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Preface

It is with great pleasure that I present the selected papers from the 4" Inter-
national Sanskrit Computational Linguistics Symposium (4i-SCLS) to you. The
event is being hosted by the Jawaharlal Nehru University, the premier research
University of India during (December 10-12, 2010) at the Special Center for San-
skrit Studies. The first symposium was organized at INRIA, France, by Gérard
Huet in 2007, the second at Brown University, USA, by Peter Scharf in 2008,
and the third was organized at the University of Hyderabad by Amba Kulkarni
in January 2009. The Sanskrit computational linguistics community is relatively
young, and the foundation for this kind of formal meeting to exchange ideas
between Sanskritists, linguists and computer scientists was given by Prof. Huet
and Prof. Amba Kulkarni. My hearty thanks to both of them for bringing about
this unification of scholars under one umbrella.

The 4i-SCLS saw excellent response from the scholars. We received more
than 31 papers, which were examined by our Program Committee members to
shortlist 18 papers for publication presented in this volume. The papers can be
categorized under the following broad areas:

Phonology and speech technology
Morphology and shallow parsing

Syntax, semantics and parsing

Lexical resources, annotation and search
Machine translation and ambiguity resolution
Computer simulation of Astadhyayt

oot

Some of the notable misses were the speech corpora annotation, image pro-
cessing techniques like OCR, and also the papers written in Sanskrit. Efforts will
be made to ensure wider participation by scholars in future events.

Under category 1, the following papers were selected:

Wiebke Peterson and Silke Hamann (Unversity of Duesseldorf) in their pa-
per “On the generalizability of Panini’s Pratyahara Technique to Other Lan-
guages” have experimented the Panini’s pratyahara technique to German with
good results. That there are universal principles in Panini’s grammar has been a
well-known fact among linguists, but actually applying them to languages other
than Sanskrit has not been done a great deal. The present paper is therefore
very important in this context. One of the more significant conclusions arrived
at by the authors is that they have found this technique to be better than
the feature-based techniques used by modern phonology. The paper “Building
a Prototype Text to Speech for Sanskrit” by Baiju Mahananda, Raju C.M.S.,
Ramalinga Reddy Patil, Narayana Jha, Shrinivasa Varakhedi, and Kishore Pra-
hallad presents a prototype T'TS system for Sanskrit. The paper is significant
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because the group is the first to develop a prototype using a simplified phone
set and the well-known Festvox engine.

The following three papers were presented under category 2:

“Rule Interaction, Blocking and Derivation in Panini” by Rama Nath Sharma
(University of Hawaii) is based on an earlier paper by the author, and is the title
of the keynote talk to be delivered in the inaugural session. It is a detailed ac-
count of rule applications, interpretations and interplay, blocking in the complex
process of obtaining a syntactic form from stems. Prof. Sharma’s mastery of the
structure and processes in the AstadhyayT can be seen in the description of the
blocking parameters and the derivation procedures. Peter Scharf (Brown Uni-
versity) in his paper titled “Rule-Blocking and Forward-Looking Conditions in
the Computational Modeling of Paninian Derivation” demonstrates the mech-
anism of rule blocking and looking ahead in Panini through XML schema and
regular expressions compiled into Perl code. The paper, besides discussing this
in the context of derivations and other preprocessing implementations, gives an
option to those Paninian enthusiasts who can learn a simple tag like schema
(not a programming language yet) and hope to convert Panini’s rules into XML.
Then a routine done by Hyman can convert all that into a Perl program. The
paper titled “Sanskrit Compound Processor” by Anil Kimar, Vipul Mittal and
Amba Kulkarni (University of Hyderabad) presents a compound processor for
Sanskrit which does segmentations and type identification based on manually
annotated data. Sanskrit derivational morphology has not been worked on a
great deal due to various reasons. The paper is significant in this context and
also because it will help in identifying complex words not found in the dictionary.

Under category 3, the following papers were selected:

“Designing a constraint-based parser for Sanskrit” by Amba Kulkarni,
Sheetal Pokar and Devendra Shukl (University of Hyderabad) is an attempt
toward parsing simple one-verb sentences of Sanskrit prose with proper annota-
tion and morphological information. The $abdabodha and mimamsa parameters
are brought in to reduce ambiguities and far-fetched possibilities. As Sanskrit is
a highly inflected language with relatively free word-order, morphological anal-
yses are generally assigned a greater role. However, the importance of parsers
cannot be underestimated when one considers processing constituents higher
than words—sentence and discourse. In the paper “Generative Graph Grammar
of Neo-Vaisesika Formal Ontology (NVFO)”, Rajesh Tavva and Navjyoti Singh
(IIIT Hyderabad) describe a formal model of Vaisesika ontology for comput-
ing $abdabodha of sentences (among other things). The approach described is
foundational and bottom—up and the proposed grammar based on graphs can
correctly distinguish well-formed graphs from others. The proposed framework
is generative and can help model ontologies effectively without the known dis-
advantages of the top—down approach. The paper “Headedness and Modifica-
tion in Nyaya Morphosyntactic Analysis: Towards a Bracket-Parsing Model” by
Malhar Kulkarni, Anuja Ajotikar, Tanuja Ajotikar, Dipesh Katira, Chinmay
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Dharurkar and Chaitali Dangarikar (IIT Bombay) present an alternative model
for sentence analysis using the prakarata and visesyata concepts of the Navya-
Nyaya school of philosophy. The paper is a comprehensive account of the al-
ternative parsing model which the authors have tried on simple and complex
sentences as well as discourses with anaphors and ellipsis.

Under category 4, the following six papers were presented:

In the paper “Citation Matching in Sanskrit Corpora Using Local Align-
ment”, the authors Abhinandan S. Prasad and Shrisha Rao from IIIT Banga-
lore experiment with a citation matching technique used in bioinformatics for
Sanskrit corpora. Of particular interest is their method of approximate match-
ing of Mahabharata citations in Mahabharata-tatparyanirnaya using the Smith-
Waterman-Gotoh algorithm which is generally used in scientific documents. Di-
wakar Mani in “RDBMS-Based Lexical Resource for Indian Heritage: The Case
of Mahabharata (MB)” presents his research work done at Jawaharlal Nehru
University. The indexing system developed as part of this research is done in
Java/JSP and MS SQL server with a Unicode input/output mechanism. The
system is live at http://sanskrit.jnu.ac.in/mb. The author has used BORI’s au-
thoritative version of the MB text and has created a database system which
allows three kinds of searches — direct search, alphabetical search and the search
by structure of MB. The search results are listed as index of words, details
of which can be obtained by following the link. As an extension, not typical
of indices, the system also links the results with other lexical resources avail-
able on the internet through simple http connections. The significance of the
work rests in the fact that in future, interlinked database resources of heritage
texts can be developed which will make classical indological research more at-
tractive. In another paper in this category—“Evaluating Tagsets for Sanskrit”
Madhav Gopal, Diwakar Mishra and Priyanka Singh from Jawaharlal Nehru
University compare existing tagsets for Sanskrit: JNU Sanskrit tagset (JPOS),
Sanskrit consortium tagset (CPOS), MSRI-Sanskrit tagset (IL-POST), ITIIT Hy-
derabad tagset (ILMT POS) and CIIL Mysore tagset for their LDCIL project
(LDCPOS). The main goal behind this enterprise is to check the suitability of
existing tagsets for Sanskrit. Indian language computing groups have created
numerous tagsets and therefore it is very important that these are evaluated
based on standard procedures. In this context, the paper by Oliver Hellwig
titled “Performance of a Lexical and POS Tagger for Sanskrit” is very rele-
vant. The paper reports testing the performance of SanskritTagger on more
than 34 Sanskrit texts and does estimations of the error rates in automatic pro-
cessing of Sanskrit. They also note the problems like segmentation, homonymy,
complexities of Sanskrit morphology and syntax which affect the accuracy of
automatic processing. “Knowledge Structure in Amarako$a” by Sivaja S. Nair
and Amba Kulkarni presents a structural description of Amarakosa bringing
out complex relationships that lexical items may have across kandas and vargas.
The paper seems to suggest how a wordnet based on Amarakosa structure can be
evolved for Indian languages. In “Gloss in Sanskrit Wordnet”, Malhar Kulkarni,
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Travati Kukarni, Chaitali Dangarikar and Pushpak Bhattacharya (II'T Mumbai)
highlight the role of glosses in the wordnet and MRDs. Their paper also de-
scribes the experience in building Sanskrit wordnet which is based on the Hindi
wordnet. The authors also report on the various wordnet activities on Indian
languages based on the Hindi wordnet done at IIT Mumbai.

Under category 5, the following papers were presented:

“Vibhakti Divergence Between Sanskrit and Hindi” by Preeti Shukla, De-
vanand Shukl and Amba Kulkarni (University of Hyderabad) focuses on a spe-
cific kind of variance between a pair of languages under MT. Mapping Sanskrit
(which is a synthetic language) wvibhaktis to Hindi (which is post-positional in
nature) is not easy due to many-to-one as well as one-to-many cases, and also
because of many new features emerging in Hindi in the course of evolution. The
authors examine this problem at the level of divergence and discuss each case
in detail. In “Anaphora Resolution Algorithm for Sanskrit”, Pravin Pralayankar
and Sobha Lalitha Devi (AU-KBC Research Centre, Anna University) have con-
tinued some of the recent work in this area with a more definite mechanism for
resolving anaphora in Sanskrit. They have also implemented a system and have
given performance evaluation based on 200 anaphoric sentences. The work on
Sanskrit syntax and discourse has been minimal, and therefore the paper be-
comes very important for future research and development in this direction. The
paper by Brendan S. Gillon (McGill University )—“Linguistic Investigations into
Ellipsis in Classical Sanskrit — provides a detailed account of the distribution
of Ellipsis in Sanskrit, its classification and linguistic analysis. Since not many
scholars have ventured in this area of Sanskrit linguistics, this work is certainly
going to be a fundamental document for researchers working this area.

Under category 6, the following papers were presented:

“Asiddhatva Principle in Computational Model of Astadhyayi” by Sridhar
Subbanna (Rashtriya Sanskrit Vidyapeetha, Tirupati) and Srinivasa Varakhedi
(Sanskrit Academy, Osmania University, Hyderabad) has evolved from a previ-
ous work by the same authors on the conflict resolution techniques in AstadhyayT.
In this paper they have tried to map the asiddhatva principle to the concept of
‘filter’ so that all the cases of asiddha operations can be accounted for. In “Mod-
eling Astadhyayr—An Approach Based on the Methodology of Ancillary Disci-
plines (Vedanga)”, the author (Anand Mishra, University of Heidelberg) extends
his previous works (as presented in the previous symposia at Paris and Hyder-
abad) and has adopted a new perspective. Since Panini’s grammar is situated
in the tradition of Vedanga (four of which deal with language), the organization
of the text may have certain inheritances from the tradition. The author has
exploited this fact in terms of the content, structure and operations of method-
ological enquiry of Vedanga and AstadhyayT and has put together a generalized
model with broader coverage.

This volume would not have been possible without the active support of my
Ph.D. students Diwakar Mishra (from the Special Center for Sanskrit Studies)
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and Ritesh Kumar (from the Center for Linguistics). Their LaTex skills and
unending enthusiasm were critical in finalizing this volume.

I also thank all the members of the Program Committee who took pains to
review the papers in time despite their hectic schedules. My special thanks to the
members of the Steering Committee, Local Advisory Committee and Organizing
Committee for facilitating this event. I also thank the sponsors (Dept. of I.T.,
C.L.I.L. Mysore, Microsoft Research India and others who may confirm support
later) whose generous support was key to organizing this symposium. Finally, a
special mention of Springer for accepting to publish this volume.

I hope the readers will like the volume and it will lead to the popularization
of computational linguistics amongst Sanskrit scholars and students.

November 2010 Girish Nath Jha
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Rule Interaction, Blocking and Derivation
in Panini*

Rama Nath Sharma

University of Hawaii at Manoa
Honolulu, HI, U.S.A.
rama@hawaii.edu

1 Samanya, Visesa and Sesa

Panini’s grammar is a class of rules formulated based on generalization ab-
stracted from usage, so that the vast oceans of words could be properly un-
derstood. This class of rules will consist of general (utsarga) and their related
particulars (visesa). A general rule, since it is to be formulated with certain
generalizations made about its scope of application, must yield to its related
particulars which would necessarily require delineation of their own particular
scope of application. A particular rule is thus formulated with particular proper-
ties relative to generalized properties. A general rule is supposed to pervade its
scope of application in its entirety. It is in this sense that it is called vyapaka (per-
vader). Since a particular rule is formulated with particular properties relative
to the general, the scope of application of a particular must then be extracted
from within the scope of its general counterpart. A related particular is called
pervaded (vyapya), since its scope of application is to be carved out from within
the general scope of its corresponding utsarga, the pervader (vyapaka). Rules
whose application cannot be captured within the related class of general and
particular have been classed as residual (desa). A residual would thus fall out-
side of the applicational scope of its general and particular counterparts. For,
it refers to a proposal which is yet to be made, close to its context (upayuktad
anyah Sesah).

Rules of Panini’s grammar have been formulated with brevity though cer-
tainly not at the expense of clarity. Consideration of brevity demands that rule
be formulated with terms and symbols. Condition of explicitness requires proper
interpretation of rules, so that they could reach their desired context of appli-
cation. Two rules may share a single context of application (savakasa), thereby
presenting the difficulty of selecting concurrent (yugapad) application, applica-
tion in turn (paryaya), application of one by blocking the application of the
other (badhaka), or application of one over the other based on it being left
with no context of application (niravakasa). For a rule should apply only once

* Based on Laguage, Grammar and Linguistics my paper published in the History of
Indian Science, Philosophy and Culture in Indian Civilization (2010, Vol. VI.4: pp.
134-250).

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 1 2010.
© Springer-Verlag Berlin Heidelberg 2010



2 R.N. Sharma

in realizing its desired goal of application (laksye laksanam sakrd eva pravar-
tate). A rule which is formulated against a provision already made available to
a rule, blocks the application of the other, obligatorily (nitya; yena naprapte
yo vidhir arabhyate sa tasya badhako bhavati). A prior (parva) rule may block
the application of a rule which is subsequent (para) in the order of enumera-
tion. A rule whose condition of application is internal (antararnga) to the other
conditioned externally (bahirarga), blocks the application of the other. Relative
power of application of these rules is determined in this order: purva ‘prior’, para
‘subsequent’, nitya ‘obligatory’, antaranga ‘externally conditioned’ and apavada
‘exception, particular’.

Rules of grammar are likened to rain clouds which rain over land and water
indiscriminately (parjanyaval laksanani bhavanti). This indiscriminate raining of
clouds over land and water with no consideration whatsoever of its beneficent,
or malevolent, results, is not acceptable in the world of grammar. A parjanya
enjoys a great deal of freedom when it comes to accomplishing its desired goal
of raining (varsana). A rule of grammar, on the other hand, does not enjoy as
much freedom when it comes to its desired application. It has to be carefully
restrained or its scope of application must be delineated with care, so that it can
accomplish its desired (ista) goal.

Proper delineation of context of rule application depends on interpretation of
rules. Since rules are interpreted as a sentence, and also since rules also share
single sentence relationship with rules placed at different places in grammar,
interpretation of rules become very difficult. This implies that interpretation of
rules is two-fold, (i) where rules which share single sentence relationship are
placed together in one place, and (ii) where rules which share single sentence
relationship are placed at different places.

It is generally agreed that proper understanding of a rule is possible only when
one considers the exposition of the learned (PSl: vyakhyanato visesapratipattir
na hi sandehad alaksanam ). It is in this sense that Paniniyas accept the notion
of ekavakyata ‘single sentence-ness’ for interpretation of a rule. A rule in its
physical context can be interpreted as a single sentence rather easily. To interpret
a rule as a single sentence in its functional context is not so easy. For, that rule
could not be properly understood unless the single sentence interpretation of its
physical context is brought close to its functional context of application. Now
consider two interpretive conventions (PSQ—S) which both are complementary to
each other, and which scholars consider operative in the Astadhyayt:

1. yathoddesam samgjna-paribhasham
2. karyakalam samjna-paribhasham

These two views about interpretation of technical names (samgna), and interpre-
tive conventions (paribhasa), are called yathoddesa ‘not going beyond the place
where taught’ and karyakala ‘taught at the place where operative.” A student
may like to understand a rule, for example 1.1.2 adeni gunah , right at the place
where it is taught in the grammar. Some other student may like to understand
this rule where, for example, rule 6.1.87 ad gunah is taught with the use of the
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term guna. He understands 1.1.2 aden gunah as a rule which assigns the name
guna to oT and eN. He also learns that eN, per 1.1.71 adir antyena saheta
with reference to inventory of sounds listed by the Siva- sutra, is an abbreviated
symbol used with the denotation of e and o. An understanding of 1.1.70 taparas
tatkalasya further explains that a specification made with -¢ (which shows here
with the uppercase T ) denotes duration (kala) of ‘that which is used with 7.’
He thus understands that guna is a name (samjna) assigned to vowels a, e, and
o. Rules 1.1.3 iko gunavrddhz , 1.1.49 sasthi sthaneyoga and 1.1.67 tasmad ity ut-
tarasya, similarly teach him that ‘a specification made with the genitive (sasth?)
means ‘in place of’ (that which is specified with the genitive),” and ‘a specifi-
cation made with the ablative (paricam?) means ‘after’ (that which is specified
with the ablative).” In addition, a replacement ordered with express mention
of the terms guna and vriddhi must come in place of a vowel denoted by the
abbreviated symbol iK (1.1.3 iko gupavrddhi ). It is at the time of understand-
ing the function (karya), and thereby application of rule 6.1.87 ad gunah , that
his samskara ‘memory impressions’ of understanding 1.1.2 aden gunah , 1.1.3
tko gunavrddhi , 1.1.70 taparas tatkalasya, 1.1.71 adir antyena saheta and 1.1.67
tasmad ity uttarasya must be brought close to the context of 6.1.87 ad gunah ,
for its proper interpretation and application. The ablative of aT and the term
guna, must serve as a mark (liriga) for reconstruction of the full context of this
rule by memory so that its application could be accomplished. Note that this
rule is put in the domain (adhikara) of 6.1.72 samhitayam, where samhitayam
7/1, aci 7/1 (6.1.77 iko yan aci) and ekah 1/1 parvaparayoh 6/1 (6.1.84 ekah
parvaparayoh) must be carried over to its context. The locative (saptam?) of aci
7/1 and the genitive dual (sasthi dvivacana) of parvaparayoh 6/2 must also serve
as marks for reconstructing memory impressions of rules 1.1.3 iko gunavrddhi ,
1.1.49 sasthi sthaneyoga and 1.1.67 tasmad ity uttarasya. This, in turn, facilitates
his full understanding of rule 6.1.87. I now quote single sentence interpretation
of this rule from the Kasikavrtti:

avarnat paro yo’c aci ca purvo yo avarnah tayoh purvaparayoh avarnacoh
sthane eko gunadeso bhavati

‘a single replacement termed guna comes in place of both, the (guna)
vowel which follows a, and the (guna vowel) a which precedes it, within
the scope of samhita ‘close proximity between sounds’

Notice that this preceding is a single sentence interpretation of rule 6.1. 87 ad
gunah , presented in the physical context of samhita (6.1.72 samhitayam). But
this interpretation cannot be considered yathoddesa ‘place where guna is taught’
interpretation. For, it involves bringing memory impressions of rules placed out-
side the domain of rule 6.1.87 ad gunah. It must then be viewed as the karyakala
at time when the rule is functional interpretation whereby rules necessary for
proper interpretation of a rule are brought close to its context from the outside
of its domain. It is to be noted that no derivation is possible without taking help
from the karyakala view. What triggers this interpretation in the derivational
process? It is triggered by the mark of definitional terms, and interpretive con-
ventions (paribhasa). We see that gunpa is the mark of the definitional term guna
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in rule 6.1.87 ad gunah . We also find pancami ‘ablative’, sastht ‘genitive’ and
saptam? ‘locative’ in words which are brought close to the context of rule 6.1.87
ad gunah , and trigger the reconstruction of paricami, sasthz, and saptamz from
domains of rules placed outside this domain. This reconstruction is triggered by
definitional and interpretational terms, and is accomplished by scanning rules
where they have been used. This reconstruction entails bringing memory im-
pressions of rules such as 1.1.2 aden gunah , 1.1.3 iko gunavrddht , 1..49 sasthi
sthaneyoga, 1.1.67 tasmad ity uttarasye and tasminn iti nirdiste purvasya, to
facilitate proper interpretation of rule 6.1.87 ad gunah . I have shown in the
derivational section how derivations cannot be carried out without reference to
antecedents of definitional and interpretational terms. I have used the word Ref-
erential Index (RI) for reconstruction of rule contexts triggered by marks of
terms on hand.

2 General Blocking Considerations

Rule-interaction has been studied in the literature from the point of view of pos-
sibility of rule application (prapti-sambhava). Once this possibility of application
is ascertained in a context, we look at the context and give some serious con-
sideration towards establishing the blocked-blocker relationship (badha-cinta).
Rules whose possibility of application is ascertained in a given context are called
savakasa (with valid scope of application). If two rules A and B become appli-
cable in a given context Z, a concurrent application of both rules is impossible.
There are two possibilities:

1. Apply rules A and B in turn (paryaya), or
2. Apply only one rule by blocking the application of the other
3. A rule (kaksana) applies only once (sakrd) to reach its desired goal (ista)

Here are some generally established blocking considerations:

1. B blocks the application of A if B is a particular (visesa) related to its general
(utsarga) counterpart A;

2. The akadariya proposal of vipratisedha ‘conflict among rules of equal strength’
whereby B blocks the application of A if B is subsequent (para) in the order
of enumeration (1.4.1 a kadarad eka samjna and 1.4.2 vipratisedhe param
karyam).

3. The abhiya proposal of rule suspension (asiddhatva) of 6.4.22 asiddhavad
atrabhat.

4. The tripadi proposal of rule (8.2.1 parvatrasiddham ) suspension (asid-
dhatva).

5. B blocks the application of A if B may be rendered without any scope of

application (niravakasa).

B blocks the application of A if B is obligatory (nitya).

