logically following /e/. Also, in Devanagarimost
glyphsarejoined togetherwith the headbar:we arenot
consideringtheheadbarto constitutefusion.

Turningnow to Figure8, we seea similar diagramfor
the Kannadaword /ee�svaikya/. In this case,oneof the
vowels /ai/, is expressedas a complex symbol consist-
ing of /e/ anda symbol that is only usedwith /ai/ (and
thereforeglossedhereas/ai/). In the formal expression
of this mapping,this complex symbol is expressedasa
setin curly braces,with theindividualcomponentsbeing

Figure8: Layoutdetailsfor /ee�svaikya/ in Kannada.

Figure9: Layoutdetailsfor /laks.miis.a/ in Kannada.

elementsof theset. The inherentvowel is not expressed
graphically, and this is representedin the formal repre-
sentationwith the expression
 � (a), and in the graphi-
cal representationwith the“kill” symbolof a skull-and-
crossbones.TheScriptIndex valuesfor eachphonemein
this caseareasin Figure12. Note that if a phonemeis
notexpressed,noneof theotherfeaturesarerelevant;this
is why thevaluesfor all featuresexceptexpr are0 for /a/.
The< ai> componentof theexpressionof /ai/ is written
to theright of theexpressionof /v/ ratherthanbelow it as
onemight expectfrom its useof thedownwardscatena-
tor. Sproat2003arguesfor a rule of Kannadalineariza-
tion wherebyall but the�rst of asequenceof downwards
catenatorsareconvertedto left catenators.Thusthe�rst
glyphin asequenceof glyphsthatusedownwardscatena-
tion is written below theglyph it logically follows, then
all subsequentglyphsin the sequencearewritten to the
right. Finally notice that the featuresfor cat, red and
fusedareorderedsetswhenthecompl hasthevalueyes.

Figure 9 depictsthe graphicexpressionof Kannada
/lak�smii�sa/. The Script Indicesfor thephonemesin this
caseareasin Figure13.

4 Script Indices and Phonological
Awareness:Preliminary Evidence

Previous researchmentionedearlier showed that issues
of layout (catenationdirection),anddegreeof fusion in
Indian alphasyllabariesdo have a signi�cant effect on



one's performanceon metaphonologicaltasks. In all
thesestudies,phonemictestshadcorrespondingsyllabic
testscontrolled for the generaltask demands. In gen-
eral, participantsperformedconsistentlybetter on syl-
labic teststhancorrespondingphonemictests.However,
qualitative analysisof performanceon variousphonemic
tasksrevealsthe following. In the phonemerecognition
test,performanceis betterwhenthetargetis a consonant
partof aks.ara(orthographicsyllable)ratherthanavowel.
Phonemeoddity test resultsalsodemonstratean advan-
tageof consonanttargetsover thevowel targets.

Childrenwho�nd phonemictasksverydif�cult areal-
most100%successfulin deletingphonemes(e.g.,arka
/r/, andanusvara “nasalpostvocalic sounds”)that have
independentglyphswritteninline with otheraks.aras.The
secondconsonantin a sequencethat hasa reducedbut
not fusedglyph alsoposedno problemin deletiontask.
On the other hand the successrate in deleting conso-
nantswith full but fused forms is very low. In addi-
tion nonlinearityof someof the features(e.g., arka in
Kannada)also poseproblemsin such tasksas aks.ara
deletion. Thus,catenations,their explicitness,indepen-
denceand linearity are the factorsthat determineone's
successin metaphonologicalmanipulationsof theglyphs
in question. The overall performanceof individuals in
metaphonologicaltasksshouldbeafunctionof thesefac-
tors. Our aim in future work is to arrive at a script in-
dex basedon thetotal vectorvaluesof individualcharac-
tersandto comparethe performanceon metaphonolog-
ical testswith script indicesin the Hindi (Devanagari),
Kannada,Malayalam,Oriya,andTamil languages.
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[expressed, catenator, reduced, fused, complex, transparent]

Figure10: Featurevectorslots.

/p/ [expr=yes, cat=left, red=no, fused=yes, compl=no, trans=yes]
/e/ [expr=yes, cat=up, red=yes, fused=yes, compl=no, trans=yes]
/M/ [expr=yes, cat=up, red=yes, fused=no, compl=no, trans=yes]
/s/ [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]
/i/ [expr=yes, cat=right, red=yes, fused=no, compl=no, trans=yes]
/l/ [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]

Figure11: Featurevectorslotsfor Devanagari/peMsil/.

/ee/ [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]
/v/ [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]
/ai/ [expr=yes, cat={up,down}, red={yes,yes}, fused={yes, no}, compl=yes, trans=yes]
/k/ [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]
/y/ [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]
/a/ [expr=no, cat=0, red=0, fused=0, compl=0, trans=0]

Figure12: Featurevectorslotsfor Kannada/ee�svaikya/.

/l/ [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]
/a/ [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]
/s/ [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]
/m/ [expr=yes, cat=down, red=yes, fused=no, compl=no, trans=yes]
/ii/ [expr=yes, cat={up, left}, red={yes,yes}, fused={yes,no}, compl=yes, trans=yes]
/s/ [expr=yes, cat=left, red=no, fused=no, compl=no, trans=yes]
/a/ [expr=no, cat=0, red=0, fused=0, compl=0, trans=yes]

Figure13: Featurevectorslotsfor Kannada/laks.miis.a/.