7. B blocks A if B is internally conditioned (antararga), as against A which is
externally conditioned (bahiranga).

&
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8. B blocks A if B is placed higher in relative hierarchy of rules in interaction.
Consider the following interpretive convention of relative blocking from the
Paribhasendusekhara of Nagesa:
purvaparanityantarangapavadanamuttarottaram baltyah ‘prior (purva), sub-
sequent (para), obligatory (nitya), internally conditioned (antaranga) and
exception (apavada), are considered more powerful in this order.’

These blocking considerations express closely relate to the utsargapavada di-
chotomy of (1) general (samanya), particular (visesa) and residual (Sesa). It
is in this sense that Panini’s grammar, the Astadhyayi, is considered a set
of ordered rules capable of deriving the infinity of utterances of the Sanskrit
language.

3 Derivational System of the Astadhyayr

The goal of grammar is to derive correct words (Sabda-nispatti) of the language.
The tradition uses Sabda ‘word’ in the general sense of an utterance which, given
its basic purpose of serving as means of communication, can be referred to as a
sentence. A word in its technical sense is accepted as fully derived, a pada which
ends in two sets of affixes, namely sUP and tiN (1.4.14 suptinantam padam).
This yields two pada types, subanta ‘that which ends in a sUP, and tirnianta ‘that
which ends in a #iN.’ Recall that this grammar imagines constituency of words
in bases (prakrti) and affixes (pratyaya), and as a result of operations (karya)
carried out with application of rules on input strings, yields a fully derived word.
There are two types of bases, namely pratipadika ‘nominal stem’ and dhatu ‘verb
root’:

1.2.45 - arthavad adhatur apratyayah pratipadikam ‘a non-root and non-
affix word-form ($abda-rapa) which carries a meaning (arthavad) is termed
pratipadika nominal stem.’

1.2.46 - krttaddhitasamasas ca ‘a word form which ends in affixes termed
krt (3.1.93 krd atin) and taddhita (4.1.76 taddhitah), or which is termed
samasa (2.1.3 prak-kadarat samasah), is also termed pratipadika nominal
stem.’

1.3.1 - bhuvadayo dhatavah ‘word-forms which are listed in groups headed
by bhu ‘to be, become,” and its likes, are termed dhatu.

3.1.33 - sanadyanta dhatavah ‘word-forms which end affixes saN, etc.,
are also termed dhatu.’

Note that nominal stems (pratipadika), and verb roots (dhatu) will be here
considered as base-input (prakrti). Affixes which are introduced after base- in-
puts are classified into three groups of (i) riyaP ‘those which are formed with
a common N7 (NiP /NiS /NiN ) and aP (CaP /TaP /DaP ), (i) Vibhakti :
‘nominal inflectional endings (sUP)’ and ‘verbal inflectional endings (#iN),’ (iii)
krt (3.1.93 krd atin) and taddhita (4.1.76 taddhitah). Now consider the following
rules:
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3.1.7 - dhatoh karmanah samanakartrkad icchayam va (san) ‘affix saN
is, optionally, introduced after a verb root used with the denotation of
object of is ‘to desire, wish,” provided its agent (kartr) is the same as the
agent of 4s.’

For example, kartum icchati — cikirsati, where cikirsa ‘to wish to do’ is a
root derived with affix saN, introduced after the verbal root DUkrN ‘to do.” This
derived base input can then gain access to the domain of 3.1.91 dhatoh whereby
cikirsa, with introduction of LAT — tiP, and SaP would yield cikirsati, a
verbal pada.

3.1.8 supa atmanah kyac ‘affix KyaC' is, optionally, introduced after a
pada which ends in a sUP, and is used with the denotation of an object
wished for one’s own (atmanah).’

For example, atmanah putram icchati — putriyati, where putriya ‘to wish a
son of one’s own’ is a root derived with affix salN introduced after putra 4+ am,
a pada ending in sUP.

3.1.91 - dhatoh ‘after a verb root’

3.2.123 - vartamane lat ‘affix LAT is introduced after a verb root when
action is denoted at the current time’

3.4.77 - lasya ‘in place of that which is formed with a LA’

3.4.78 - tiptasjhi-sipthastha-mivbasmas-tatanghathasatham-
dhvamidvahimahin ‘the affixes P, tas, jhi, etc.” For example, pac
+ LAT — tiP — pac + SaP + tiP = pacati, a verbal pada which
ends in a tiN.

4.1.1 - nyap-pratipadikat ‘an affix is introduced after that which ends in

an affix, formed with N7 and aP (TaP/CaP/DaP; NiP/NiS/NiN), or
after that which is termed a pratipadika (nominal stem)’

4.1.2 - svaujasmautchastabhayambhisnebhyambhyasnasibhyambhyasnasosam-
nyossup ‘an affix denoted by sUP is introduced after that which ends

in an affix formed with Ni and aP, or after that which is termed a
pratipadika’

Table 1. The #iN affixes

ekavacana dvivacana bahuvacana
‘singular’ ‘dual’ ‘plural’
parasmaipada ‘active’
prathama tiP tas ghi 3rd person
madhyama siP thas tha 2nd person
uttama miP vas mas 1st person
atmanepada ‘middle’
prathama ta atam jha 3rd person
madhyama thas atham dhvam 2nd person

uttama iT vahi mahiN 1st person



Rule Interaction, Blocking and Derivation in Panini 7

Table 2. The sUP affixes

ekavacana dvivacana bahuvacana

‘singular’ ‘dual’ ‘plural’
prathama sU au Jas ‘nominative’
dvitiya am auT Sas ‘accusative’
trivya Ta bhyam bhis ‘instrumental’
caturthi Ne bhyam bhyas ‘dative’

pancami Nasl bhyam bhyas ‘ablative’

sasthi Nas 0s am ‘genitive’
saptami Ni 08 suP ‘locative’

4.1.3 striyam ‘an affix is introduced after a nominal stem when feminine
is denoted’

4.1.4 ajadyatah tap ‘affix TaP is introduced after a nominal stem...
4.1.5 rnnebhyo nip ‘affix NiP is introduced after a nominal stem ex-
tracted from the group headed by aja ‘goat,” or one which ends in -a’
4.1.76 taddhitah ‘affixes termed taddhita...’

A form which ends in the feminine suffixes TaP, NiP etc., is not assigned
the name pratipadika. It, however, gains access to the domain of 4.1.1 rnyap-
pratipadikat as a base-input again since its suffix is marked with riyap. This time
it must opt for application of 4.1.2 svaujasmaut..., whereby, with introduction
of sUP, it subsequently yields a pada.

4.1.82 samarthanam prathamad va ‘a taddhite affix, namely alN (read
with

4.1.83 prag divyato’an) is introduced after the first among syntactically
related nominal pada.’

Consider upagu + Nas, a nominal pada which, with introduction of the tad-
dhita affix alN, yields aupagava, a nominal stem. This nominal stem must now
get access to the domain of 4.1.1 nyap-pratipadikat, whereby, with introduction
of sUP (4.1.2 svaujasmaut...) it yields aupagavah ‘male descendant of upagu’ ,
a nominal pada. Note however, that a base-input ending in a taddhita affix may
gain access to the domain of 4.1.3 striyam for yielding a nominal base ending
in a feminine affix. The output of this application will then go for access to the
domain of 4.1.1 nyap-pratipadikat for application of 4.1.2 svaujasmaut... This
clearly establishes the cyclic nature of these domain accesses.

It is clear from the definitions of nominal stems and roots that they each have
two sets of forms, simple and derived. A nominal pada which ends in a sUP can
also serve as a base input for introduction of taddhita affixes under the provision
of rule 4.1.82 samarthanam prathamad va. This will still yield a nominal stem,
and with the introduction of a sUP would yield a nominal pada. A krt affix can
be introduced after a verbal base under the co-occurrence condition of a nominal
pada, whereby a form which ends in a krt affix is termed a nominal stem. For
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example, kumbhakara ‘pot-maker’ which is a derived nominal stem. This can
access the domain of 4.1.1 riyap-pratipadikat, where with the introduction of sU
of 4.1.2 svaujasmaut... it yields kumbhakarah, a nominal pada. A pada which ends
in a sUP can also be combined with another, also ending in a sUP, to yield a
compound (2.1.3 saha supa; samasa), again termed a nominal stem. Affixes saN,
etc., can be introduced after a base-input termed dhatu, whereby a form which
ends in them is again termed dhatu, a derived verb root. An affix of this class,
for example KyaC, can also be introduced after a nominal pada, for example
putra + am, under some co-occurrence condition to yield putriya, a verb root.
This verb root can then yield a verbal pada, for example putriyati ‘he wishes a
son of his own.’ Finally, affixes formed with the two shared elements N7 and aP
are introduced after a nominal stem to yield yet another complex base-input.
Note that this set of six base-inputs which denote feminine are not classed as a
nominal stem, or verb root. They are, characterized as ending in affixes formed
with N7 and aP instead.

This controlled description of a fully derived word by way of bases (prakrti),
affixes (pratyaya) and operations (karya) may give the impression to many that
the AstadhyayT is a morphological grammar, even more so because a pada is its
final output. It is true that Panini accepts pada as the final output of his gram-
mar. But his pada ends in a sUP, or in a tiN (1.4.14 suptinantam padam). These
sUP and tiN affixes which come as terminal elements in a pada are introduced
after bases which carry meaning. The sUP and tiN affixes themselves express
meanings both grammatical and notional. The meaning of a base is always no-
tional. Grammatical and notional meanings are expressed by affixes, including
sUP and #iN . For example, consider nara + sU + odana + am — narah
odanam, and pac + LAT — pac + SaP+tiP = pac + a + ti = pacati = narah
odanam pacati ‘the man cooks rice,” where affix LAT is introduced after pac, a
verbal base-input. Rule lah karmani ca bhave cakarmakebhyah states that a LA-
affix is introduced after a transitive (sakarmaka) verb root when kartr ‘agent’
and karman ‘object’ are denoted. This same LAT can also be introduced after
an intransitive (akarmaka) verb root when kartr and bhava ‘root-sense’ are de-
noted. The -ti of pacati is selected as a replacement of LAT with the choice of
expressing kartr ‘agent.’

This choice of expressing kartr with -ti has consequence for selecting the
nominal inflectional ending sUP after nara and odana which happen to be the
named kartr and karman of the sentence. Now consider rule 2.3.1 anabhihite
which makes a restrictive provision for selection of sUP. This rule would allow
the selection of a sUP only when the denotatum of sUP is not already expressed.
The dvittya ekavacana ‘accusative’ ending -am of sUP which is selected for
introduction after odana expresses the named object (karman) of pac. This is
made possible because the -ti of pacati has expressed kartr, and the karman is
not already expressed (2.3.1 anabhihite; 2.3.2 karmani dvitiya ). The choice to
express kartr by 2.3.18 kartr-karanayos trtiya was not allowed in case of nara,
the named agent of the sentence, because the -ti of pacati has already expressed
it. It is for this reason that the prathama-ekavacana ‘nominative singular’ ending
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of 2.3.46 pratipadikartha... had to be introduced after nara to express nothing
but the sense of the nominal stem (pratipadikartha). If a choice is made to
express the karman with the verbal pada at the time of selection of #iN, a
replacement of LAT, rule 2.3.1 anabhihite would not allow introduction of -am
after odana to express the karman. The nominative singular ending sU would
be then introduced after odana to express its nominal stem notion. The kartr
of the sentence would then be expressed by 2.3.18 kartr-karanayos trtiya . The
sentence would then be narena odanam pacyate, a passive counterpart of the
active narah odanam pacati. This clearly shows that a pada in Panini expresses
grammatical and notional relations in a sentence. Furthermore, its derivation
must adhere to certain selectional restrictions which bear upon the derivation
of a sentence as a whole. I shall subsequently show how derivation of complex
bases is related closely to expression of kartr, karman and bhava, thereby yielding
complex sentential strings. This expression of kartr, karman, and bhava directly
relates to derivation of simple and complex sentences, and the derivational paths
the strings follow.

Panini derives words (pada; 1.4.14 suptiriantam padam) by first extracting
them from sentences, and then by analyzing their constituency in terms of bases
and affixes. A formal string of base(s) and affix(es) is then processed through
a network of rule applications to yield a fully derived pada. Since a pada nec-
essarily carries an impression of grammatical and notional relations, and such
relations are part of sentential meaning, a pada shares dependency relationship
with a sentence. A pada cannot be fully derived without reference to its syntac-
tic context. It thus becomes necessary for grammar to first present an abstract
syntactic representation of a sentence. Since action (kriya) forms the central de-
notatum of a Sanskrit sentence, its abstract syntactic representation is presented
as an action-complex with participants, namely the karakas. Panini sets up six
karaka categories, namely apadana, sampradana, karana, adhikarana and kartr,
in this order.

Note that agent (kartr) is a karaka which is independent of all other karakas
in the sense that the action (kriya) must necessarily have it as a participant. All
other karakas are named by the action depending on its own nature. It is not
necessary for all six karakas to participate in accomplishment of all actions. It is
also not necessary that a speaker may not look at the role of a given karaka as
that of some other. Consider the following sentences where apadana could not
be brought as a participant karaka:

1. bhrtyah vane kasthaih sthalyam odanam pacati kumbhakaraya ‘the servant
cooks rice in a pot with wood in the forest for the pot-maker’

2. bhrtyena wvane kasthaih sthalyam odanam pacyate kumbhakaraya ‘rice is
cooked in a pot with wood in the forest for the pot-maker by the servant’

These two sentences are related in the sense that (1) is an action, and the other
is its passive counterpart. Since Panini derives them with a common string, I
shall present the abstract conceptual structure (CS) of the active, namely the
first sentence. A CS would constitute an action-complex where < action> will
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be central. Each CS will obligatorily have at least one participant, namely agent
< kartr >, who will bring other participating karakas into action, if the speaker
so desires.

Let us now return to the CS of sentences (1):

CS1: bhrtyah vane kasthaih sthalyam odanam pacati ‘x engages in ac-
complishing the action named y (softening) intended for z at a place
named r in m, a receptacle’

This sentence has five participants in its action complex, where since the agent
is expressed with the verbal pada pacati. In fact pacati, by itself, can be accepted
as a single pada sentence with its third person singular agent already expressed.
I shall next show the derivation of pacati ‘he / she / it cooks,” along with the
derivation of other padas of the sentence (1).

Participant(s) < kartr >

Action <wiklitti ‘softening’ > (3) pacati ‘he cooks’
step #1

pac ‘to cook’ <dhatu / sakarmaka>

1.3.1 bhuvadayo dhatavah
step #2

pac — pac + LAT
3.1.91 dhatoh

{3.1.1 pratyayah
3.1.2 para$ ca,

3.1.3 adyudattas ca,

3.1.4 anudattau suppitau} <anudatta>
#1.1.67 tasmad ity uttarasya <pancami >
3.2.123 vartamane lat <LAT >

‘affix LA T'is introduced after a verb root when action is denoted at the current
time’
3.4.69 lah karmani ca bhave cakarmakebhyah <kartr >

‘a LA-affix is introduced after a transitive (sakarmaka) verb root when
kartr ‘agent’ and karman ‘object’ are denoted; it is introduced after an
intransitive (akarmaka) verb root when kartr ‘agent’ and ‘bhava’ are
denoted’

— pac + LAT

<dhatu / sakarmaka / pratyayae / anudattae /vartamana / kartr/ LAT >
step #3

pac + (LAT — tiP ) = pac + tiP

3.4.77 lasya ‘in place of that which is formed with LA (LAT)’

#1.1.49 sastht sthaneyoga <sasthi >

3.4.78 tip-tas-jhi-sip-thas-tha-mip-vas-mas-ta-atam-jha-thas-atham- dhvam-
id-vahi-mahin’

— pac + tiP <tiN >
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# tiN -selection
1.4.99 lah parasmaipadam ‘a LA-replacement is termed parasmaipada’
<tiN, '/ parasmaipada>
1.4.100 tananav atmanepadam ‘replacements of LA denoted by taN, and also
ana, are termed atmanepada’
<tiN-atmanepada>
1.4.102 tany ekavacana-dvivacana-bahuvacanany ekasah
‘elements of triads of tiN are termed ekavacana, dvivacana and bahuvacana,
one after the other’
< ekavacana>
1.4.104 vibhaktis ca <wvibhakti>
‘triads of sUP, and tiN, are termed vibhakti’
1.4.107 tinas tring tring prathamamadhyamottamah ‘each triad of tiN is termed
prathama, madhyama and uttama’
<prathama...>
1.4.108 Sese prathamah ‘a prathama ‘the first triplet of verbal ending’ is used
when the remainder, i.e., tad ‘third personal pronominal,” whether explicitly
stated or implicitly assumed, shares co-referential relation with it.’
step #4
<prathama>
pac + tiP — pac + SaP + tiP <SaP>
3.4.113 tindit sarvadhatukam ‘that which is a tiN, or is marked with S as an
it, is termed sarvadhatuaka’
<sarvadhatuka>
3.1.67 sarvadhatuke yak ‘yaK is introduced after a verb root when an affix termed
sarvadhatuka follows’
#1.1.66 tasminn iti nirdiste purvasya
<sarvadhatuka>
3.1.68 kartari sap ‘affix SaP is introduced after a verb root when a
sarvadhatuka with the denotation of kartr follows’ <sarvadhatuka>
— tiN-selection
— pac+ (8 —¢) a (P—¢) +ti (P— )
step #5
1.4.14 suptinantam padam
pac +a + ti — pacati ‘he /she /it cooks’ <pada> Referential Index
<dhatu / sakarmaka / pratyaya / anudatta /vartamana / karty/ LAT/ tiN
/ prathama / ekavacana / pada>

Let us now return to the derivation of (3) pacati, our base-input pac acti-
vates the grammatical device and is assigned the term dhtu by the rule 1.3.1
bhavadayo dhatavah of the Controlling Domain (CD; adhyaya one). It is then
sent for scanning domain headings in the Obligatory Domain (OD; adhyaya three
through five) of the grammar for possible rule application. It locates the domain
of 3.1.91 dhatoh for possible rule application because dhatoh is the heading (ad-
hikara) of the domain and it also contains the term dhatu with which the base
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input is identified. Term assignment (Naming a term) thus guides a base-input
in locating domain of possible rule application. Further scanning of this domain,
especially in view of its CS marker of <wvartamana> ‘current time,’ facilitates
application of rule 3.2.123 vartamane lat. This rule must be interpreted with the
obligatory anuvrtti of 3.1.1 pratyayah, 3.1.2 paras ca, 3.1.3 adyudattas ca and
3.1.4 anudattau suppitau. For these form the rule-context of the larger domain
of which 3.1.91 dhatoh is an interior domain. This is how 3.1.123 wartamane
lat yields the meaning, ‘affix (pratyaya) lat is introduced after the transitive
(sakarmaka) verb root pac when action is accomplished at the current time (var-
tamana); it is also marked with udatta at the beginning (3.1.3 adyudattas ca).
Since rule 3.1.91 dhatoh is marked with pancami ‘ablative,” rule 1.1.67 tasmad
ity uttarasya becomes operative. This assures that affix lat is introduced not just
after (3.1.2 para$ ca) pac , but ‘immediately after’ pac. Our string pac + LAT
must now scan the domain looking for application of a rule guided by introduc-
tion of the term LAT. We find rule 3.4.69 lah karmani ca bhave cakarmakebhyah
whereby we learn that a LA-affix is introduced after an intransitive verb root
when kartr and karman are to be denoted. Our string pac + LAT, where pac is
marked with <sakarmaka> and LAT is marked with <pratyaya, initial udatta
(3.1.1-3.13), + kartr, + karman (3.4.69) >, now moves to the application of rules
3.4.77 lasya and 3.4.78 tip-tas-jhi-sip-thas-tha-mip-vas- mas... where it is faced
with the problem of selecting one tiN-element out of eighteen. Recourse must
now be taken to reconstruction of referential index triggered by the terms LAT
and tiN whereby rules 1.4.99, 1.4.100, 1.4.102, 1.4.104, 1.4.107 and 1.4.108 are
brought close to application of rule 43.4..77 and 3.4.78. This is how we select
tiP, an active (parasmaipada) third personal (prathama) singular (ekavacana)
ending (vibhakti) with the denotation of kartr ‘agent.” Two things must be noted
here: (i) selection of -ti is made on the basis of choice expression of kartr ‘agent’
with reference to 3.4.69 lah karmani ca bhave cakarmakebhyah; (i) the anudatta
accent assigned to LA T in view of 3.1.2 adyudattas ca must be replaced with the
anudatta of 3.1.4 anudattau suppitau, based on P as an it of tiP. The following
is the summary representation of ¢iN-selection:

1.4.99 lah parasmaipadam <parasmaipada>
1.4.100 tananav atmanepadam < atmanepada>

1.4.101 tinastrinitriniprathamamadhya... <prathama>
1.4.102 tany ekavacana-dvivacana... <ekavacana>

1.4.104 vibhaktis ca <wvibhakti>

1.4.108 Sese prathamah <prathama>

1.4.22 dvyekayor dvivacanaikavacane <ekavacana>

The -ti of our string pac + LAT — ti (P — ¢) = pac + ti is now assigned
the term sarvadhatuka by rule 3.4.113 tinsit sarvadhatukam. This triggers the
reconstruction of the term <sarvadhatuka> which, via reverse scanning, leads
to application of rule 3.1.68 kartari SaP read with 3.1.67 sarvadhatuke yak. This
rule introduces affix SaP after the verb root pac under the right condition of a
sarvadhatuka affix, namely -ti, used with the denotation of kartr ‘agent.” Notice
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that rules 3.4.78 tiptasjhisipthastha.. which introduces -ti is in the fourth quarter
of adhyaya three. Rule 3.1.68 kartari Sap which introduces SaP is placed in the
first quarter of adhyaya three, even before 3.1.91 dhatoh within whose domain
3.2.123 vartamane lat introduced affix LAT. The selection of -ti, via reconstruc-
tion of LAT and tiN, not only helps the selection of -ti but also facilitates appli-
cation of 3.1.68 kartari sap, by way of -ti as right condition of application. This
application is made possible by reconstruction of the term <sarvadhatuka>. Our
string pac + (S — ¢)a(P — ¢) + ti = pa + a + ti can exit this domain, and
with assignment of new term in the Controlling Domain (CD), must gain access
to domains of further rule application. A summary representation of terms which
facilitated this derivation can be made in the form of a string with rule numbers
as follows:

<dhatu / sakarmaka (1.3.1) / pratyaya (3.1.1) / anudatta (3.1.4) / vartamana

(8.2.123) /kartr (3.4.68) / LAT (3.2.123) / tiN (3.4.78) / parasmaipada, (1.4.99)

/ prathama (1.4.101) / vibhakti (1.4.104) / ekavacana (1.4.12) / pada (1.4.14)>
(4) bhrtyah ‘servant’

Participant: <kartr >
Action pac ‘to cook’ <wiklitti/dhatu/sakarmaka /+ karty >
bhrtyah ‘servant’
step #1
bhrtya <pratipadika>

1.2.45 arthavad adhatur apratyayaeh pratipadikam ‘that which is meaningful
(arthavat), non-root (adhatuh) and non-affix (apratyayah) is termed pratipadika’

1.4.53 svatantrah kartta; ‘kartr is independent (svatantra)’

— bhrtya ‘servant’ <pratipadika; kartr >
step #2

bhrtya — bhrtya + sU

4.1.1 nyap-pratipadikat ‘an affix occurs after that which is marked with

nyap, or else is a nominal stem’

4.1.2 su-au-jas-am-aut-sas-ta-bhyam-bhis-rie-bhyam-bhyas-nasi-bhyam- bhyas-
nas-os-am-ni-os-sup ‘the nominal endings sUP’

— bhrtya + sU

#sUP-selection

2.3.1 anabhihite ‘when not already expressed’

2.3.64 pratipadikarthalingapariman avacanamatre prathama ‘prathama ‘nomi-
native’ is used when sense of the nominal stem (pratipadikartha), gender (linga)
and number (vacana), alone, is to be expressed’

—bhrtya +sU <pratipadika/kartr /sUP/ sU/ ekavacana>

1.4.22 dvyekayor dvivacanaikavacane ‘dvivacana ‘dual’ and ekavacana ‘singu-
lar’ occur when ‘two-ness, duality’ and ‘one-ness, singularity’ is to be denoted’

1.4.100 ...trins trind... ‘each triad...’ <ekavacana>

1.4.102 tany ekavacana-dvivacana-bahuvacanany ekasah ‘elements of triads of
tiN are termed ekavacana, dvivacana and bahuvacana, one after the other’

<ekavacana>

1.4.103 supah ‘elements of triads of sUP are termed ekavacana,
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dvivacana and bahuvacana, one after the other’ <sUP>
1.4.104 vibhakti$ ca ‘triads of sUP, and tiN, are termed vibhakti’

step #3 <wvibhakti>

bhrtya + s(U — ¢) = bhrtya + s

1.4.13 yasmat pratyayavidhis tadadi... <anga>

6.4.1 angasya (no rule application in the ariga domain)

1.4.14 suptinantam padam <pada>

1.4.110 viramo’ vasanam <avasana>

1.2.41 aprkta ekal pratyayah ‘an affix formed with a single sound segment is
termed aprkta’ <aprkta>
step #4

8.1.16 padasya ‘of that which is a pada’ <pada>

8.2.66 sasajuso ruh — bhrtya + (s—r (U — ¢) —> bhrtya + r

8.3.15 kharavasanayor visarjaniyah <avasana>

— bhrtya + (r— h) = bhrtyah ‘servant’ <pada>
Referential Index

<pratipadika / kartr/ vibhakti / prathama/ sU / ekavacana / pada / avasana
/ aprkta>

The derivation of pada (4) bhrtyah ‘servant’ begins with the base-input
bhrtya which is assigned the term pratipadika by rule 1.2.46 arthavad adhatur
apratyayah... of the Controlling Domain (CD). Our string bhrtya <pratipadika>
is now sent to the Obligatory Domain (OD) for locating an interior domain where
possibility of rule application is indicated by the term pratipadika. The interior
domain of 4.1.1 nyap-pratipadika is selected because the rule is formed with the
term pratipadika in it. The application of rule 4.1.2 svaujasmautchastabhyam...
poses the problem of selecting one sUP affix out of twenty-one. Similar to ¢iN-
selection of (1) pacati, recourse must be taken to reconstruct the referential index
of sUP. The selection of the nominative (prathama) singular (ekavacana) ending
(vibhakti) will be made by bringing the following rules close to its context via
reconstruction of referential index of sUP:

1.4.102 tany ekavacana-dvivacana-bahuvacanany ekasah ‘elements of triads
of tiN are termed ekavacana, dvivacana and bahuvacana, one after the other’
<ekavacana>

1.4.103 supah ‘elements of triads of sUP are termed ekavacana, dvivacana and
bahuvacana, one after the other’

1.4.104 vibhaktis ca ‘triads of sUP, and tiN, are termed vibhakti’

1.4.22 dvyekayor dvivacanaikavacane ‘ekavacana ‘singular’ and dvivacana
‘dual’ are used when singularity and duality is denoted’

2.3.1 anabhihite ‘when not expressed otherwise’

2.3.46 pratipadikarthalingaparimanavacanamatre prathama ‘prathama is in-
troduced when nothing but the sense of the nominal stem (pratipadikartha),
gender (linga), measure (parimana) and number (vacana) is denoted’
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Note here that this selection of -sU is made under the restrictive provision of
2.3.1 anabhihite. This rule can allow the selection of a sUP if its denotaum is
not already expressed otherwise. Since pacati has already expressed the named
kartr of the sentence, bhrtya must now be introduced with the nominative
singular -sU to express nothing but its own sense (pratipadikartha), per rule
2.3.46 ‘pratipadikarthalingapariman avacanamatre prathama.” Our string bhrtya
+s (U— ¢) is now sent to the Controlling domain where it is assigned the term
pada (1.4.14 suptinantam padam). This term then facilitates scanning of domain
headings beyond adhyaya five (Obligatory Domain), and thereby access to the
domain of rules headed by 8.1.16 padasya. Rule 8.2.66 sasajuso ruh then replaces
the -s with 7 (U — @), thereby yielding bhrtya + r. This -r is then replaced
with visarjaniya of rule 8.3.15 kharavasanayor visarjaniyah . Note however that
rule 8.3.15 turns the -s turned -r to wvisarga under the condition of -s termed
aprkta (1.2.41 aprkta ekal pratyayah). We now have bhrtya +(r—h) = bhrtyah,
a pada.

The derivational history of bhrtyah can be captured with the following string
of terms of its referential index which guided the derivation:

<pratipadika (1.2.45) / kartr (1.4.53) / sUP (4.1.2) / vibhakti (1.4.104) / prathama
(2.3.46) / sU (4.1.2) /ekavacana (1.4.22) / pada (1.4.53) / avasana (1.4.110) /
aprkta (1.2.41)>

(5) vana ‘forest’ <pratipadika; adhikarana>
1.2.45 arthavad adhatur apratyayah pratipadikam
4.1.1 nyap-pratipadikat

1.4.45 adharo’ dhikaranam

#similar to step #2 of (4) bhrtyah

4.1.2 svaujasmaut... # sUP-selection

2.3.1 anabhihite

2.3.36 saptamyadhikarane ca

—wvana + Ni —

6.1.87 ad gunah (6.1.72 samhitayam)

(6) kastha ‘wood’ <pratipadika; karana>
1.2.45 arthavad adhatur apratyayah praipadikam
4.1.1 nyap-pratipadikat

1.4.42 sadhakatamam karanam

#similar to step #2 of (4) bhrtyah

4.1.2 svaujasmaut...

2.3.1 anabhihite

2.3.18 kartr-karanayos trtiya

— kastha + bhis

1.4.13 yasmat pratyayavidhis tadadi pratyaye’ rigam
6.4.1 angasya kastha + bhis

7.1.9 ato bhis ais

— kastha (bhis — ais)

kastha + ai(s—h)
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kasthaih ‘woods,” a pada

(7) odana ‘rice’ <pratipadika; karman>
1.2.45 arthavad adhatur apratyayah praipadikam
4.1.1 nyap-pratipadikat

1.4.49 kartur ipsitatamam karma

#similar to step #2 of (4) bhrtyah

4.1.2 svaujasmaut...

—odana + am

6.1.72 samhitayam

6.1.106 ami purvah

—sodan(a+a — a)m = odanam

= odanam ‘rice,” a pada

(8) sthalr <pratipadika; adhikarana
1.4.45 adharo’ dhikaranam...

(9) kumbhakaraya

1.2.45 arthavad adhatur apratyayah praipadikam
4.1.1nyap-pratipadikat

1.4.49 karmana yam abhipraiti sa sampradanam
#similar to step #2 of (4) bhrtyah

4.1.2 svaujasmaut...

2.3.1 anabhihite

2.3.13 caturthi sampradane

— kumbhakara + Ne

1.4.13 yasmat pratyayavidhis tadadi pratyaye’ ngam
6.4.1 angasya

7.1.13 ner yah

— kumbhakara + (Ne—sya)

= kubhakara + ya

7.3.102 supi ca

— kumbhakar (a — a ) + ya

= kumbhakaraya

(10) kumbhakarah

(a) DUkrN — 1.3.1 bhavadayo dhatavah <dhatu>
— 1.3.3 halantyam

— 1.3.5 adirnitudavah

— 1.3.9 tasya lopah (it-deletion)

(DU — §)kr(N — &) = kr

(b) kr — 3.1.91 dhatoh

1.1.62 tasmad ity uttarasya

3.1.1 pratyayah

3.1.2 para$ ca

3.1.3 adyudattas ca <adyudatta>

3.2.1 karmany an <karman>
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3.1.92 tatropadama saptamistham <wupapada> ‘that which is spec-
ified in this domain of dhatoh with the saptami ‘locative’ is termed upapada
‘conjoined pada’

3.4.67 kartari krt <kartr >

kr + a(N — ¢) = kr + a (it -deletion)

1.4.49 kartur ipsitatamam karma <karman>

2.3.1 anabhihite

2.3.65 kartr-karmanoh krti <karman / kartr >

—kumbha + am

—kumbha + am kr + a

2.2.19 upapadam atinie <upapada>
2.1.3 prakkadarat samasah <samasa>
—skumbha am kara

1.2.46 krt-taddhitasamasas ca <pratipadika>

2.4.71 supo dhatupratipadikayoh

—skumbha + (am — ¢) + kara

= kumbhakara ‘pot-maker’

Our base input for deriving kumbhakara is verb root kr ‘to do, make’ which ,in
turn, is assigned the term < dhatu>. This serves as a mark for guiding the string for
access to the domain of 3.1.91 dhatoh. Rule 3.2.1 karmany an then applies to intro-
duce affix aN. The locative singular (saptami-ekavacana) of karmani of this rule
serves as a mark for bringing rule 3.1.92 tatropapadam saptamistham ‘that which
is specified with a locative (saptamistham) in this domain of dhatoh is termed an
upapada ‘a conjoined pada.’ If a choice is made to introduce affix aN after kr, a
pada denoting karman must be brought close to this context of kr.

Selection of a nominal ending with the denotation of karman must be made in
accordance with the condition of 2.3.1 anabhihite ‘not already stated, otherwise.’
We realize that the affix which is to be introduced, namely al, is a krt (3.4.67
kartari krt ) affix, and hence it would denote kartr. We may now select the
genitive (sasth?) plural ending -am of rule 2.3.36 kartrkarmanoh krti. Note that
2.3.36 allows genitive to denote kartr or karman, when they are not already
expressed otherwise, and when a krt (non-tiN; 3.1.93 krd atin) affix follows in
construction. This is what enables us to meet the condition of 2.3.1 anabhihite,
and select genitive plural to express karman. The kartr is already expressed
with kara. The derivational string at this stage is: kumbha + am kr + alV.
It has the referential index of <dhatu, upapada, pratyaya, krt, ady udatta>.
Rule 1.4.13 yasmat pratyayavidhis tadadi pratyaye’ rigam assigns the term arga.
The string is sent to the domain of 6.4.1 angasya where rule 7.2.115 aco’ nniti
applies to replace r of the anga with its vrddhi counterpart ar. This application
yields kumbha + am k(r — ar) a(N — ¢) = kumbha + am kara. The term
upapada must now guide the derivation. Rule 2.2.19 upapadam atin allows the
formation of a compound (2.1.3 samasah) which yields kumbha + am + kara.
This string is then assigned the new term pratipadika ‘nominal stem.’” This leads
to application of rule 2.4.71 supo dhatupratipadikayoh whereby a sUP, here -
am of kumbha + am + kara, is subject to deletion by LUK. We now have
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kumbha (am — ¢)kara = kumbhakara, a derived nominal base (pratipadika).
This completes the derivational history of fully derived words (padas) which
form simple sentences.

The following is a flow-chart showing selectional restriction and agreement
based of reconstruction of rule contexts by Referential Indices:

pmn aya

k{.rmkﬂ xbr‘mk:‘a —

i 2345 ? /\
anabhihite
+agent

sUP ——s N

+agem
+ object + kg
va
¥ v
Ist 2nd 3rd 4th 5th 6th 7Tth
1 |
paras- dtmane-
—
maipada pada
+agent + agent
+ object + bhiva
L_Ppemon |
number
dependency in selection
Key:

v, verb transitive
w;  verb intransitive

4 Derivational Mechanism

The derivational mechanism of the Astadhyayt makes use of a network of bases
and affixes to derive padas, with application of select operations. These opera-
tions are carried out, primarily at two levels of naming and expressing, following
certain conventions.

5 Levels of Derivation

The derivational mechanism of the Astadhyayt primarily operates on two levels
of naming and expressing, with reference to the Action Complex (AC) of the
Conceptual Structure (CS) of sentences:
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(1) CSI:
‘x accomplishes the action of making y at the current time’
bhrtyah ghatam karoti ‘servant makes a pot’

ACL: <kartr > Action: <dhatu>

Level 1: Naming: <term assignment>

bhrtya <kartr > Action: pac <dhatu>
<pratipadika / kartr > <dhatu / sakarmaka>
1.2.45 arthavad... 1.3.1 bhuvadayo...

Level 2: <domain access / affix placement>
<adhikara / pratyaya>

bhrtya <kartr/ pratipadika> pac <dhatu/ sakarmaka>

1.2.45 arthavad... 8.1.7 dhatoh karmanah...

4.1.1 nyap-prat... 8.1.91 dhatoh

4.1.2 svaujas...<sUP /pratipadika> 3.1.123 vartamane lat <LAT >
4.1.3 striyam <dhatu / lat / vartamana>
4.1.76 taddhitah 3.4.77 tasya

4.1.82 samarthanah 3.4.78 tiptasjhi... <tiN>

<rule Context>

3.1.1 pratyayah 3.1.2 paras ca

3.1.3 adyudattas ca 3.1.4 anudattau suppitau
<sUP-selection> <tiN-selection> <agreement>

1.4.99 lah parasmaipadam 1.4.100 tananav atmanepadam
1.4.102 tany ekavacana... 1.4.103 supah

1.4.104 vibhaktis ca 1.4.105 yusmady upapade...
1.4.106 prahase ca manyopa... 1.4.107 asmady uttamah
1.4.108 Sese prathamah 1.4.21 bahusu bahuvacanam

1.4.22 dvyekayor dvivacanaikavacane
6, Term Assignment (Naming; for exiting the Obligatory Domain)
1.4.109 parah sannikarsah samhita <6.1.72 samhitayam >

1.4.13 yasmat pratyayavidhis... <6.4.1 angasya>
1.4.14 suptinantam padam <8.1.16 padasya>
1.4.18 yact bham <6.4.129 bhasya>

Other terms, depending on the base-input, and inputs yielded by individual
applications, may be assigned to direct operations.
C. Convention

1. A base-input, i.e. dhatu and pratipadika, when made input to the controlling
domain (CD; the first adhyaya of the grammar) activates this grammati-
cal device with assignment of term (samgna-karya) to the base-input(s). For
example, the assignment of the term <dhatu> to pac by 1.3.1 bhuvadayo
dhatavah, and of the term <pratipadika> to bhrtya by 1.2.45 arthavad
adhatur... This process can be called <Term Assignment>.

2. A base-input must gain access to the Obligatory Domain (OD; adhyaya three
through five) of the grammar for scanning of domain headings (adhikara) for
possible rule application. A heading formed with the term assigned to the
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base- input locates the domain for possible rule application. For example,
pac, the base-input which is assigned the term <dhatu>, can opt for possible
rule application in the domain of 3.1.5 guptijkidbhyah san, 3.1.7 dhatoh...,
and 3.1.91 dhatoh, if it meets required condition. Access to the domain of
possible rule application is made fairly automatic by assignment of the term,
this case, <dhatu>.

Access to, and application of a rule within a domain, must be made in conso-
nance with syntactico-semantic specification of the CS, and terms currently
assigned. This is the reason why pac was sent to the domain of 3.1.91 dhatoh.
Each time a definitional term and abbreviated symbol is introduced to the
derivational string, recourse should be taken to scanning of the domain for
possible explanation and application via reconstruction of referential index.
A referential index of definitional terms and symbol must be reconstructed by
scanning rules beginning with the Controlling Domain (CD) to the domain
which triggers scanning. Terms and symbols of the referential index alone
guide a string for further location of domains and thereby rule application.
Operations directed by terms of the referential index must be performed
in the order the terms and symbols appear on the index. Operations rela-
tive to terml must be completed before an operation required by term2 is
performed.

The string, after each application, is sent back to the (CD) for possible as-
signment of new term, and thereby termination of operation in that domain.
Result of each application must be sent to the Controlling Domain (CD) for
assignment of term for scanning of domains of possible rule-application.
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1 Introduction

The Astadhyayt — Panini’s circa 2500 years old grammar of Sanskrit — starts
with the Sivasiitras, a list of the sounds of Sanskrit. Throughout his grammar,
Panini uses the so-called pratyaharas — a two-letter code based on the order of the
sounds in the Sivasiitras — to define the sound classes involved in grammatical
rules. Since Panini’s time, the Sivasiitras have been studied intensively with
focus on the following questions: Is the order of the sounds in the Sivasiitras
determined by the rules in the Astadhyayr? Why does one sound (the glottal
[h]) occur twice in the list? Are the Sivasiitras minimal? And how did Panini
develop the Sivasiitras?

In the present article we make a first attempt to describe the phonological
processes of another language with the help of a Sivasiitra-like list and pratya-
haras. For this purpose we chose German, another Indo-European language with
a phonological system that differs considerably from Sanskrit. We propose a list
of all German sounds in the style of the Sivasttras that allows us to refer to
the sound classes relevant for the description of German phonological processes
in the form of pratyaharas. This Sivasiitra-like list of sounds will be called pra-
tyahara sutras in the following. Our aim is to test what the formalization of
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pratyahara sutras for another language entails, and how far such a description
differs from the phonologically more common description of sound classes with
phonological features.

The remainder of the paper is structured as follows. In section [2 we in-
troduce two ways of referring to sound classes and phonological processes: the
language-independent description of processes with phonological features and
Panini’s approach with Sivasttras and pratyaharas that was especially designed
for Sanskrit. Section [3 gives a short overview of the German sound system and
the phonological processes that are the basis for our analysis of German. In the
central section 4 we propose pratyahara sutras for German. Finally, in section 5
we conclude with a brief discussion of our results.

2 Describing Sound Classes and Phonological Processes

Phonology is concerned with the sound system of a language and the alternations
that these sounds undergo. In phonological theory, alternations between sounds
are called phonological processes. In German, for instance, plural forms of nouns
often involve a number of alternations compared to the singular forms, see the

example in
(1)  Hand [hant] ‘hand’ - Hinde [hende] ‘hands’

In the vowel [a] in the singular alternates with the vowel [e] in the plural,
and the consonant [t] in the singular alternates with the consonant [d] in the
plural. Generative phonologists describe such processes by assuming that only
one of the alternants is the form that native speakers or listeners have stored
in their mind, while the other alternating form is derived from it. The sound
representations stored in the mind are usually called underlying representations
and are denoted in slashes, and the sounds that the speakers actually produce or
the listeners hear are termed surface representations and are denoted in square
brackets. For the singular-plural alternation in|(1)] it is usually assumed that the
/d/ is the underlying representation, and the [t] is derived from it by a process
that is called final devoicing (see section B2 below).

Phonological processes can be described in terms of phonological rules. These
rules are typically of the form “the underlying sound /A/ is realized as the
surface sound [B] if it is preceded by sound C and/or followed by sound D”.
This can be formalized as

2 /A/—=[B]/C D

The variables A, B, C and D incan stand for single sounds, but also for classes
of sounds. Whole classes of sounds can thus undergo a phonological process, be
the result of a phonological process or pose the context of such a process. Sound
classes can be described in several ways. In the following two subsections, we
shortly present the commonly employed phonological description with features
() and the description by pratyaharas introduced by Panini for Sanskrit (2.2)).
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2.1 Featural Descriptions

Instead of listing whole classes of sounds in phonological processes, phonological
descriptions usually employ phonological features. The key assumption of this
description technique is that every sound in a language can be described suffi-
ciently by a set of binary features, making it distinct from all other sounds in the
same language [7]. Phonological features have acoustic, articulatory or auditory
definitions. For instance, the feature [+high] is defined as an articulation with a
high tongue body. Accordingly, the feature [—high] also refers to the dimension
of tongue position; it is defined as an articulation with a non-high tongue body.
Sounds that share a feature and therefore a phonetic trait are called a natural
class. The Spanish vowels [i u], for instance, are the only vowels in Spanish with
the feature [+high] and therefore form a natural class in Spanish.

Unnatural classes of sounds are those that do not share a phonetic trait,
and they usually do not occur as undergoer, result or context of a phonological
process. A well-known example of an unnatural class is the context of the so-
called ruki-rule in Sanskrit [[20], 61f.]. According to this process, the segments
[r], [u], [k] and [i] cause retroflexion of the dental [s]. The four segments forming
the context of this rule form no natural class but rather an arbitrary set of
sounds, because they involve two types of vowels (the back vowel [u] and the
front vowel [i]), and two types of consonants (a retroflex [r] and a velar [k]),
which cannot be referred to by one or a few phonological features. To describe
this class, all feature specifications of all four segments have to be given. A
situation like this, where the context of a rule cannot be referred to by a single
or a few features, is called a disjunction in the phonological literature [e.g.[8],
216]. The disjunct context of the ruki-rule probably diachronically emerged from
the merger of several processes [see the discussion in [6]chapter 4.3.4].

‘Binary phonological features’ are a relatively modern concept; the first com-
plete set of features has been proposed by [7]. However, the traditional Siksa‘ms— and
Pratisakhyas-literature, which even predates Panini, already classifies sounds by
phonetic criteria that can be interpreted as phonological features [cf. the elabo-
rated varga system of the sparsas as described in [3JI8]]. In his grammar, Panini
uses the varga system in addition to his pratyahara technique.

2.2 Panini’s Sivastitras

Panini’s grammar of Sanskrit, the Astadhyayt, is preceded by the 14 stutras given
in Figure[Il which are called Sivastutras. Each single sutra consists of a sequence
of sounds which ends in a consonant. This last consonant of each sutra is used
meta-linguistically as a marker to indicate the end of a sutra. In order to em-
phasize the technical nature of the end consonants, they are replaced by neutral
marker elements M; in Figure [I(III). Together the 14 Sivasttras define a lin-
ear order on the sounds of Sanskrit. The order is such that more or less each
class of sounds on which a phonological rule of Panini’s grammar operates forms
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HEIN HEF UG QAT gITE &0 TASTTH FHT (1)
gy FINSIN WHFSIICAL F I TTTLER

a-i-un r-lk e-on ai-auc hayavarat lan namanananam jhabhan (I1)
ghadhadhas jabagadada$ khaphachathathacatatav kapay Sasasar hal

aiuMi rlMs eoMs aiauMy hyvrMs 1 Mg nmnnn M7 jhbh Mg (111)
ghdhthg JbgddM10 khphCht}htthtMu kpM12 éSSM13 h M4

Fig. 1. Panini’s Sivastitras for Sanskrit (I: Devanagar script; II: Latin transcription;
III: Analysis — the syllable-building vowels are left out and the meta-linguistically used
consonants are replaced by neutral markers M;)

an interval which ends immediately before a marker clement[] As a result, Panini
could use a two letter code consisting of a sound and a marker called pratyahara
in order to designate the sound classes in his grammar. A pratyahara denotes
the continuous sequence of sounds in the interval between the sound and the
marker (including the first sound, but non of the markers). E.g., the pair iM»
in Figure [l denotes the class [i, u, r, 1]

Concerning the question of how Panini developed the SiV&Sﬁtra& it is gen-
erally agreed upon that the order of the sounds in the Sivasttras is primarily
determined by the structural behavior of the sounds in the grammar rules and
that the arrangement of the sounds is chosen such that brevity is maximized
[cf. [I7UT2/109]). [13] proves that Panini’s Sivasiitras are an optimal solution for
the following task: Given the set of all phonological classes which are encoded as
pratyaharas in the Astadhyayz, construct a list which is interrupted by markers
such that each class can be denoted as a pratyahara. Choose the list where the
fewest sounds are repeated and minimize its length. It follows from the proof
that the duplication of the sound [h] in the Sivastitras is not superfluous and
that the number of markers and thereby the number of Sivasttras cannot be
reduced. In [I4/T5] it could be shown that there are nearly 12000 000 alternative
sound lists interrupted by markers which allow the formation of the required
pratyaharas and which are of the same length as the Sivasiitras.

3 The Phonemes and Phonological Processes of German

In order to describe the phonological processes of German with the technique of
Panini’s pratyaharas, we first have to establish the sound system of German and
its phonological alternations. This is not a trivial task. While for Sanskrit it is

1 As mentioned before, Panini uses different description techniques in parallel. Hence,
he states not every phonological rule in terms of pratyaharas.
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generally accepted that Panini’s grammar describes the phonological system of
the language, no such undisputable description exists for German. Establishing
the sound system of German involves decisions on whether certain sounds are
considered to be mentally stored (underlyingly represented), or whether they are
considered surface alternants that can be derived from another underlying form
via a process. Underlying forms are usually meaning-distinguishing units with
relatively unrestricted occurrences, and called phonemes, while those forms that
are derived and have only a restricted context are called allophones. If a sound
in a language is classified as an allophone, the phonological description of the
language has to include a process to describe its derivation from an underlying
phoneme. The velar nasal [g], for instance, is considered by some phonologists
[e.g.[I92T]] to be an allophone of the alveolar nasal phoneme/n/ in German
because it only occurs after a vowel and before a syllable break, in the so-called
coda position. Such decisions on the phoneme status of a sound are often made
purely on theoretical grounds: [2], e.g., postulated that the number of phonemes
should be as small as possible while the number of processes is unrestricted.
The following description of German is based on [2I] and [5] and the theoretical
assumptions therein.

3.1 The Sounds of German

The consonants and vowels of German forming the basis of our analysis are given
in Figure [2 and B], respectively [based on [5], pp. 31, 62, 68].

In Figure Bl two consonants are given in brackets, namely the glottal plosive
[?] and the velar fricative [x]. These sounds are bracketed in Figure 2] because
their occurrence is predictable from the context and can therefore be derived
with a process: The glottal stop occurs before syllable-initial stressed vowels, and
the velar fricative after low and back vowels, as described with the phonological
processes in[3.2.3 and 325 below. All other sounds in Figure[2lcan be considered
phonemes of German.

The vowels of German are given in Figure Bl Again, the sounds given in
brackets are considered to be allophones of underlying phonemes. These are the
low vowel [e], which is the realization of the German /#/ in coda position and

bilabial labio- alveolar post- palatal velar uvular glottal

dental alveolar
plosive pb td kg (?)
nasal m n i)
fricative fv Sz I3 ¢ (x) B h
affricate pf ts tf d3
approximant j
lateral 1

Fig. 2. Consonants of German
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i (1) yr () u: (u)
ex (e) o1 (9) o: (0)
e e @ 2
<Z

Fig. 3. Vowel triangle with vowels of German

therefore predictable, and the short tense vowels [i, y, u, e, @, o]. These short
tense vowels are allophones of the long tense /ix, yz, uz, e1, g1, oz/. The latter only
occur in stressed position, while the former only occur in unstressed position,
see the phonological process of vowel shortening in .24

In addition to the vowels in Figure B German also has three diphthongs; these
are vowels that change their quality during the articulation. The diphthongs of
German are [o1, a1, ay].

3.2 Phonological Processes of German

The present description is restricted to processes that involve classes of sounds.
These classes can be the undergoer, the result or the context of a phonological
process. Processes where only single segments are involved are excluded because
they are of no relevance for a description with Sivasiitras or phonological fea-
tures. Such a process is for instance the vocalisation of the German /5/ to [e]
in coda position [see e.g. [21] pp. 252f. for a detailed description]. The follow-
ing six processes meet this criterion and therefore seem to be relevant for our
descriptions.

3.2.1 Final Devoicing
German, like many other languages, has a process of final devoicing that turns a
class of voiced consonants into voiceless ones if they occur in word-final position
[see e.g., [21], pp. 199ff.]. In the example in[(T)} the plural Héinde [hends] ‘hands’
is realized as [hant] with a final [t] in the singular.

The whole list of sounds that undergo German final devoicing are given in the

formalization in

The group of sounds undergoing this process are traditionally described as o0b-
struents, a term that refers to all plosives, fricatives, and affricates in a language.
As we can see in Figure[3l German has more obstruent phonemes than the ones
listed in rule|(3)l The input to the rule lacks all affricates and the fricatives [,
¥, h]. While the voiceless phonemes [pf, ts, ¢, h] cannot undergo final devoicing
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because they have no voiced counterpart, the voiced [d3] and [#] are phonemes
that do not occur in coda position, and therefore do not meet the requirements
of the process, either.

In featural accounts of phonological processes, the voiced obstruents of Ger-
man are referred to with the phonological features [+voiced, —sonorant], and
the voiceless obstruents with [—voiced, —sonorant]. A rule with features would
thus look as follows:

[+voiced, —sonorant] — [—voiced, —sonorant]/ word boundary

This rule is hyper-inclusive in the sense that it theoretically affects all obstruents.
Empirically, however, it is harmless as only the plosives and part of the fricatives
occur in the relevant context and thus undergo the rule.

3.2.2 Regressive Nasal Assimilation

The nasal alveolar /n/ is often assimilated to its following context in German.
The word /ankunft/ ‘arrival’, for instance, can be realized as [agkovnft], and
Jamfaret/ ‘gateway’ as [ammfaret]. This so-called regressive assimilation of nasals
has to be formalized as two processes, velar and labial assimilation, distinguishing
the two types of outcome:

(4) /n/ — [n] / [k, g] velar nasal assimilation
(5)  /on/ —[m]/ [p,b,pf £ V] labial nasal assimilation

The two contexts of nasal assimilation can be referred to with the features
[+velar, —sonorant, —continuant] for [k, g], and the features [+labial, —sonorant]
for [p, b, pf, f, v].

3.2.3 Glottal Stop Epenthesis

Vowel-initial words in German are always realized with a preceding glottal stop
[?], e.g. /a1/ ‘egg’ is realized as [?a1]. The distribution of the glottal stop is
formalized in the following epenthesis rule, a rule that inserts segments:

(6) 0 —[?] / word boundary  vowel

The regular and predictable occurrence of the glottal stop is the reason why
it is not considered a phoneme of German by many phonologists. The class of
vowels forming the context of glottal stop epenthesis can be referred to with the
phonological feature [—consonantal].

3.2.4 Vowel Shortening

The German vowels [ir, yz, e1, o1, uz, o], which are referred to as long and tense
vowels, only occur in stressed position. Their short counterparts [i, y, e, ¢, u,
o], on the other hand, only appear in unstressed position, and are restricted
to loanwords, e.g. the first vowel in [monaegi:] ‘monarchy’. This complementary
distribution led most phonologists to tread the short tense vowels as allophones of
the long ones and to describe their distribution with a process as it is formalized

in
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(7) /il, yi, €1, g1, ul, 0:/ - [i, y, €, 9, u, 0] / unstressed

The long, tense vowels are usually referred to with the features [+long, +tense,
—consonantal], and their short counterparts with [—long, +tense, —consonantal].

3.2.5 Palatal Fricative Assimilation
The palatal fricative /¢/ is articulated with a more backed tongue position, i.e.
as the velar fricative [x], after the vowels [az, a, uz, v, o1, 9, ay]. This process is

described in
(8) /¢/ — [x] / [a1, &, ui, U, o1, 9, ay]

The context vowels for palatal fricative assimilation can be described with the
phonological features [—consonantal, +low] for [az, a], and [—consonantal, +back]
for [u:, v, o, o, ay]. This class is an example for a disjunct phonological con-
text, where the sounds forming the context cannot be united under one feature
description.

3.2.6 Umlaut

In German, we can observe a process of vowel change that has lost its phono-
logical context. This process, called umlaut, changes the vowels /u, u, o1, 9, aI,
a, ay/ into [y:, v, @1, ce, €1, €, o1}, respectively, when a noun is set in the plural.
The example [hant] — [hendo] ‘hand (sg. — pl.)” in illustrated this. Umlaut
also occurs for diminutive forms of nouns and the comparative forms of many
adjectives, see e.g. [21] (1996: 182f.). A formalization is given in [(9)] though the
context is not specified because the process is morphologically conditioned.

(9) Jur, v, o1, 0, ar, a, av/ — [y, v, 01, @&, €, €, o]

Such a process is familiar to Sanskrit scholars from the Sanskrit ablaut grades
termed guna and vrddhi.

For a description with phonological features, this process has to be divided
into three subprocesses. The sounds [uz, u, oz, o] are [—consonant, —low, +back]
and change to [y, v, 01, ee] with the feature specification [—consonant, —low,
+front]. The sound class [az, a] with the specification [—consonant, +low] changes
to [e1, €] with the specification [—consonant, —low, —high, +front, —tense]. And
lastly, the single segment [ay] changes to [o7].

The six processes described in this section involve ten classes of sounds, namely
the input and output of final devoicing, the context of labial and velar nasal
assimilation, the context of glottal stop epenthesis, the input and output of
vowel shortening, the context of palatal fricative assimilation, and the input and
output of the umlaut process. For a featural description of these processes, a
total of 16 features has to be used In the following section we will see how an
account with pratyaharas for the same processes looks.

2 In order to make our analysis independent of the theoretical assumption that fea-
tures are binary, we treat features like [+high] and [—high] as two distinct privative
features.
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4 Pratyahara sutras of German

In section Bl we defined the collection of phonological processes and thereby
implicitly the set of 10 phonological classes which we intend to represent as pra-
tyaharas. Hence, our task is to develop a list of the German sound segments
interrupted by markers in the style of the Sivasttras which allows the formation
of a pratyahara for each phonological class of the collection. A simple but unde-
sirable solution to the problem would be to line up the phonological classes in
one single list and to put a marker behind each class. In such a list, the num-
ber of occurrences of a phonological segment would be equal to the number of
phonological classes to which the phonological segment belongs. Since Panini
duplicates in his Sivasiitras only one segment, namely [h], it is obvious that the
Sivasttras are constructed more economically: Panini aims at the minimization
of the number of duplicated segments and the reduction of markers [9].

In [I4/T5] the general problem of generating economical pratyahara satras for
given sets of sets has been tackled by applying methods from Formal Concept
Analysis (FCA) [4]. In what follows we will apply those former results in order to
construct adequate, economical pratyahara sutras for German. A small example
helps to clarify the required terminology of FCA:

abcd
classl x x
class2 X X
class3 X X
class4d x x x

Fig. 4. Example formal context (left) with corresponding concept lattice (right)

In Figure M (left) an example set of four classes, namely {a, b}, {b, c}, {c,d},
and {a, b, ¢}, is given in form of a formal context. A cross in the table indicates
that an element (top row) belongs to a class (first column). All four classes can
be denoted as pratyaharas of the list of pratyahara sutras

de My bMsa Ms (pratyaharas: bMs, cMa, dMy, cMs)

Note that no element in the pratyahara sutras occurs twice. The concept lattice
of the formal context is the set of all intersections (ordered by the inverted subset
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ptkfs[bdgvzzvyeareeduvaieouygariiorury:g:e:ardraye:pf
devoicing input XX XX X X
devoicing output X X X X X X
vowel shortening in. XXX X X X X
vowel shortening out. XXX X XXX
umlaut input X X X X X X X
umlaut output X X X X X X X
palatal assimilation X X X X X X X X X
nasal assim. velar X X
nasal assim. labial X X X X X
glottal epenthesis XXXXXXXXXXXXXXXXXX X XXXXX X X

Fig. 5. Formal context for the phonological classes of German (due to space limits, the
segments [d3, tf, ts, 8,1, g, n, m, j, ?, h, ¢, x] which belong to no class are left out)

relation) which can be generated from the classes (plus the set of all elements).
For our example, the set of all intersections is

{{ }:{c}, {0} {a, b}, {b, ¢}, {¢, d}, {a, b, ¢}, {a, b, ¢, d} }.

Figure [ (right) shows a Hasse diagram of the concept lattice, i.e., a Hasse
diagram of the set of the eight intersection sets ordered by the inverted subset
relation. In the diagram the nodes (circles) correspond to the intersection sets
and an edge between two nodes indicates that the set associated with the upper
node is a subset of the one associated with the lower node and that no other
intersection set is a superset of the set associated with the upper and a subset of
the set associated with the lower node. The diagram is labeled as follows: each
segment is written above the node corresponding to the smallest set to which it
belongs, e.g., ¢ labels the node for the set {c}, b the node for the set {b}, and
a the one for {a,b}. The labeled Hasse diagram can be read as an inheritance
hierarchy: each node corresponds to the set of segments by which the node or
one of its supernodes is labeled. E.g., the node for ‘class 4’ corresponds to the
set {a, b, c}, the bottom node corresponds to {a, b, ¢, d}, and the top node to the
empty set.

The formal context for our collection of phonological classes for German is
given in Figure [l [I3] proves that it is impossible to order the phonological
segments in pratyahara sutras without a single duplication if the corresponding
concept lattice is not planar, i.e., if it is impossible to draw a Hasse diagram
without intersecting edges. A Hasse diagram of the concept lattice of the formal
context for our phonological classes of German is given in Figure[6l In order to
improve readability, most of the labels are left out. One part of the diagram,
namely the one corresponding to the subsets of the phonological class ‘glottal
epenthesis’ (i.e. the vowels), stands out, as it is plane. The question is whether
it is possible to give a plane drawing, i.e. a drawing without intersecting edges,
of the remaining part of the diagram. By Figure [ we will argue that such a
drawing is impossible.
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_d
glottal epenthesis

Fig. 6. Concept lattice for the phonological classes of German (the big circle indicates
the planar part constituted by the vowel segments)

Figure [dshows a Hasse diagram with intersecting edges of the concept lattice
of the formal context constituted by the four classes ‘devoicing output’, ‘devoic-
ing input’, ‘nasal assimilation labial’, and ‘nasal assimilation velar’. According
to [I1] and [I6], a lattice has no plane diagram if it is possible to gain the graph
& (i.e. the complete graph K°) from the graph of the diagram enlarged by an
additional edge connecting the lowest and the top most node by removing some
of the edges and contracting others. It is obvious that the graph in Figure []
(top) can be constructed from the one in Figure [ by leaving out some of the
edges. The sequence of drawings at the bottom of Figure[d starts with the graph
from the top of the figure enlarged by an additional edge connecting the top and
the bottom node. Each remaining graph is gained from its left neighbor by con-
tracting the emphasized edge (thick grey edge). As the final graph is isomorphic
to the graph @, the sequence proves that it is impossible to draw a diagram of
the concept lattice in Figure [6] without intersecting edges. Hence, the concept
lattice of the formal context of our collection of phonological classes is not pla-
nar. It follows that it is impossible to construct pratyahara sutras for the formal
context in which each sound segment occurs only once. Hence, analogously to
the Sivasiitras for Sanskrit we are forced to repeat at least one sound segment
for our pratyahara sutras for German.

Thus, the next step towards pratyahara sutras for German is the identification
of sound segments which are good candidates for duplication. Hence, we are
interested in identifying those segments for which we can add a copy to our
formal context in Figure Bl and distribute the crosses in the table between the
two copies in such a way that the corresponding concept lattice gets planar. The
aim thereby is to copy as few sound segments as possible. Note that the nodes
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| devoicing out ‘ | nas. assim. labial | | nas. assim. velar U devoicing in |

SER IR ZN AN

Fig. 7. Non-planar concept lattice for a selection of the phonological classes of German
(key: S = [[], Z — [3])

of the four minimal nonempty sets ({f, p}, {k}, {v, b}, {g}) in Figure [7 do not
differ structurally with respect to their position in the concept lattice. Thus, it is
better to duplicate one of the segments [g] or [k] than one of the remaining four
segments, as duplicating for example the segment [f] would force one to duplicate
the segment [p] too, since these two segments are not distinguishable with respect
to the chosen phonological classes. In what follows we will concentrate on the
duplication of the segment [g]; the duplication of [k] would give analogous results.

If in the formal context in Figure Bl the segment [g] is replaced by two copies
— one classified as ‘devoicing input’ and the other one as ‘nasal assimilation
velar’ — a plane Hasse diagram of the resulting concept lattice can be drawn
(cf. Figure ). In the diagram in Figure [, the top node of the concept lattice,
which corresponds to the empty set, is left out. The boundary graph of the di-
agram is called the S-graph of the formal context. In [I4] it has been proven
that the S-graph of a formal context is unique up to isomorphism if the formal
context can be encoded as pratyahara sutras without duplicated elements. Fur-
thermore, the main theorem on S-sortability [I514] states that a formal context
can be encoded as pratyahara sutras without duplicated elements if and only if its
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concept lattice is planar and its S-graph contains all nodes labeled by elements.
The following procedure quoted from [15] allows one to read off pratyahara satras
with a minimal number of markers from the S-graph of a formal context.

Procedure for the construction of S-alphabets (here: pratyahara sutras) with min-
tmal marker sets:

1. Start with the empty sequence and choose a walk through the S-graph that:
— starts and ends at the lowest node,
— reaches every node of the S-graph,
— passes each edge not more often than necessary,
— is oriented such that while moving downwards as few labeled nodes with
exactly one upper neighbor as possible are passed.
2. While walking through the S-graph modify the sequence as follows:
— While moving upwards along an edge do not modify the sequence.
— While moving downwards along an edge add a new marker to the se-
quence unless its last element is already a marker.
— If a labeled node is reached, add the labels in arbitrary order to the
sequence, except for those labels which have already been added in an
earlier step.

Applied to our context of phonological classes of German, an optimal walk
through the S-graph is depicted in the lower right of Figure Bl It starts at the
bottom node and runs first through the consonantal part and then through the
vowel part of the S-graph. The walk through the vowel part of the S-graph is
oriented counter-clockwise since this guarantees that while moving downwards
as few labeled nodes with exactly one upper neighbor as possible are passed.
The orientation of the walk through the consonantal part can be arbitrarily cho-
sen. By traversing the depicted walk the following eight pratyahara sutras for
German can be read off:

dztftsclgnmj?hexgk Mits[fpMapfbv MszzdgMyove
tratgyeiuoaMsvoavaroru Mgirery:ror My erotoey e Mg

The first sttra results from collecting all unclassified sounds at the bottom node
and then walking upwards to the nodes labeled ‘g’ and ‘k’. Since the walk goes
downwards after reaching the node labeled ‘k’, a first marker M; has to be
added to the sequence. The other stutras are constructed analogously. One sound
segment, namely [g] occurs twice in the list of pratyahara satras, namely in
the first and the fourth sutra. It is obvious that the phonological classes of
German do not uniquely determine a list of pratyahara satrasH As mentioned,
the pratyahara sutras would differ if another walk through the S-graph would be
chosen which could for example go first through the vowel part or traverse the
consonantal part clockwise. Additionally, all sound segments by which a single
node is labeled can be added to the pratyahara sutras in any desired order.

3 As mentioned in section 22} there are nearly 12 000 000 pratyahdra sitras of the same
length for Sanskrit from which Panini has chosen one sample (i.e., the Sivasitras).
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Finally, instead of duplicating the sound segment [g], the sound segment [k]
could have been duplicated, resulting in different pratyahara sutras.

The pratyahara sutras given above yield the following pratyaharas for the 10
phonological classes from our formal context in Figure

gM; : Input to velar nasal assimilation

fMs3 : Input to labial nasal assimilation

bMy : Input to final devoicing

kMs : Output to final devoicing

uMg : Context of palatal fricative assimilation
aMg : Input to umlaut

y:iMg: Output to umlaut

a:Mz: Input to vowel shortening

o M5 : Output to vowel shortening

oMy : Context of glottal epenthesis

In the remainder of this section we will demonstrate how the pratyaharas for
German can be employed for the description of the phonological rules discussed
in section The problem we are faced with is that phonological rules treat
phonological classes not always as plain sets. In a phonological rule only the left
and right contexts are unordered sets; the input and the output class has to be
linearly ordered. The reason for this is that if a phonological rule is viewed as a
rewriting rule then it has to be ensured that each segment of the input class has
to be rewritten by its corresponding segment of the output class; e.g., the rule for
final devoicing has to ensure that /d/ is rewritten as [t] and not as [k]. Panini’s
Sivasiitras fulfill this constraint, his pratyaharas are considered to be linearly
ordered sets. But our formal model of the pratyahara technique so far does not
take internally ordered sound classes into account. By our definitions pratya-
haras denote unordered sets. Our approach only guarantees that the resulting
pratyahara sutras offer the possibility to form for each phonological class a pra-
tyahara which denotes the unordered set of the elements of the class. However,
for the concrete example of phonological classes for German we were able to
arrange the sounds in our pratyahara sutras such that the order of the sounds in
the input classes corresponds to the reversed order of the sounds in the output
classes. Take for example the rule of final devoicing (rule in section [3.2)):

(3)] bMy— kMs/ word boundary final devoicing

Here, the pratyahara bM, denotes the class [b v 3 z d g] and kMs the class [k t
s J f p]. Hence, kM> denotes the devoiced counterparts of the elements of bMy
in reversed order. The remaining rules of section can be stated in terms of
pratyaharas as follows:

(4)) /n/ —[n]/ gM velar nasal assimilation
(5] /n/ —[m]/ fM; labial nasal assimilation

[6) {1} —[?]/ word boundary  oMs glottal stop epenthesis
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{] a:M7 - ¢M5 / unstressed vowel Shortening
BN /¢/ — [x] / uMs palatal fricative assimilation
@ aMg — y:Msg umlaut

Hence, all phonological processes of German described in section can be
rewritten with pratyaharas of our proposed pratyahara sutras.

5 Discussion

By describing the sound classes and phonological alternations of German with
Panini’s pratyahara technique we have demonstrated that the pratyahara method
is generalizable to the description of the phonological systems of other languages.
Panini’s aim while constructing his Sivastitras was to allow the formation of a pra-
tyahara for every phonologically motivated class, i.e. for every class that is needed
in the description of the phonological processes of Sanskrit. He did not construct
pratyaharas for all phonetically-based classes of sounds in a fashion that modern
phonological features do. In the present article, we applied both methods, namely
the description with pratyahara sutras based solely on phonological processes and
the description with features based on phonetic criteria, to a sample of phonolog-
ical processes of Germanf Our phonological system of German consisted of 52
sound segments. This yields a total of 252 = 4 503 599 627 370 496 potential sound
classes; just 10 of those classes are actually required for the description of our sam-
ple of phonological processes of German.

Any method for describing phonological classes which is not simply listing
their elements overgenerates in the sense that it allows the formulation of classes
which are needed in no phonological rule. The ratio of describable to actual
classes constitutes a quality criterion for class-description devices [I0]. Con-
sidering our example of German phonology, we get the following results: The
pratyaharas for the 10 required classes are given in section @ but how many
pratyaharas can be formed with our pratyahara sutras? Figure [ lists the pra-
tyahara sutras for German and calculates for each single stutra the number of
pratyaharas which can be build with its sound elements. For instance, each of the
5 sound elements of the second stitra can be combined with any of the succeeding
7 markers Ms ... Mg in order to form a pratyahara. Altogether 268 pratyaha-
ras can be formed i Although at first glance the ratio of describable to actual
classes seems low for the pratyahara method, this method still performs better
than the description with phonological features: In section [l we used a total of
16 features to describe the phonological processes under consideration. But 16

4 [13] combined the pratyahara account and the featural account in an analysis of the
vowel system of German and a constructed language, by transferring the featural spec-
ifications for the vowels into pratyaharas. It turned out that this demanded the dupli-
cation of disproportionately many sounds.

5 Usually one would exclude pratyaharas which are formed by the final sound segment
and the marker of a pratyahara sutra and which thus only denote single sound
segments. Therefore, only 260 pratyaharas of our pratyahara sutras are well-formed.
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dztftsclynmj?hg¢xgk My 15x8

ts[fp M 5x7
pfb v Ms 3x6
3zdg My 4x5
orviaigyeiuoaMs 11 x4
U0 ay a: o ur Me 6x3
ir er yr ¢ My 4 %2
eroreeye Mg 5x1

Fig. 9. The pratyahara sutras for German in tabular form

features yield a total of 216 = 65536 classes which can be described by feature
sets, thus far more than by pratyaharas. Even if one drops the requirement that
features should have acoustic, articulatory or auditory definitions and allows for
unnatural features, a featural description of the 10 phonological classes cannot
perform better than our pratyahara description. As none of our 10 classes can be
described in terms of an intersection of some of the other classes, every featural
description which is able to distinguish those 10 classes has to make use of at
least 10 different features. A minimal featural description of the 10 classes would
be to use the class identifiers (e.g., ‘devoicing input’, ‘devoicing output’) as fea-
tures. Such a description would be minimal since none of the features would be
reducible to other features. 10 features still yield a total of 2'© = 1024 classes
which can be described by feature sets; this is nearly four times more than by
the pratyaharas we employed.

One objection against our approach could be that we are only considering
seven phonological processes while Panini is describing many more processes
in the Astadhyayi. The main reason for this is that German exhibits far less
Sandhi phenomena than Sanskrit. Furthermore, there is no standard description
of the complete phonological system of German comparable to the Astadhyayr.
In this paper we refrained from testing how hyper-inclusive processes could yield
a more economic description of German. The main reason for this is that our
mathematical approach to the induction of the pratyahara sutras is not yet
able to automatically identify cases of harmless hyper-inclusivity. This is left for
future research.

It is important to note that Panini pursues a mixed strategy for the description
of phonological classes: they are denoted by pratyaharas (e.g., sutra 6.1.77), they
are referred to by the older phonetical varga-classification (e.g., sttra 3.1.8) or
their elements are simply listed (e.g., sttra 1.1.24). In contrast to Panini we
restricted ourselves to the pratyahara-method.
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Abstract. This paper describes about the work done in building a pro-
totype text to speech system for Sanskrit. A basic prototype text-to-
speech is built using a simplified Sanskrit phone set, and employing a
unit selection technique, where prerecorded sub-word units are concate-
nated to synthesize a sentence. We also discuss the issues involved in
building a full-fledged text-to-speech for Sanskrit.

Keywords: Text to Speech for Sanskrit, Festvox.

1 Introduction

Developing a text to speech (TTS) system for Sanskrit primarily involves study-
ing its phonology and phonetics [2]. Sanskrit has a highly developed system of
phonemic description, developed in ancient times mainly for preserving Vedic
texts[3].

1.1 Goal

We try to develop a text to speech system for simple classical Sanskrit, using
simplified phone set of Sanskrit. This uses Direct synthesis, in which the speech
signal is generated by direct manipulation of its wave form representation. Wave
form concatenation, is representative of this synthesis category. In this approach,
several fundamental periods of pre-recorded phonemes are simply concatenated.
The phonemes are then connected to form words and sentences [IJ.

1.2 Previous Work

Making a computer to talk in different languages has been attempted by many
scholars from many years and they are successful. We are making an attempt
to take forward the work done on “Making a Computer to talk Sanskit”. The
following are few studies in this path:

1. Vani - An Indian Language Text to speech Synthesizer for Sanskrit [15], is
a speech synthesizer which employs formant synthesis, in which the basic

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 39 2010.
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assumption is that the vocal tract transfer function can be satisfactorily
modeled by simulating formant frequencies and formant amplitudes. The
synthesis thus consists of the artificial reconstruction of the formant charac-
teristics to be produced. This is done by exciting a set of resonators by a voic-
ing source or noise generator to achieve the desired speech spectrum, and by
controlling the excitation source to simulate either voicing and voicelessness.
The addition of a set of anti-resonators furthermore allows the simulation of
nasal tract effects, fricatives and plosives [I].

2. Text to speech synthesis for Indian languages ( Acharya), is a syllable level rep-
resentation of the text and each syllable directly translates into a sound that
can be synthesized or simply played from a prerecorded piece of audio [2].

3. Text to Speech conversion systems developed by C-DAC (Centre for Develop-
ment of Advanced Computing) for various Indian languages supplementing
the GIST Card [3].

Speech synthesis by concatenation of sub-word units (e.g. diphones) has become
basic technology. It produces reliable clear speech and is the basis for a number
of commercial systems. However with simple diphones, although the speech is
clear, it does not have the naturalness of real speech[16].

In this work we are going to present you the general issues in building a
TTS for Sanskrit, which could help in building an efficient Speaking system for
Sanskrit.

2 Sanskrit Orthography

2.1 Nature of Sanskrit Scripts

The basic units of the writing system in Sanskrit are characters which are an
orthographic representation of speech sounds [3]. A character in Indian language
scripts is close to a syllable and can be typically of the form: C*VN, where C is
a consonant, V is a vowel and N is anusvAra, visarha, jivhAmUllya e.tc. . There
is fairly good correspondence between what is written and what is spoken [5].
Sanskrit has richer set of characters than many of the other Indian languages.

2.2 Phone Set

Most institutions and scholars propose “Paninlya - Siksa” as a reference for
written form of Sanskrit[§], in this book it is said that “The speech-sounds in
Prakrit and Sanskrit are 63 or 64, according to their origin, has been said by
Brahman (Svyambhi) himself.” among which vowels are 21, and consonants are
(included stop, approximent, sibilant, nasal, palatels) 43 [4]. We are using UTF-8
format to represent the text. In our system we use 8 vowels and 40 consonants
including other symbols, which are given in the below picture (Fig. B) with
respective I'T3 representations [,

! Since the present computers can only process ASCII characters at machine level, we
use a codding mechanism to represent each character (may belong to any language)
in an intermediate format. This format was formulated by CMU.
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Vowels

A A 3 3 3 & U al

a aa I ii u uu e o

Consonants

G T T q s d 9 g g q
ka kha ga gha ng-~a t tha da dha na
G| 7] = = = g % g Y q
cha chha ja jha nj~a pa pha ba bha ma
[ 3 3 [ o 9 g sl g

ta tha dia dh nd-a sha shha sa ha

Other symbols
E ] q 3

-

| R El g
rx X~ Ix ai au n: h: ya ra la va

Fig. 1. Set of phones and their respective IT3 Format of Devanagari Script used in
TTS

There has been many discussions on the character set of Sanskrit, but some say
devanagari alphabets are developed for writing Sanskrit (which are descended
from brahmi scripts) [9], however as we all can see Sanskrit can be written in
multiple languages.

Letters not used in TTS - & STErelir:, SUEAH, o, 3, 9, 1 g

2.3 Suitability of Sikshaa Granthas for Building a TTS

Shiksha (Phonetics) explains the proper articulation and pronunciation of vedic
texts. There are six parts of Shiksha letters (varnas), accent (swara), time con-
sumed in articulating vowel (matra), effort (bala) Melodius chanting of mantras
(sama) and conjugation of letters (sandhi). If some mistake is committed in any
of the above six, instead of giving the desired result it can prove to be disastrous
as well [g].

In order to make an efficient talking system all the parts of shiksha are to
be met, however the present day systems can only add some parts of siksha,
research has to be done to add the above six to the synthesized speech.
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3 System Architecture

Sanskrit TTS system is implemented within the Festival/Festvox framework.
Segmentation, unit selection and synthesis are done using Festvox and Festival
framework.

3.1 Why Festvox?

Frameworks are built to ease the software development. But the frameworks
which can be customized for user need are mostly preferred. Festvox offers such
a facility and it is an open software.

4 Letter to Sound Rule

Letter-to-sound rules are almost straight forward in Indian languages, as they are
phonetic in nature. We write what we speak and we speak what we write, and hence
generally the necessity of a pronunciation dictionary does not arise in our case. The
pronunciation for a Sanskrit word such as chatura (clever) (the word chaturais the
IT3 representation of the word “I&” using the chart specified above)in terms of
phones marked with syllable boundaries can be written as ((cha) 1) ((tu)0)
((ra)0). As the characters in Indian language are close to a syllable, clustering
C*VN can be done easily taking into account a few exceptions [6].

In this work, simple syllabification rules are followed. Syllable boundaries are
marked at the vowel position. If the number of consonants between two vowels
is more than one, then first consonant is treated as coda of the previous syllable
and the rest of the consonant cluster as the onset of the next syllable. For stress
assignment, the primary stress is associated with the first syllable and secondary
stress with the remaining syllables in the word. The integer 1 assigned to first
syllable in the word chatura indicates the primary stress associated with it. Letter
to sound rules, syllabification rules and assignment of stress patterns are different
for different languages, which has to be specified accordingly. The architecture
of Festival synthesis engine allows these rules to be written in Scheme, so that
they get loaded at the run time, essentially avoiding recompilation of the core
code for every new language.

5 Creation of Speech Database

A common trend in concatenative approach for TTS system is to use large
database of phonetically and prosodically varied speech.

5.1 Text Selection for Sanskrit

The quality of data-driven synthesis approaches is inherently bound to speech
database from which the units are selected. It is important to have an optimal
text corpus balanced in terms of phonetic coverage and the diversity in the
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realizations of the units. Sanskrit has a vast literature starting from Vedic text
to latest classical literature. In this work, the test corpus was generated from a set
of simple Sanskrit sentences selected from daily life conversations . Some of the
example sentences are given below. A common trend in concatenative approach
for TTS system is to use large database of phonetically and prosodically varied
speech.

gR: ol ifey fh 72 2
% Iﬁ:, q;ﬁ 2d ﬁw 3 bE}ia?
q9 A sfteR:)

BRIGT: DU AR ?
HrTeEg! fH sawe?

5.2 Speech Data Collection

The number of Sentences recorded to generate Sanskrit database is 852. In these
sentences we tried to cover the possible conversations related to our daily life.
As it is not possible to complete the recording in a single session, to ensure
consistency, the recordings were made at the same time every day.

6 Speech Segmentation

One of the most important tasks in building speech databases is the annotation
of speech data with its contents (labeling) and the time alignment between label-
ing and speech (segmentation). Phoneme segmentation and labeling are highly
desirable and useful for TTS as this information is used for classifying the speech
units that helps to select and concatenate the right units in terms of linguistic
and acoustic features.

The most precise way to annotate speech data is manually by linguistic ex-
perts. However, manual phoneme labeling and segmentation are very costly and
require much time and effort. Even well trained, experienced phoneme labelers
using efficient speech display and editing tools require about 200 times real time
to segment and align speech utterances. To reduce this effort considerably and
aid the phoneme labelers, an automated segmentation tool is required. For au-
tomatic phoneme segmentation, we have been using the most frequently used
Tool EHMM based phoneme recognizer.

Spoken Sentence (UTF-8): smreeg! f smaeaa?
Spoken Sentence (IT3): aagachhatu! kim aavashyakam?
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Fig. 2. Sample speech used for training with its labels, spectrogram and wave form

7 Unit Clustering and Synthesis

Given these segments, the unit selection algorithm (a Statistical Parametric
Synthesizer) in the framework clustered the phones based on their acoustic dif-
ferences. These clusters are then indexed based on higher level features such as
phonetic and prosodic features. During synthesis, the appropriate clusters are
sought using phonetic and prosodic features of the sentence. A search is then
made to find a best path through the candidates of these clusters. Though the
units used here are phones, the acoustic frame of previous unit is used during
clustering as well as for concatenation.

Clustergen is a statistical parametric synthesizer released as part of the Fes-
tival distribution [11]. It predicts frame-based MFCCs clustered using phonetic,
metrical, and prosodic contexts. Unlike CLUNITS, the unit size is one frame
(5ms by default), and the signal is partitioned at the HMM-state size level (3
states per phone). The clustering, done via CART, optimizes the standard devi-
ation of the frames in the cluster. The frames are 24 coefficient MFCCs plus FO.
Clustergen offers a number of options for clusters which can be single frames,
trajectories, or trajectories with overlap and add. We used the simplest model
for our TTS. Synthesis is done by predicting the HMM-state duration, then pre-
dicting each frame with the appropriate CART tree. The track of MFCC plus
FO vectors is re-synthesized with the MLSA algorithm [I3], as implemented in
the HTS system and already implemented within Festival.

8 Evaluation

In order to evaluate we conducted subjective and objective evaluations. As part
of subjective evaluation 10 samples were extracted from the database. These
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Table 1. MOS Test Results

Sentence Name Least Score Best Score Average Score

1 3 4 3.4
2 3 5 4.2
3 2 4 3.1
4 4 5 4.5
5 1 3 2.2
6 2 4 3.3
7 4 4 4
8 5 5 5
9 3 4 3.5
10 2 5 3.4
Total Average 3.67

samples were played to 10 Sanskrit speakers for obtaining mean opinion scores
(MOS), i.e., score between 1 (worst) to 5 (best) [7]. The results were given in
the Table 1.

For objective evaluation we have choose MCD. Mel cepstral distortion (MCD)
is an objective error measure used to compute cepstral distortion between origi-
nal and the synthesized MCEPs. Lesser the MCD value the better is synthesized
speech. MCD is essentially a Euclidean Distance defined as

25
10 t )2
MCD = mio* 2 x ;(mci * Mcg) (1)

where mcti and mcei denote the target and the estimated MCEPs, respectively.
MCD is used as an objective evaluation of synthesized speech. Informally it
is observed in [II] that an absolute difference of 0.2 in MCD values makes a
difference in the perceptual quality of the synthesized signal and typical values
for synthesized speech are in the range of 5 to 8.

Table 2. MCD Test Results

Synthesis with Diphones
MCD 6.474

To compute MCD, we have taken 20 sentences from Sanskrit database and
synthesized using diphone as unit.

9 Discussion and Future work

So far, we have discussed the build process of a prototype text-to-speech for
Sanskrit. While we have demonstrated the usefulness of this prototype text-to-
speech for Sanskrit by conducting listening tests, it should be noted that there
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exists several research issues that need to be addressed in building a full-fledged
text-to-speech for Sanskrit. The following are a few research issues that need to
be addressed in building a complete voice for Sanskrit.

1. Choice of Phoneset: In this work, we have used a simplified phoneset (mostly
borrowed from Hindi) to develop this prototype text-to-speech system. A
careful acoustic-phonetic study needs to be done to build a phone set for
Sanskrit. Also, the relationship between Akshara and the sound is assumed
to one-to-one in Sanskrit. However, it is often may not be the case. Typically
it is known that the Sanskrit scholars in the Northern part of India drop
Schwas at the end. For example, /raama/ is pronounced as /raam/. Hence
a carefully analysis need to be done to derive a Akshara (written symbol) to
phone (spoken sound) correspondence.

2. Choice of Unit: In this work, we have used diphone as a unit for concate-
nation. This type of unit is found to be useful for English. It is also well
known that syllable is a better unit for Indian languages which are mostly
derived from Sanskrit. Hence, it is important to study various levels of units
(diphone, syllable, polysyllable) for the case of Sanskrit TTS.

3. Nature of Sanskrit Language: In this work, the prototype TTS is built for
spoken on conversational form of Sanskrit. It is known that the Sanskrit
comes in various flavors such as Vedic. Poetry prose, classical etc. and hence
the nature of the Sanskrit language has to be studied and considered in
developing a complete text-to-speech for Sanskrit.

4. Prosody: Prosody is often found to be manifested in intonation (rhythm),
stress (energy), and duration patterns. Sanskrit is known for its richness
in prosody. Hence, a study on prosodic aspects of Sanskrit TTS has to be
conducted to identify suitable acoustic properties that can incorporated in
TTS.

5. Incorporation of Sandhi Rules: Sanskrit is also known for Sandhi rules. The
effect of these Sandhi rules has to be studied and understood in order to
implement these rules in Sanskrit TTS.
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Abstract. Attempting to model Paninian procedure computationally
forces one to clarify concepts explicitly and allows one to test various ver-
sions and interpretations of his grammar against each other and against
bodies of extant Sanskrit texts. To model Paninian procedure requires
creating data structures and a framework that allow one to approximate
the statement of Paninian rules in an executable language. Scharf (2009:
117-125) provided a few examples of how rules would be formulated
in a computational model of Paninian grammar as opposed to in soft-
ware that generated speech forms without regard to Paninian procedure.
Mishra (2009) described the extensive use of attributes to track classifi-
cation, marking and other features of phonetic strings. Goyal, Kulkarni,
and Behera (2009, especially sec. 3.5) implemented a model of the asid-
dhavat section of rules (6.4.22-129) in which the state of the data passed
to rules of the section is maintained unchanged and is utilized by those
rules as conditions, yet the rules of the section are applied in parallel,
and the result of all applicable rules applying exits the section. The cur-
rent paper describes Scharf and Hyman’s implementation of rule blocking
and forward-looking conditions. The former deals with complex groups
of rules concerned with domains included within the scope of a general
rule. The latter concerns a case where a decision at an early stage in the
derivation requires evaluation of conditions that do not obtain until a
subsequent stage in the derivation.

1 Implementations of Sandhi and Inflection

Scharf and Hyman implemented Paninian sandhi rules in a portable framework
using modified regular expressions in an XML file to model Paninian rules, as
described in Scharf 2009: 118-120. Each rule is written as one or more XML
rule tags each of which contains several parameters: source, target, lcontext,
rcontext, optional, and c. The optional parameters lcontext and rcontext specify
the left and right contexts for the replacement of the source by the target. The
optional parameter optional specifies that the current state is to be duplicated
and subsequent parallel paths created, one in which the rule is implemented
and the other in which it is not. The parameter ¢ (for comment) contains the

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 48 2010.
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number of the Paninian rule implemented by the rule tag. The implementation
utilizes the Sanskrit Library Phonetic encoding scheme SLP1, described in Scharf
and Hyman 2010, Appendix B, in which Sanskrit sounds and common phonetic
features such as tones and nasalization are each represented by a single character.

The rule syntax utilizes a number of macros that model Paninian structures.
Macros are used to model Paninian sound classes: varna, varga, guna, vrddhi,
samprasarana, etc.; to create pratyaharas: 3, 370, <, I, etc.; and to group
sounds with common phonetic features: aspirated sounds, unaspirated sounds,
voiced sounds, unvoiced sounds, etc. For example, the macros Q(f) and @(x) in
1.1.9 vt. represent the varnas 3 and @& respectively. The macros @(eN) in 6.1.109
and @(ac) in 6.1.78 represent the pratyaharas TS (monothongs) and 29 (vow-
els), respectively. Mappings are used to map sets of sounds onto corresponding
sounds, such as short vowels onto long, and unvoiced stops onto voiced stops.
Functions, such as lengthen, guRate, and vfdDiize, utilize the mappings to
facilitate implementation of common operations, namely, the replacement of a
vowel by its corrresponding long vowel, guna vowel, or vrddhi vowel, respectively.

Rules are not pre-selected by hand; rather they are triggered by the data
that meets the conditions for the application of the rule. Yet rules are arranged
in sequence and placed in blocks to ensure appropriate application of general
rules and exceptions. In particular, negations and identical replacements that
are exceptions select paths that avoid the application of rules of which they
are negations and exceptions. Hyman wrote a Perl program that converts the
XML file of regular expressions to Perl executable code. The model succeeds in
encoding Paninian rules in a manner that allows the rules that come into play
to be tracked. Rule tracking has valuable research and pedagogical applications.
Hyman (2009) describes the procedure by which the XML vocabulary to express
Panini’s sandhi rules was developed and how a series of stages converts the rules
not only into executable Perl code, but also into a network, and a finite state
transducer. The latter, being extremely fast, will permit realtime web use of the
models.

Scharf and Hyman augmented the XML data structures created to model
Paninian sandhi to allow derivation of nominal stems, as described in Scharf
2009: 120-23. They introduced an additional parameter morphid in the XML rule
tag that utilizes Scharf’s (2002: 29-30) set of nominal inflection tags. They fur-
ther enriched the XML structure utilized for nominal declension to model verbal
conjugation. Scharf (2009: 123-125) described Scharf and Hyman’s implementa-
tion of a computational model of Paninian verbal inflection in a single cascade of
rules that apply to whatever strings meet their conditions. The procedure begins
with a single set of verbal terminations for all verbs, just as Panini does, and
introduces replacements on the basis of phonetic context. They widened the set
of tags employed by the parameter morphid to utilize, in addition to nominal
inflection tags, Scharf’s (2002: 30-31) verbal inflection tags. They added two pa-
rameters to the rule tag: lexid, and root. The former allows reference to the
class of the root in the Paninian Dhatupatha. The latter allows reference to the
original form of the root even when the previous rules have modified the input
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string. The implementations of Paninian inflection include rule tracking so that
a derivational history of the form can be provided.

2 Participles

In 2008, Scharf and Hyman enriched the XML tagset further to allow derivation
of participle stems. A vlexid parameter was added to allow reference to the class
of the verbal root in the Dhatupatha and an affix parameter to allow reference
to the affix in the form in which it was originally introduced. The implementation
of 1.2.21 demonstrates both parameters. 1.2.21 is a negation rule that optionally
denies d-marking to the affixes & and I that have the initial augment ¥,
when they occur after a verbal root with a penultimate short 3.

<rule source="k" target=""

lcontext="@(begin) [@(al)]*ul@(hal)l#i: (?:taltavat); [@(it)]*"
rcontext="[@(it)]*$" vlexid=""vt?1" lexid=""(ppp|pap)$"
affix="0(nizWA)"

root=""[@(char)]* 7[@(char)]*ul@(hal)];?[@(char)]*$"
optional="yes"

c="1.2.21 udupaDAdBAvAdikarmaRoranyatarasyAm"/>

<!--Only roots with the stem-forming affix 9, for now roots
of class 1 or 10, are subject to the negation of k-marking. Ka-

$ika : TITEIATTHTNT JFH | IT ATFHLTATHT Wafd | Rule includes

vlexid.-—->

The parameter source has the value of the & to be deleted; the parameter
target has the null string value. The parameter 1context has the value of a reg-
ular expression matching strings preceding the source parameter. These include
conditions specified in the ablative in the rule, namely, a string in which there is a
penultimate short 3, as well as any markers that might occur prior to the marker
% to be deleted. The pound sign in the string marks the morpheme boundary
between the stem and the affix. This is followed by the initial augment ¥ sepa-
rated from the rest of the affix by a colon. The subsequent parenthesis matches
either ta or tavat representing the phonetic strings @ or 9 respectively. A
semicolon separates the phonetic form of the affix from its markers, regardless of
whether they are initial or final. The value of the lcontext parameter ends with
an expression including a macro reference that matches any possible marker.

<macro name="it" value="ufkNcYRtnprlS" c="1.3.2-8"/>

The rcontext parameter in the implementation of 1.2.21 again has the value
of any marker that might follow & represented in the source parameter. Now
it is possible that the string @ belongs to some affix other than &. It is also
possible that an affix has a final marker & rather than an initial one. In order to
ensure reference to the desired affix, the original form of the affix is included as
the value of the affix parameter. Here the location of markers as initial or final
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is preserved. The affixes in question are introduced with an initial marker & and
are termed fTST. Initial and final markers are separated from the phonetic form
of the affix by a grave accent and a semicolon respectively. A macro implements
the classification rule as follows:

<macro name="nizWA" value="k talk tavat;u"
c="1.1.26 ktaktavatU nizWA"/>

The macro name nizWA is then employed in the implementation of 1.2.21, just
as the technical term fTST is in 1.2.19 from where it recurs. Recurring terms are
explicitly stated in XML implementations of rules. The option parameter has
the value yes which initiates two streams of derivation from this point forward,
one in which the rule is applied and one in which it is not.

Now the Kasika on 1.2.21 states that the option is specifically distributed
(3afeIa) in that the rule applies only when the affixes occur after roots to which
the stem-forming affix (vikarana) I will be introduced (FAATEITTTHTIT J=# |
= fg& o=t vafa 1). In order to limit the rule in accordance with the Kasi-
ka’s statement, the rule includes the parameter vlexid which has the value of the
lexical tag assocated with the verbal root in our digital Dhatupatha. Pertinently,
vlexid contains the roots’ class. The example shown of the implementation of
1.2.21 demonstrates the utility of the two new parameters vliexid and affix.

3 Blocking

Scharf and Hyman enriched the structure of the xml file containing rules for par-
ticiple derivation to allow complex blocking relations. Panini formulates general
rules (ITAT) and exceptions (3TTATE). Exceptions take precedence over their
related general rule. Where the exception alters the string so that it no longer
meets the conditions for the application of the general rule, it is easy to imple-
ment exceptions by simply ordering the rules in such a way that the exceptions
have the opportunity to apply first. This is achieved by placing them earlier
in the cascade of rules. However, rule ordering alone is insufficient to capture
the structure of Panini’s blocking relations where the exceptions do not alter
the string. This is particularly obvious where the exception takes the form of
a negation. In previous versions of their framework, Scharf and Hyman rewrote
general rules that had negative exceptions to reflect the narrower scope of ap-
plication in the conditions of the general rule itself. Such a procedure makes it
more difficult to implement accurate rule tracking. Hence we have enriched the
framework of the XML rule file to reflect blocking.

Let’s take, as an example, rules concerning the provision of the initial aug-
ment . 7.2.35 provides that the augment ¥ occurs as the initial part of an
ardhadhatuka affix that begins with a consonant other than I[.

<rule source="" target="i:" lcontext="#"
rcontext="[0@(val)] [@(al)]*@(anta)" affix=""(Q@(ArDaDAtuka))$"
c="7.2.35 ArDaDAtukasyeq valAdeH"/>
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For the purposes of the participal derivation in this ruleset, the macro name
ArDaDAtuka refers to any one of several affixes that form what are typically
called participals as follows:

<macro name="ArDaDAtuka"
value="k vas;ulk Ana;clk talk tavat;u k‘th\tum;un|@(kftya) "
c="3.4.114 ArDaDAtukaM SezaH, 3.4.115 liw ca"/>

The macro kftya again refers to what are called gerundives:

<macro name="kftya"
value="tavya|tavya;t|anlya;r|ya;t
c="3.1.95 kftyAH prANRvulaH"/>

k> ya;pR ya;t"

The general rule above accounts for the §-augment in the infinitive Flﬁ?:lg’l{ (<
T ‘cut’ + T-FH) and the gerundive stem TATqaeT (< T ‘cut’ + F-ToA), for
example.

Several negations that disallow the addition of the initial augment ¥ are ex-
ceptions to 7.2.35. Their domains are entirely included within the domain of
the general rule; hence these negations would have no scope of application if
they were not given precedence over 7.2.35. For example, 7.2.8 provides that the
initial augment ¥ does not occur in affixes termed krt that begin with a voiced
consonant other than I or g The domain of 7.2.8 is included within the domain
of 7.2.35 because all krt-affixes that begin with a voiced consonant other than
I or § are also ardhadhatuka affixes that begin with a consonant other than .
Obviously the set of voiced consonants excluding I and g is a subset of the set
of consonants excluding I. Moreover, most krt-affixes are ardhadhatuka; only
eight krt-affixes are termed sarvadhatuka rather than ardhadhatuka due to being
marked with I, but they all begin with a vowel, in particular with 3T or =T [Y
Since the domain of 7.2.8 is entirely included within the domain of 7.2.35, 7.2.8
is an exception to 7.2.35 and takes precedence over it. The XML rule 7.2.8 is
formulated as follows:

<rule source="" target="" lcontext="#"
rcontext="[@(vaS)] [@(al)]*; [@(it)]*k[@(it)]*$"
affix=""(@(kft))$" c="7.2.8 neqvaSi kfti"/>

The rule includes reference in the affix parameter to the macro kft, which
lists several krt-affixes relevant to participle formation , including absolutive
and non-Vedic infinitives.

L (3.2.124, 3.2.130), T (3.2.124), ITA (3.2.128), I (3.2.129), @I (3.2.28,
3.2.83), W (3.1.137, 3.3.100), and =T and ST@';[ (3.4.9). Note that the vikaranas
I (3.1.73, 3.1.82), ®H (3.1.78), and AT (3.1.81, 3.1.83) are taught before the head-
ing ¥TET: in 3.1.91; hence they are not subject to being termed krt according to
the Kasika on 3.1.93 which limits the rule to the range of the heading ¥TaT: in
3.1.91 (aﬁzﬁ JTea I, etc.). Although these vikaranas are not subject to the
F-augment’s negation by 7.2.8, they are not subject to its provision by 7.2.35 or any
other rule either.
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<macro name="kft"

value="S at;f|S Ana;c|S Ana;n|c Ana; S|k vas;u|k Ana;clk’ ta]
k> tavat;ulk tvA|tum;un|@(kftya)"

c="3.1.93 kfdatiN"/>

The exception 7.2.8 does nothing to change the conditions that would allow
the general rule 7.2.35 from applying subsequently; it replaces nothing by nothing
at the beginning of the affix. Now, if 7.2.8 were placed prior to 7.2.35 in the
cascade of rules without any other restriction, 7.2.35 would proceed to add the
F-augment there. This is not desired. 7.2.8 should prevent 7.2.35 from applying.
To achieve this, Hyman created an XML structure similar to an otherwise
statement found in some programming languages. The structure groups rules
within a block that contains two subsections: a try section and an otherwise
section, as shown:

<block>

<try>
<rule/>
<rule/>

</try>

<otherwise>
<rule/>
<rule/>

</otherwise>
</block>
To effect the blocking of 7.2.35 by 7.2.8, then we write 7.2.8 in the try block
and 7.2.35 in the otherwise block as follows:

<block>
<try>

<rule source="" target="" lcontext="#"
rcontext="[@(vaS)] [@(al)]*; [@(it)]*k[@(it)]*$"
lexid=""(@(kft))$" c="7.2.8 neqvaSi kfti"/>
</try>
<otherwise>
<rule source="" target="i:" lcontext="#"
rcontext="[0@(val)] [@(al)]*@(anta)"
affix=""(@(ArDaDAtuka))$"
c="7.2.35 ArDaDAtukasyeq valAdeH"/>
</otherwise>
</block>

All instances of exceptions whose domains are totally included within the
domain of their related general rule can be handled similarly. In instances of
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partial blocking, the rule that contains a domain partially included within the
domain of a related general rule must be split into a rule with a totally included
domain and a rule with an excluded domain. Only the rule with the totally
included domain will be placed in the try block

4 Look Ahead

Some rules in the Astadhyayr apply only under conditions that are not created
until subsequent rules apply. Let’s consider the case of 7.2.67, necessary for the
derivation of perfect active participles. Rules in the 3Tg-section (6.4.1-7.4.97)
apply before rules for doubling and related stem-internal changes (6.1.1 etc.).
1.1.59 fgg==r sf& provides that the replacement of a vowel whose replacement
is conditioned by a vowel-initial affix has the status of its substituend for the
purpose of doubling in the section of rules headed by 6.1.1 Q?F:ﬁ' g TuHeT
(See Cardona 1997: 60). This implies that the augment ¥ precedes vowel dele-
tion which in turn precedes doubling. Likewise, rules providing the augment ¥
to the beginning of an affix apply before rules that change the stem prior to the
augmented affix. Hence 7.2.67 applies to add the augment ¥ to the affix -3 be-
fore 6.4.98 applies to delete the penultimate vowel of the root before vowel-initial
affixes. The augment must be provided first because without it, the affix would
not be vowel-initial. 6.4.98 in turn applies prior to 6.1.8 fafe gTaThITE=T.
However, 7.2.67, the rule that provides the augment, includes among its condi-
tions that the root be single-syllabled, and the Kasika explains that this refers
to the root after doubling has applied. But doubling can’t apply until after the
augment § is added, which conditions deletion of the penultimate vowel. It is
not possible to evaluate the condition of being a single-syllabled doubled root
at the time the augment is added. It is not possible to evaluate a state of affairs
brought about subsequent to a rule as a condition at the time of application
of that rule. Hence it is necessary to apply the rule tentatively, then trace the
derivation subsequent to the application of the rule to the point where its con-
ditions can be evaluated before deciding whether to apply the rule or not. Our
XML framework implements look ahead to achieve this by deriving the form
both with and without the rule application, then abandoning the rejected line
of derivation at the point the decision is made.

Let’s trace the derivation of the perfect active participle of the root TH ‘go’
to illustrate our implementation. The Paninian derivation is shown in Table 1;
the Scharf-Hyman derivation in Table 2.

The Scharf-Hyman framework does not at present implement sthanivadbhava;
it does not reintroduce replaced sounds at certain points where they are required
in the conditions of subsequent rules. Instead, for the time being, rules are mod-
ified to include the replacements in the conditions of the subsequent rule. Hence
our derivation of the perfect active participle of IH differs from the Paninian

2 See Scharf (forthcoming) for a thorough examination of principles for determining
rule precedence in cases of conflict between rules that have independent as well as

overlapping domains (fawfasn).
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Table 1. Paninian derivation

Perfect active participle of the root ITH

1 () MDhP 1.702 7%, aﬁ Tt

2 TH-A(FT)[[Fe] 3.2.115 e fae

3 MHAH(E)  3.2.107 FHT

4 THZAE(FH) 7.2.67 T

5 THEAH(®)  6.4.98 THEASEAEr ar: fFeeate

6a THEAT 1.1.59 fgag== sfy

6 TRE-TIY 618 fafe ararenamaer

7 THEAR 7.4.60 FAATE: AT

8 SIH-TAH 7.4.62 FRIg:

9 SfHad Delete morpheme boundaries

<~

Table 2. Scharf-Hyman derivation

Perfect active participle of the root TH

1 rrq:(ag’) MDhP 1.702 ] g9, Tar

2 A (FE)[fFe] 3.2.115 T feg

3 THAH(F) 3.2.107 9T

4 ut[:aﬁ{(@ 7.2.67 TEHRTATGHATH

5 TRTF-FAH(F) 6.1.8 fafe ararnamaer

6 TEHEAA(F) 6.4.98 THEASETEar arg: fesats
7 TMH-TIE 7.4.60 FoATIS: AW

8 SH-TIH 7.4.62 FE:

9 TH-TA 7.2.67 TERTATFATH

[
[es)
/37

Delete morpheme boundaries

derivation. While Panini implements penultimate vowel deletion by 6.4.98 (Ta-
ble 1, step 5) prior to doubling by 6.1.8 (Table 1, step 6), we implement doubling
by 6.1.8 first (Table 2, step 5) and then delete the penultimate vowel by 6.4.98
(Table 2 step 6), modifying the condition for deletion to accomodate the dou-
bled root. To avoid dealing with the issue of sthanivadbhava, deletion of the
penultimate vowel is implemented after doubling by including the parameters
to match a doubled root in the conditions for the application of 6.4.98. The
root parameter compensates for the overbroad lcontext parameter to ensure
the application of the rule only to the proper roots.

<rule source="a" target=""

lcontext="@(begin) (7: [ghjKG]la[mns] [ghjkKG])"
rcontext="[mns]#(7'a;N@(anta)) [@(ac)] [@(al)]*@(kNit)"
root=""(g\am;/x|h\an;/a|j/an;/I|j\an;/alj/an;\I|K/an; u|G/as;/x)$"
c="6.4.98 gamahanajanaKanaGasAM lopaH kNityanaNi"/>
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In either derivation, 7.2.67 at step 4 must anticipate the state of the derivation
at a subsequent step (at least step 6 in our derivation or step 7 in the Paninian
derivation). Our framework implements 7.2.67 in two XML rules to separate the
single-syllable condition, which requires look-ahead, from conditions that don’t
require look-ahead. The single-syllable portion is written as follows:

<rule source="" target="i:"
lcontext=""(7:@(upasarga)-|) [@(hal)]*[@(ac)] [@(hal)]*#"
rcontext="vas@(anta)" affix=""(k vas;ulS at;f)$"
root="Q(DpAdi) [@(hal)]*[~/\]1[@(ac)] [@(hal)]*Q(Dpanta)"
c="7.2.67 vasvekAjAdGasAm"/>

At step 4 we begin two lines of derivation, one with the augment and one without.
Only the one with is shown in Table 2. At step 9, we evaluate the condition in
7.2.67 and, finding that the string qualifies for augmentation, throw out the
derivation without the augment.

We look forward to utilizing the enriched framework created for participle
derivation in a revised, more faithful model of Paninian inflection and hope to
go on to implement derivational morphology generally.
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Abstract. Sanskrit is very rich in compound formation. Typically a
compound does not code the relation between its components explicitly.
To understand the meaning of a compound, it is necessary to identify its
components, discover the relations between them and finally generate a
paraphrase of the compound. In this paper, we discuss the automatic seg-
mentation and type identification of a compound using simple statistics
that results from the manually annotated data.

Keywords: Sanskrit Compound Splitter, Sanskrit Compound Type
Identifier, Sanskrit Compounds, Optimality Theory.

1 Introduction

In recent years Sanskrit Computational Linguistics has gained momentum. There
have been several efforts towards developing computational tools for accessing
Sanskrit texts ( [12], [14], [23], [16], [7], [1]). Most of these tools handle morpho-
logical analysis and sandhi splitting. Some of them ( [10], [13], []]) also do the
sentential parsing. However, there have been almost negligible efforts in handling
Sanskrit compounds, beyond segmentation.

Sanskrit is very rich in compound formation. The compound formation be-
ing productive, forms an open-set and as such it is also not possible to list all
the compounds in a dictionary. The compound formation involves a mandatory
sandhdl. But mere sandhi splitting does not help a reader in identifying the
meaning of a compound. Typically a compound does not code the relation be-
tween its components explicitly. To understand the meaning of a compound,
thus, it is necessary to identify its components, discover the relations between
them, and finally produce a vigmhavdky of the compound. Gillon [6] suggests

! Sandhi means euphony transformation of words when they are consecutively pro-
nounced. Typically when a word w is followed by a word ws, some terminal segment
of wy merges with some initial segment of wy to be replaced by a “smoothed” pho-
netic interpolation, corresponding to minimising the energy necessary to reconfigure
the vocal organs at the juncture between the words. [11]

2 An expression providing the meaning of a compound is called a vigrahavakya.

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 57169] 2010.
© Springer-Verlag Berlin Heidelberg 2010
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tagging of compounds by enriching the context free rules. He does so by speci-
fying the vibhakti, marking the head and also specifying the enriched category
of the components. He also points out how certain components such as ‘na’ pro-
vide a clue for deciding the type of a compound. Panin: captures special cases
and formulates rules to handle them. Implementing these rules automatically is
still far from reality on account of the semantic information needed for the im-
plementation. In the absence of such semantic information, statistical methods
have proved to be a boon for the language engineers. These statistical tools use
manually annotated data for automatic learning, and in turn develop a language
model, which is then used for analysis. In what follows we discuss the automatic
segmentation and type identification of compounds using simple statistics that
result from the manually annotated data.

2 Sanskrit Compounds

The Sanskrit word samasah for a compound means samasanam which means
“combination of more than one word into one word which conveys the same
meaning as that of the collection of the component words together”. While com-
bining the components together, a compound undergoes certain operations such
as loss of case suffixes, loss of accent, etc.. A Sanskrit compound thus has one
or more of the following features ( [I7], [6]):

1. It is a single word (ekapadam) P

2. Tt has a single case suffix (ekavibhaktikam) with an exception of aluk com-

pounds such as yudhistirah, where there is no deletion of case suffix of the

first component.

It has a single accent(ekasvamh)ﬂ

The order of components in a compound is fixed.

No words can be inserted in between the compounds.

The compound formation is binary with an exception of dvandva and bahu-

pada bahuvrihi.

Euphonic change (sandhi) is a must in a compound formation.

8. Constituents of a compound may require special gender or number different
from their default gender and number. e.g. panipadam, pacikabharyah, etc.

S Gt W

=

Though compounds of 2 or 3 words are more frequent, compounds involving more
than 3 constituent words with some compounds even running through pages is
not rare in Sanskrit literature. Here are some examples of Sanskrit compounds
involving more than 3 words.

1. FegeTgaeay f=a - 3Ty - AT
2.

=9 - qFe - AT - AT - A9 -

3 aikapadyam aikasvaryam ca samasatvat bhavati [Kasika 2.1.46].
* aikapadyam aikasvaryam ca samasatvat bhavati [Kasgika 2.1.46].
® Ramayanam 1-1-14.

5 Paricatantram in kathamukham.
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Fig. 1. Constituency representation of a?ﬁ?lﬁ_dﬁ_sr

3. AT TRy S e T T T TR o Teaare 11| =Tet - SATF - ST T - Irore e -

< <

ITT - AT - grordreaaer

The compounds are formed with two words at a time and hence they can be
represented faithfully as a binary tree, as shown in figure 1.
Semantically Panini classifies the Sanskrit compounds into four major types:

Tatpurusah: (Endocentric with head typically to the right),

— Bahuvrihih: (Exocentric),

— Dvandvah: (Copulative), and

— Avyayibhavah: (Endocentric with head typically to the left and behaves as
an indeclinable).

This classification is not sufficient for generating the paraphrase. For example,
the paraphrase of a compound vrksamulam is vrksasya mulam and grhagatah
is grham gatah, though both of them belong to the same class of tatpurusah.
Based on their paraphrase, these compounds are further sub-classified into 55
sub-types. Appendix-A provides the classification and Appendix-B describes the
paraphrase associated with each tag.

3 Compound Processor

Understanding a compound involves (ref Fig [2)

1. Segmentation (AHTHIGT=SE:),

2. Constituency Parsing (FHTAIETH:),

3. Compound Type Identification (HHH‘IHGHRﬂIqm:), and
4. Paraphrasing (faurg-ares).

These four tasks form the natural modules of a compound processor. The output
of one task serves as an input for the next task until the final paraphrase is
generated.

" Kevalavyatireki-prakaranam : Manikana [22).
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Sanskrit Compound

Segmenter

Constituency Parser

Type Identifier

Paraphrase Generator

l

Paraphrase

Fig. 2. Compound Analyser

3.1 Segmenter

The task of this module is to split a compound into its constituents. For instance,
the compound
sumitranandavardhanah
is segmented as
sumitra-ananda-vardhanah
Each of the constituent component except the last one is typically a compounding
form (a bound morphemeﬁ?

3.2 Constituency Parser

This module parses the segmented compound syntactically by pairing up the
constituents in a certain order two at a time. For instance,
sumitra-ananda-vardhanah
is parsed as
<sumitra-<ananda-vardhanah>>

3.3 Type Identifier

This module determines the type on the basis of the components involved. For
instance,
<sumitra-< ananda-vardhanah>>
is tagged as
<sumitra-<ananda-vardhanah>T6>T6

where T6 stands for compound of type sasti-tatpurusa. This module needs an
access to the semantic content of its constituents, and possibly even to the wider
context.

8 With an exception of components of an ‘aluk’ compound.
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3.4 Paraphrase Generator

Finally after the tag has been assigned, the paraphrase generator [16] gener-
ates a paraphrase for the compound. For the above example, the paraphrase is
generated as:

anandasya vardhanah = anandavardhanah,
sumitrayah anandavardhanah = sumitranandavardhanah.

4 Compound Segmenter

The task of a segmenter is to split a given sequence of phonemes into a se-
quence of morphologically valid segments [18]. The compound formation in-
volves a mandatory sandhi. Each sandhi rule is a triple (z,y, z) where y is the
last letter of the first primitive, z is the first letter of the second primitive, and
z is the letter sequence resulting from the euphonic combination. For analy-
sis, we reverse these rules of sandhi and produce y + z corresponding to a x.
Only the sequences that are morphologically valid are selected. The segmenta-
tion being non-deterministic, segmenter produces multiple splits. To ensure that
the correct output is not deeply buried down the pile of incorrect answers, it
is natural to prioritize solutions based on some scores. We follow GENerate-
CONstrain-EVALuate paradigm attributed to the Optimality Theory [21] for
segmentation. As is true of any linguistic theory, the Optimality Theory basi-
cally addresses the issue of generation. Nevertheless, there have been successful
attempts ( [4], [3]) to reverse the process of generation. It will be really chal-
lenging to implement the sandhi rules from Astadhyayr as CONstraints and then
reverse them for splitting. In this attempt however, we simply use the ‘cooked’
sandhi rules in the form of triplets. We describe below the GENerate-CONstrain-
EVALuate cycle of the segmenter and the scoring matrix used for prioritizing the
solutions.

4.1 Scoring Matrix

A parallel corpus of Sanskrit text in sandhied and unsandhied form is being
developed as a part of the Sanskrit Consortium project in India. The corpus
contains texts from various fields ranging from children stories, dramas, puranas
to Ayurveda texts. From around 100K words of such a parallel corpus, 25K par-
allel instances of sandhied and unsandhied text were extracted. These examples
were used to get the frequency of occurence of various sandhi rules. If no instance
of a sandhi rule is found in the corpus, for smoothing, we assign the frequency
of 1 to this sandhi rule.

We define the estimated probability of the occurrence of a sandhi rule as
follows:

Let R; denote the i'" rule with fg, as the frequency of occurrence in the
manually split parallel text. The probability of rule R; is:
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IR
PRi = n '
Zj:l ij

where n denotes the total number of sandhi rules found in the corpus.

Let a word be split into a candidate S; with k constituents as < ¢1, ¢, ..., ci >
by applying k£ — 1 sandhi rules < Ry, Ro, ..., Rx_1 > in between the constituents.
It should be noted here that the rules Ry, ..., Rx_1 and the constituents cy, ..., cx
are interdependent since a different rule sequence will result in a different con-
stituents sequence. The sequence of constituents are constrained by a language
model whereas the rules provide a model for splitting. We define two measures
each corresponding to the constituents and the rules to assign weights to the
possible splits.

Language Model. Let the unigram probability of the sequence < ¢y, ¢a, ..., ¢, >

be PLs; defined as:
k

PLs; = [[(P.,)

=1

where P, is the probability of occurrence of a word ¢, in the corpus.

Split Model. Let the splitting model PSs, for the sandhi rules sequence <
R1, Rs, ..., R_1 > be defined as:

k—1

PSs, = [[(Pr.)

=1

where Pr_ is the probability of occurrence of a rule R, in the corpus.
Therefore, the weight of the split .S; is defined as the product of the language
and the split model as: PL P
S. * S
WSJ — J k J
where the factor of k is introduced to give more preference to the split with less
number of segments than the one with more segments.

4.2 Segmentation Algorithm

The approach followed is GENerate-CONstrain-EVALuate. In this approach, all

the possible splits of a given string are first generated and the splits that are not

validated by the morphological analyser are subsequently pruned out.
Currently we apply only two constraints viz.

— C1 : All the constituents of a split must be valid morphs.
— C2: All the segments except the last one should be valid compounding forms.

The system flow is presented in Figure [3l
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Fig. 3. Compound Splitter: System Data Flow

The basic outline of the algorithm is:

1. Recursively break a word at every possible position applying a sandhi rule

and generate all possible candidates for the input.

Pass the constituents of all the candidates through the morph analyser.

3. Declare the candidate as a valid candidate, if all its constituents are recog-
nised by the morphological analyser, and all except the last segment are
compounding forms.

4. Assign weights to the accepted candidates and sort them based on the
weights as defined in the previous subsection.

5. The optimal solution will be the one with the highest weight.

[\

Results. The current morphological analyse can recognise around 140 million
words. Using 2,650 rules and a test data of around 8,260 words parallel corpus
for testing, we obtained the following results:

— Almost 92.5% of the times, the first segmentation is correct. And in almost
99.1% of the cases, the correct split was among the top 3 possible splits.

— The precision was about 92.46% (measured in terms of the number of words
for which first answer is correct w.r.t. the total words for which correct
segmentation was obtained).

— The system consumes around 0.04 seconds per string of 15 letters on an
average

9 Available at http://sanskrit.uohyd.ernet.in/ anusaaraka/sanskrit/samsaadhanii/
morph/index.html

10 The test data is extracted from manually split data of Mahabharatam.

1 Tested on a system with 2.93GHz Core 2 Duo processor and 2GB RAM.
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Table 1. Rank-wise Distribution

Rank % of words
92.4635
5.0492
1.6235
0.2979
0.1936
>5 0.3723

U W N~

The complete rank wise distribution is given in Table [

5 Constituency Parser

Segmenter takes a compound as an input and produces one or more possible
segmentations conditioned by the morphological analyser and the sandhi rules.
Constituency parser takes an output of the segmenter and produces a binary
tree showing the syntactic composition of the compound corresponding to each
of the possible segmentations. Each of these compositions show the possible ways
various segments can be grouped. To illustrate various possible parses that result
from a single segmentation, consider the segmentation a-b-c of a compound.
Since a compound is binary, the three components a-b-c may be grouped in two
ways as < a < bc >> or << ab > ¢ >. Only one of the ways of grouping may
be correct in a given context as illustrated by the following two examples.

1. < baddha- < jambunada- srajah >>
2. << tapas-svadhyaya >- niratam >

With 3 components, only these two parses are possible. But as the number
of constituents increase, the number of possible ways the constituents can be
grouped grows very fast. The constituency parsing is similar to the problem of
completely parenthesizing n+1 factors in all possible ways. Thus the total pos-
sible ways of parsing a compound with n + 1 constituents is equal to a Catalan
number, Cy, [13] where for n > 0,

(2n)!
(n+1)In!
The task of the constituency parser is then to choose the correct way of grouping
the components together, in a given context. To the best of our knowledge no
work has been initiated yet that produces the best constituency parse for a given
segmentation, in a given context.

Cp =

6 Type Identifier

After getting a constituency parse of a compound, the next task in the compound
analysis is to assign an appropriate operator (tag) to each non-leaf node. This
operator will then operate on the leaf nodes to produce the associated meaning.
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We use manually tagged corpus as a model for predicting the tags, given a pair
of constituents of a compound. Manually tagged corpus consists of approximately
150K words which contain 12,796 compound. These texts were tagged using
the tagset given in appendix-I. All these compounds are thus tagged ‘in context’
and contain only one tag. This corpus formed the training data. Another small
corpus with 400 tagged compounds from totally different texts, was kept aside
for testing.

Some features of the manually tagged data

1. Around 10% of the compounds were repeated.

2. The 12,796 tokens of compounds contain 2,630 types of left word and 7,106
types of right word.

3. The frequency distribution of highly frequent tags is shown in Table 2 To
study the effect of fine-grained-ness we also merged the sub-types. Table (3]
gives the frequency distribution of major tags, after merging the sub-types.

Table 2. Distribution of Fine-grain-Tags Table 3. Distribution of Coarse-Tags
Tag % of words Tag % of words
T6 28.35 T 52.43
Bs6 12.45 B 18.96
K1 9.63 K 12.04
Tn 8.56 D 8.84
Di 7.23 U 5.73
U 5.73
We define,

P(T /W, — W3) = probability that a compound W7 — W5 has tag T.
Assuming that occurrence of W7 and Ws are independent,
P(T/Wy —Ws) = P(T/Wh) x P(T/W3)

P(T+W;) .
where P(T/W;) = 1(3(;%:)) ,i= 1,2.
Since the data is sparse, to account for smoothing, we define, for unseen in-

stances,

P(T.W;
P(W;) =

_ 1
=

1

Fo

where F is the total number of manually tagged compounds.

12 Only compounds with 2 components were selected.
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6.1 Performance Evaluation

The test data of 400 words are tagged ‘in context’. While our compound tagger
does not see the context, and thus suggests more than one possible tag, and ranks
them. Normally a tool is evaluated for its coverage and precision. In our case, the
tool always produces tags with weights associated with them. The coverage and
precision therefore are evaluated based on the ranks of the correct tags. Tabld4]
shows results of 400 words with a coarse as well as fine grained tagset.

Table 4. Precision of Type Identifier

with 55 tags with 8 tags
Rank no of words % of words no of words % of words
1 252 63.0 291 72.7
2 44 10.9 53 13.2
3 29 7.2 38 9.5

Thus, if we consider only the 1% rank, the precision with 8 tags is 72.7% and
with 55 tags, it is 63.0%. The precision increases substantially to 95.4% and
81.1% respectively if we take 1%t three ranks into account.

The performance of the type identifier can be further improved by using se-
mantically tagged lexicon. There are around 200 rules in the Astadhyayr which
provide semantic contexts for various compounds. One such example is the
Panini’s sutra annena vyanjanam (2.1.34). This stutra gives a condition for form-
ing trtiya tatpurusah compound. Thus what is required is a list of all words that
denote eatables. A lexicon rich with such semantic information would enhance
the performance of the tagger further. The compound processor with all the func-
tionality described above is available online at http://sanskrit.uohyd.ernet.
in/samAsa/frame.html

References

1. Bharati, A., Kulkarni, A.P., Sheeba, V.: Building a wide coverage Sanskrit Mor-
phological Analyser: A practical approach. In: The First National Symposium on
Modelling and Shallow Parsing of Indian Languages, IIT-Bombay (2006)

2. Bhat, G.M.: Samasah. Samskrita Bharati, Bangalore, Karnataka (2006)

3. Fortes, F.C.L., Roxas, R.E.O.: Optimality Theory in Morphological Analysis. In:
National Natural Language Processing Research Symposium (January 2004)

4. Fosler, J.E.: On Reversing the Generation Process in Optimality Theory. In: Pro-
ceedings of the Association for Computational Linguistics (1996)

5. Gillon, B.S.: Exocentric Compounds in Classical Sanskrit. In: Proceeding
of the First International Symposium on Sanskrit Computational Linguistics
(SCLS 2007), Paris, France (2007)

6. Gillon, B.S.: Tagging Classical Sanskrit Compounds. In: Kulkarni, A., Huet, G.
(eds.) Sanskrit Computational Linguistics. LNCS (LNAI), vol. 5406, pp. 98-105.
Springer, Heidelberg (2009)


http://sanskrit.uohyd.ernet.
in/samAsa/frame.html

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sanskrit Compound Processor 67

. Hellwig, O.: Sanskrit Tagger: A Stochastic Lexical and POS Tagger for Sanskrit.

In: Huet, G., Kulkarni, A., Scharf, P. (eds.) Sanskrit Computational Linguistics
2007/2008. LNCS (LNAI), vol. 5402, pp. 266-277. Springer, Heidelberg (2009)

. Hellwig, O.: Extracting Dependency Trees from Sanskrit Texts. In: Kulkarni, A.,

Huet, G. (eds.) Sanskrit Computational Linguistics. LNCS (LNAI), vol. 5406, pp.
106-115. Springer, Heidelberg (2009)

. Hoeks, J.C.J., Hendriks, P.: Optimality Theory and Human Sentence Processing;:

The Case of Coordination. In: Proceedings of the 27th Annual Meeting of the
Cognitive Science Society, Erlbaum, Mahwah, NJ, pp. 959-964 (2005)

Huet, G.: Shallow syntax analysis in Sanskrit guided by semantic nets constraints.
In: Proceedings of International Workshop on Research Issues in Digital Libraries,
Kolkata (2006)

Huet, G.: Lexicon-directed Segmentation and Tagging of Sanskrit. In: XIIth World
Sanskrit Conference, Helsinki, Finland (August 2003); Tikkanen, B., Hettrich, H.
(eds.) Themes and Tasks in Old and Middle Indo-Aryan Linguistics, Motilal Ba-
narsidass, Delhi, pp. 307-325 (2006)

Huet, G.: Formal structure of Sanskrit text: Requirements analysis for a Mechanical
Sanskrit Processor. In: Huet, G., Kulkarni, A., Scharf, P. (eds.) Sanskrit Compu-
tational Linguistics 2007/2008. LNCS (LNAI), vol. 5402, pp. 162-199. Springer,
Heidelberg (2009)

Huet, G.: Sanskrit Segmentation. In: South Asian Languages Analysis Roundtable
XXVIII, Denton, Ohio (October 2009)

Jha, G.N., Mishra, S.K.: Semantic Processing in Panini’s Karaka System. In: Huet,
G., Kulkarni, A., Scharf, P. (eds.) Sanskrit Computational Linguistics 2007,/2008.
LNCS (LNATI), vol. 5402, pp. 239-252. Springer, Heidelberg (2009)

Kulkarni, A.P., Shukla, D.: Sanskrit Morphological Analyser: Some Issues. To ap-
pear in Bh.K Festschrift volume by LSI (2009)

Kulkarni, A.P., Kumar, A., Sheeba, V.: Sanskrit compound paraphrase generator.
In: Proceedings of ICON 2009: 7th International Conference on Natural Language
Processing. Macmillan Publishers, India (2009)

Mahavira: Padnini as Grammarian (With special reference to compound forma-
tion). Bharatiya Vidya Prakashan, Delhi (June 1978)

Mittal, V.: Automatic Sanskrit Segmentizer using Finite State Transducers. In:
Proceeding of Association for Computational Linguistics - Student Research Work-
shop (2010)

Murty, M.S.: Sanskrit Compounds-A Philosophical Study. Chowkhamba Sanskrit
Series Office, Varanasi, India (1974)

Ishvarachandra, P.: Astadhyayt. Chaukhamba Sanskrit Pratisthan, Delhi (2004)
Prince, A., Smolensky, P.: Optimality Theory: Constraint Interaction in Generative
Grammar. In: RuCCS Technical Report 2 at Center for Cognitive Science, Rutgers
University, Piscataway (1993)

Sarma, E.R.S.: Manikana: A Navya-Nyaya Manual. The Adyar Library and re-
search Centre, Madras (1960)

Scharf, P.M.: Levels in Panini’s Astadhyayt. In: Kulkarni, A., Huet, G. (eds.) San-
skrit Computational Linguistics. LNCS (LNAI), vol. 5406, pp. 66—77. Springer,
Heidelberg (2009)

Yuret, D., Bigici, E.: Modeling Morphologically Rich Languages Using Split Words
and Unstructured Dependencies. In: ACL-IJCNLP, Singapore (2009)



68 A. Kumar, V. Mittal, and A. Kulkarni

A Appendix-A : Sanskrit Compound Type and Sub-type

Classification
ECPINICE YT
Compound sub-types Tags Compound sub-types Tags
FHT-JAIS: Al faOY-qEIE- T K1
HAT-ITALIL: A2 fqRNU-IETIE- ST K2
ferggmifa A3 faovU-RTEIE-FHITT: K3
AT IE- A IS A4 IIHTH-GE-TE-FHYTT: K4
TYALIE-IET GHTATH A5 ITHATH-ITL-IE-HHHTIT K5
R R RINAE L A6 HTITIOTIEIE -HHYTLH : K6
I -HeT -qa9e Y8IO79e A7 HRTaATIaIE-RH LT K7
A EATI - T Km
qeg=: TgAife:
Compound sub-types Tags Compound sub-types Tags
TIHTACI &Y : T1
[EGIRIGISCEA R T2 fgdramagdife: (@A@MaRIm:)  Bs2
SEIRIGISIEA R T3 a-cﬁ'mi‘aga'ﬁ'ﬁg (FATATIRTT: ) Bs3
Tgfacye: T4 IEAT-agAllE: (FHAIH:) Bs4
T ET: T5 TEY gl (AHTATEEH: ) Bsb
ELAGIS R B T6 WEy-agsiie: (FHTATHEHT:) Bs6
EHIAeg &Y T7 SEFS-agdite: (FHTAITHr:) Bs7
ToACTET Tn fevaras-agdifs: (@AmTaSETon)  Bsd
gHTET-ET: Tds TELUTaYaH-Tgo e < (AR ) Bsp
afgaritar: Tdt UgUfaya- aga'ﬁ‘% (FHTATRI&TOr:) Bsg
EARRECIEE Tdu e - FATTTAT (7T a)-dgHig:  Bsmn
faaHTE: Tg wTfe- aga"\‘% Bvp
FHATH: Tk HEFETE TEAITE : (FATATTIRTT:)  Bss
gTfeaaTe: Tp ERLIECEREE ag-cﬂ'l% (FETATHIHRTT:) Bsu
YIRS W SrfaETT ag‘cﬂ'% Bv
ACTEN: TG Tb IR i EEELIEE Bvs
TEET: IUIE: U HEqaIe-A TSI ?s@ﬁ'l% BvS
EECIERCREE2IECRS B EE IR BvU
TEI-agdIg: Bb
a5 Faor
Compound type: Tags Compound type: Tags
¥ Di &g« 9HTE: S
UTETL-55. Ds fg=f:

THAT E fg=f=: d
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: Rules for Paraphrase Generation

HAHTHI:
1 <xy>Al => y{6} f{x}
where f maps x to the noun with same semantic content.
A function f needs to be defined.
2 <x-y>A2 => x{3} farfaq 3o
3 <x-y>Ad => x{6} y{6} @HTRTC:
4 <x-y>A5=> x'{1} y{1} afET 39
x’ has same gender as that of y’.
5 <x-y>A6 => x{6} y{6} @HTRTC:
if x = fg, both x and y will be in
6 <x-y>A7=>x{6}y
qCTET:
7 <xy>Tn=>x{n}fy2<n<7
8 <x-y>Tn=>x{n}y
9
1

<

<x-y>Tds => x{6;ba} y{6;ba} GHTGIT:
0 <x-y-z>Tb = x{1} y{1} z{1}
YT

11 <x-y>K1 =>x{l} aq y{1} =

12 <x-y>K2 => x{1} T y{1} &

13 <x-y>K3 => x{1} T 3@ y{1} T
14 <x-y>K4 => x{1} g7 y{1}

15 <x-y>Kb5 => x{1} y{1} &

16 <x-y>K6 => x{1} ua y{1}

17 <x-y>K7 => x{1} sfa y{1}

19 <x-y>Bsd => x{6} T y{6} T Fea1Hq
20 <x-y>Bsp => x{3} ¥ y{3} T YT T&H T&H TIIH
21 <x-y>Bsg => x{7}-y{7}+ TEIAT 57 JgH TTTH
22 <x-y>Bsmn => x’-y{1} I
23 <x-y>Bss = > x{1} ar y{1} I=I
24 <x-y>Bsu => x{1} 3T y{1} I&4T:
25 <x-y>Bv => x y{1} I
26 <x-y>Bvs => y{6} x’ T qf=T &
27 <x-y>BvS => y{3} 9§
28 <x-y>BvU => x{6} 3T y T¢I
&8 a.-
29 <x-y>Di => x{1} T y{1} T
30 <x-y>Ds => x{1} T y{1} T
31 <x-y>S => y{1} x{1}
32 <x-y>d =>xy

69
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Abstract. Verbal understanding (sabdabodha) of any utterance requires
the knowledge of how words in that utterance are related to each other.
Such knowledge is usually available in the form of cognition of grammat-
ical relations. Generative grammars describe how a language codes these
relations. Thus the knowledge of what information various grammatical
relations convey is available from the generation point of view and not
the analysis point of view. In order to develop a parser based on any
grammar one should then know precisely the semantic content of the
grammatical relations expressed in a language string, the clues for ex-
tracting these relations and finally whether these relations are expressed
explicitly or implicitly. Based on the design principles that emerge from
this knowledge, we model the parser as finding a directed Tree, given
a graph with nodes representing the words and edges representing the
possible relations between them. Further, we also use the Mimamsa con-
straint of akanksa (expectancy) to rule out non-solutions and sannidhi
(proximity) to prioritize the solutions. We have implemented a parser
based on these principles and its performance was found to be satis-
factory giving us a confidence to extend its functionality to handle the
complex sentences

Keywords: Sanskrit, Constraint Based Parser, Information coding,
akanksa, sannidhi.

1 Introduction

Sabdabodha is the understanding that arises from a linguistic utterance. The
three schools of Sabdabodha viz. Vyakarana, Nyaya and Mimamsa mainly dif-
fer in the chief qualificand of the Sabdabodha. Nevertheless to begin with, all
these three schools need an analysis of an utterance. This analysis expresses the
relations between different meaningful units involved in an utterance. The ut-
terance may be as small as a single word or as big as a complete novel. In what
follows, however, we take a sentencd? as a unit, and as such we discuss only the
relations of words within a sentence and do not deal with the discourse analysis.

! Thanks to Gérard Huet and Peter Scharf for their valuable remarks.
2 Roughly ekatin vakyam (varttika on tvamau dvitiyayah 8.1.23, halantapumllinga-
prakaranam,).

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 70 2010.
© Springer-Verlag Berlin Heidelberg 2010
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A generative grammar of any language provides rules for generation. For anal-
ysis, we require a mechanism by which we can use these rules in a reverse way.
The reversal in some cases is easy and also deterministic. For example, subtrac-
tion is an inverse operation of addition and is deterministic. The reversal may not
always be deterministic. Let us see a simple example of non-deterministic reversal
with which all of us are familiar. The multiplication tables or simple method of
repetitive addition provides a mechanical way for multiplication. Given a prod-
uct, to find its factors is a reverse process. Multiplication of two numbers, say,
4 and 3 produces a unique number 12. But its decomposition into two factors is
not unique. 12 may be decomposed into two factors as either {6,2} or {4,3} in
addition to a trivial decomposition {12,1}. Thus the inverse process may at times
involve non-determinism. Depending upon the context, if one factor is known,
the other factor gets fixed. For example, if you are interested in distributing 12
apples among 2 children, then one of the factors being 2, the other factor, viz.
6, is determined uniquely.

This is true of a generative grammar as well. To give an example, look at the
following two sutras of Panini.

— anabhihite (2.3.1)
— kartrkaranayos trtiya (2.3.18)

These two satras together, in case of a passive voice (karmani prayogah), assign
third casdd to both the karta as well as karanam karaka as in

(1) ramena banena valih hanyate.

Now, when a hearer (who knows Sanskrit grammar) listens to this utterance, he
notices two words ending in the third case suffix and that the construction is in
passive voice. But unless he knows that rama is the name of a person and bana
is used as an instrument, he fails to get the correct reading. In the absence of
such an ‘extra-linguistic’ knowledge, there are two possible interpretations viz.
either rama is karta and bana is karanam, or bana is karta and rama is karanam
leading to a non-determinism 4

The process of analysing a sequence of words to determine the underlying
grammatical structure with respect to a grammar is parsing. There are two
distinct ways of developing a parser for a language. The first method which has
gained recent predominance is to use statistical machine learning techniques to
learn from a manually annotated corpus. This requires a large human annotated
corpus. Second method is to use the grammar rules of generation to ‘guess’ the
possible solutions and apply constraints to rule out obvious non-solutions. There
have been notable efforts in developing parsers by both the statistical methods
as well as grammar based methods for various languages (Lin,1998; Marneffe,
2006; Sleator,1993). A parser based on Paninian Grammar Formalism for modern

3 The word ‘case’ is used for vibhakti.
4 There are two more possibilities, since both have the same gender, number, and
vibhakti, one can be an adjective of the other.



72 A. Kulkarni, S. Pokar, and D. Shukl

karta sampradana “\ karma

Fig. 1. Semantic relations

Indian languages is described in Bharati, et. al. (1995; 85-100). This parser is
modeled as a bipartite graph matching problem. A statistical parser for analysing
Sanskrit is described in Hellwig (2008). The shallow parser of Huet (2006, 2009)
uses bare minimum information of transitivity of a verb as a sub-categorisation
frame and models it as a graph-matching algorithm. The main purpose of this
shallow parser is to filter out non-sensical interpretations. It is therefore natural
for Huet to develop small tools such as ‘ca’ handler with more priority to rule
out non-grammatical solutions (rather than to develop a full-fledged parser).

While designing a grammar based parser, two major design issue% one has
to address are: a) what should be the level of semantic analysis, and b) which
relations to represent in the parsed output. In order to decide on these issues,
in what follows, we first look at the Sanskrit grammar to see what kind of
semantic relations can be extracted from a language string, precisely where is the
information about these relations coded, and whether the extracted relations are
from primary sources or secondary. Later we discuss the issues the mechanical
processing throws up, and the possible ways to handle them. Based on these
observations, we decide various design parameters. The next section discusses
mathematical formulation of the problem, its implementation and finally its
performance analysis.

2 Encoding of Grammatical Relations in Sanskrit

Parsing unfolds a linear string of words into a structure which shows explicitly
the relations between words. For example, the parse of

(2) raja vipraya gam dadati.

may be described as in Figure [1l
The task of a parser involves identifying various relations between the words.
So the parser developer should decide on the nature of relations and the means

5 The issues in the development of a statistical parser are totally different. They are
related to the size of the annotated corpus, the number of annotated tags used, their
fine-grained-ness, etc.
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to identify the relations. Sanskrit has the unique privilege of having an extant
grammar in the form of Astadhyayi. It has been demonstrated (Bharati, forth-
coming) that Panini had given utmost importance to the information coding
and the dynamics of information flow in a language string. In what follows we
look at the information coding in Sanskrit from the point of view of designing a
parser.

2.1 Semantic Content of the Relations

Though the correspondence between the semantic relations and the karaka rela-
tions is duly stated in the grammar, what is encoded in words is only the karaka
relations. There is no one-to-one relation between thematic and karaka relations.
One karaka relation may correspond to more than one thematic relation and one
thematic relation may be realised by more than one karaka relations (Kiparsky,
2009: 49). What can be extracted from a language string alone without using any
extra-linguistic information are the syntactico-semantic relations or the karaka
relations and not the pure semantic relations. We give below some examples in
our support.

Sv;{zﬁtantrah karta. The varttikas under Panini’s satra karake (1.4.23) go like
thi

In the sentence devadattah pacati, the activity of cooking refers to the
activity of devadattah viz. putting a vessel on the stove, pouring water
in it, adding rice, supplying the fuel etc. and this activity refers to the
activity of the pradhana karta. In the sentence sthali pacati, the cooking
activity refers to holding the rice and water till the rice cooks and this
activity is that of a vessel. In the sentence edhah paksyanti, the cooking
activity refers to the supply of sufficient heat by a piece of firewood and
thus refers to the activity of an instrument.

In real world, devadattah, sthalt and edhah are the agent, locus and the instru-
ment respectively. But what is expressed by these language strings is just the
kartrtva of the pradhana karta, adhikaranam and karanam respectively and NOT
the agent, locus and instrument.

Sese. Similarly the relation between vrksa and sakha, pitr and putra, and rajan
and purusa in the phrases vrksasya sakha, pituh putrah and rajneh puruseh is
marked by the genitive case suffix, and Panini groups all of them under the
sttra Sasthi Sese (2.3.50). Semantically however the first is avayava-avayavi-
bhava (part-whole-relation), the second one is janya-janaka-bhava (parent-child-
relation), and the third one is sva-svami-bhava (owner-possession-relation).

S adhisrayanodakasecanatandulavapanaidho’pakarsanakriyah  pradhanasya  kartuh
pakah || (ma. bha. 1.4.23. va 8) ||
dronam pacatyadhakam pacatiti sambhavanakriya dharanakriya cadhikaranasya
pakah || (ma. bha. 1.4.23.va 9 )|
edhah paksyantya viklitter jvalisyantiti jvalanakriya karanasya pakah || (ma. bha.
1.4.23.va 10) ||.
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adhisimsthasam karma (1.4.46). In the sentences

(3) harih vaskuntham adhisete.
(4) munih Silapattam adhitisthati.
(5) sadhuh parvatam adhyaste.

vatkuntha, Silapatta and parvata are in the second case, and Panini assigns them
a karma role. However, semantically, all of them are the loci of the activities of
the associated verbs viz. adhi-$in, adhi-stha, and adhi-as. Hence the naiyayikas,
who want to map the ‘world of words’ to the real world, find it difficult to accept
the karmatva of these words and they qualify this karmatva on the second case
ending as adharasya anusasanika-karmatva (Dash, 1991;141). Thus, there is a
deviation between the real world and what is expressed through the words.

sahayukte’apradhane (2.3.19). In the sentence,
(6) matra saha balakah agacchati.

the agreement of the verb is with balakah, and not with matara. According to
the satra (2.3.19), ‘saha’ is used with the apradhana (sub-ordinate) karaka. Thus
in this example, mata is sub-ordinate and balaka is the main karta. However,
at another level of semantic analysis, the situation is reversed. It is mata who
carries the child in her arms and thus balaka is apradhana and mata is the
pradhana karaka. Thus again there is a mismatch between the reality and what
sentence actually codes in terms of grammatical relations.

From all the above examples, it is clear that the world of words ($abda-jagat)
is different from the real world. To match the extracted relations with the
experience of the real world, extra-linguistic information is needed. Since the
extra-linguistic information is not easily accessible, and is open ended, we would
extract only syntactico-semantic relations that depend solely upon the linguis-
tic/ grammatical information in a sentence.

2.2 Clues for Extracting the Relations

Sanskrit being inflectionally rich, we know that suffixes mark the relation be-
tween words. Similarly certain indeclinables mark some grammatical relations.
Agreement between the words also indicate certain grammatical relations. We
discuss below these cases with examples.

1. Abhihitatva
The Paninian satra ‘anabhihite’ (2.3.1) (if not already expressed) is an im-
portant sutra that governs the wvibhakti assignment to the nominals. The
varttikdl on this sttra explains abhihita as the one which is expressed ei-
ther by tini (a finite verbal suffix), krt (a non-finite verbal suffix), taddhita
(derivational nominal suffix) or samasa (compound). E.g. in the sentence

" tinkrttaddhitasamasaih parisamkhyanam (ma. bha. 2.3.1. va.)
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(7) ramah vanam gacchati.

the verb being in the active voice (kartari prayogah), the verbal suffix ‘¢’
expresses the karta, while in the following sentence in passive voice (karmani

prayogah)
(8) ramena vanam gamyate.

the karma is expressed by the verbal suffix. As such, in both cases, the one
which is expressed (karta and karma respectively) is in the nominative case
and shows number and person agreement with the verb form.

Some of the krt suffixes also express the karakas. For example, in

(9) dhavan asvah.
the krt suffix in ‘dhavan’ expresses the relation of karta (kartari krt (3.4.68)).

2. Vibhakti
The verbal as well as nominal suffixes in Sanskrit are termed vibhaktis. We

have already seen that verbal suffixes (tir), through abhihitatva, mark the

relations between words. Now we consider the nominal suffixes. They fall

under two categories.

(a) wvibhakti indicating a karaka relation
This marks a relation between a noun and a verb known as a karaka
relation. Sanskrit uses seven case suffixes to mark six karaka relations
viz. karta, karma, karanam, sampradanam, apadanam and adhikaranam.
The genitive suffix, in addition to marking a karaka relatiorﬁ, is pre-
dominantly used to mark the noun-noun relation. There is no one-to-one
mapping between the case suffixes and the karaka relations, which
makes it difficult to determine the relation on the basis of vibhakti alone.

(b) upapada vibhakti
In addition to the noun-noun relations expressed by the sixth case, there
are certain words, most of them indeclinables called upapadas, which
also mark a special kind of noun-noun relation. These indeclinables,
mark a relation of a noun with an another noun, and in turn demand
a special case suffix for the preceding noun. For example, the upapada
‘saha’ demands a third case suffix for the preceding noun as in

(10) ramena saha sita vanam gacchati.

3. Indeclinables (avyaya)
The indeclinables mark various kinds of relations such as negation, adverbial
(manner adverbs only), co-ordination, etc. Sometimes they also provide
information about interrogation, emphasis, etc. We distinguish the upapadas
from the avyayas, mainly because, though most of the upapadas are also

8 kartrkarmanoh krti (2.3.65).
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indeclinables, they demand a special case suffix on the preceding word,
whereas it is not so with indeclinables.

For example, the relation of ‘na’ with ‘gacchati’ in the sentence
(11) ramah grham na gacchati.

is that of ‘negation (nisedha)’. Similarly, the relation of ‘mandam’ with
‘calati’ in the sentence

(12) ramah mandam calati.

is that of ‘adverbial (kriyavisesana)’. The relation of ‘eva’ with ‘rama’ in
the sentence

(13) ramah eva tatra upavistati.
is that of ‘emphasis (avadharana)’.

Samanadhikarana

Agreement in gender, number and case suffix marks samanadhikarana
(having the same locus), or the modifier-modified relation between two
nouns as in

(14) svetah asvah dhavati.
(15) asvah Svetah asti.

In (14) as well as (15), the words asvah and svetah have the same gender,
number and vibhakti indicating samanadhikarana. However, there is a slight
difference between the information being conveyed. In (15), the word Svetah
is a predicative adjective (vidheya visesana), while in (14) it is an attributive
adjective.

2.3 Explicit versus Implicit Relations

Relations need not always be encoded directly through suffixes or morphemes.
Sometimes the information is coded in the ‘Language Convention’. The sutra

samanakartrkayoh parvakale (3.4.21)

states that the suffix ktva is used to denote the preceding of two actions that
share the same karta. Then the question is what relation does ktva suffix mark?
- the relation of kartrtva or the relation of purvakalinatva? or both?

Bhartrhari in vakyapadiyam states (3.7.81-82),
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pradhanetayoryatra dravyasya kriyayoh prthak
Saktirgunasraya tatra pradhanamanurudhyate 3.7.81

pradhanavisaya Saktih pratyayenabhidhiyate
yada gune tada tadvad anuktapi prakasate. 3.7.82

i.e., in case X is an argument of both the main verb as well as the subordinate
verb, it is the main verb which assigns the case and the relation of X to the
sub-ordinate verb gets manifested even without any other marking.

From the sentences

(16) ramah dugdham pitva Salam gacchati.
(17) ramena dugdham pitva $ala gamyate.

it is clear that the wvibhakti of rama is governed by the main verb gam. And
hence, the information that rama is also the karta of the verb pa is not
expressed through any of the suffixes. The ktva suffix expresses only the
precedence relation (purvakalinatva).

Similarly the sutra
samanakartrkesu (iccharthesu) tumun (3.3.158)

states that in case of verbs expressing desire, the infinitive verb in the subordinate
clause will have the same karta as that of the verb it modifies. Here also the
primary information available from the non-finite verbal suffix tumun is the
relation of purposeE

The sharing in case of ktva and tumun suffixes is the result of the pre-
conditions samanakartrkayoh or samanakartrkesu in 3.4.21 and 3.3.158 respec-
tively which act as Language Conventions.

3 Factors Useful for Sabdabodha

As mentioned above, the generation problem is a direct problem, and the analy-
sis problem is a reverse problem, and is non-deterministic. This problem was well
recognised by the mimamsakas who proposed four conditions viz. akanksa (ex-
pectancy), yogyata (mutual compatibility), sannidhi (proximity) and tatparya
(intention of the speaker) as necessary conditions for proper verbal cognition.
With the help of examples, we explain below, how the first three factors play an
important role in the rejection of non-solutions from among the several possibil-
ities. We have not discussed the importance of the fourth factor, since the kind
of analysis it involves is out of the scope of the present discussion.

9 tumunnvulau kriyayam kriyarthyayam (3.3.10).
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3.1 Akanksa (Expectancy)

In the sentence,
(18) ramah vanam gacchati.

each of the 3 words in this sentence has multiple morphological analyses.
ramah = rém;ﬁgender:m, case=1, number=sg},

=T {lakara=lat, person=1, number=pl, voice=active, paras-
maipadi}.

vanam = vana {gender=n, case=1, number=sg},
= vana {gender=n ,case=2, number=sg}.

gacchati = gam {lakara=lat, person=3, number=sg, voice=active, paras-
maipadi},

= gacchat (gam Satr) {gender=m, case=1, number=sg},

= gacchat (gam satr) {gender=n, case=1, number=sg}.

This may lead to the following two possible sentential analysis:

— rama = karta of the action indicated by gam,
vana = karma of the action indicated by gam.

— vana = karma of the action indicated by ra,
gacchati = simultaneity of the actions indicated by ra and gam,
vayam = karta of the action indicated by the verb ra (not expressed explic-
itly, but through the verbal suﬂix)

Of these two analyses, the second analysis can be ruled out on the basis of
non-fulfilment of karta and karma expectancies of the verb gam, and the sam-
pradanam expectancy of the verb ra. The first analysis being complete in itself,
it is preferred over the second one.

3.2 Yogyata (Compatibility)

Consider the sentence,
(19) Sakatam vanam gacchati.

The possible morphological analyses of each of the three words are given below.
sakatam = Sakata {gender=n, case=1, number=sg},
= Sakata {gender=n, case=2, number=sg}.

vanam = vana {gender=n, case=1, number=sg},
= vana {gender=n, case=2, number=sg}.

10 1@ in the sense of dane from the second (adadi) ganah.

' The sentence is interpreted as - (tasmin) gacchati (sati), vayam vanam ramah
As (he) goes, let us give the forest (to somebody).
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gacchati = gam {person=3, lakara=lat, number=eka, voice=active, paras-
maipadi},

= gacchat (gam+satr) {gender=m, case=1, number=sg},

= gacchat (gam+s$atr) {gender=n, case=1, number=sg}.

Now, more than one word can’t have the same karaka role unless it is already
expressed (abhihita). This leads to the following possible sentential analyse:

— Sakata = karta of the action indicated by gam,
vana = karma of the action indicated by gam.

— wvana = karta of the action indicated by gam,
Sakata = karma of action indicated by gam.

— wvana = karta of the action indicated by gam,
Sakata = modifier of vana.

— vana = karma of the action indicated by gam,
Sakata = modifier of vana.

Out of these, the last two do not fulfil all the mandatory expectancies of a verb.
Among the first two, the first one is preferable over the second one, since Sakata
has an ability to move while vana can not move. Hence Sakata is preferable as
a karta of the verb gam than vana. Thus the yogyata or the competency of the
nouns to be eligible candidates for the karaka roles plays an important role here.
However, the context may overrule the condition of yogyata. It is possible to have
a reading where, all the residents of vana are going to see the new $akata, and
thus vana qualifies to be a karta. The yogyata and the context thus compete
with each other and hence one needs discourse analysis to prune some of the
possibilities.

3.3 Sannidhi (Proximity)

Consider,
(20) ramah dugdham pitva Salam gacchati.

Here the possible analyses are:

— rama = karta of gam,
dugdha = karma of pa,
salam = karma of gam,
pa = preceding action with respect to gam.

— rama = karta of gam,
dugdha = karma of gam,
salam = karma of pa,
pa = preceding action with respect to gam.

12 Assuming that the modifier is to the left, which need not be true in case of poetry.
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A competent speaker rules out the second solution on account of non-
compatibility of the arguments viz. dugdha and sala do not have semantic com-
petence to be the karma of gam and pa respectively.

The arguments in the correct solution are closer. We mark the words by their
positions, and define the proximity measure of a relation as the distance between
its two arguments, and the proximity measure of a solution as the sum of the
proximity measures of the various relations in the parse. The proximity measure
of the above two parses is

— rama = karta of gam
(dist = position of gam - position of rama = 5 -1 = 4)
dugdha = karma of pa (dist = 3-2 = 1)
salam = karma of gam (dist = 5-4 = 1)
pa = preceding action with respect to gam (dist = 5-3 = 2)
Thus the total distance =4 + 1+ 1+ 2 =38

— rama = karta of gam (dist = 5-1 = 4)
dugdha = karma of gam (dist = 5-2 = 3)
salam = karma of pa (dist = 4-3 = 1)
pa = preceding action with respect to gam (dist = 5-3 = 2)
Thus the total distance =4 +3 + 1+ 2 =10

The one with greater proximity (or smaller distance) is preferred as a solution.
Though Sanskrit is a free-word-order language, the following sentence with
exchange of the karmas is not acceptable.

(21) *ramah Salam pitva dugdham gacchati.
Equally unacceptable prose orders are

(22) *ramah pitva $alam dugdham gacchati.
(23) *ramah dugdham Salam pitva gacchati.

which involve crossing of links expressing the relations. A small pilot study of
anvaya of Samksepa Ramayana (Kutumbashastri, 2002) sentences show no evi-
dence of crossing of links.

It is worth exploring the Calder mobile model suggested by Staal (1967) and
further worked out by Gillon (1993) in the light of the mimamsa principle of
sannidhi. It may result in a better computational criterion for sannidhi.

4 Design Principles

The foregoing discussions lead to the following design principles for the
constraint-based parser.

1. The relations will be marked as karaka relations.
[Using these karaka relations and extra-linguistic knowledge, the seman-
tic analysis may be carried out in the next level of processing.]
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2. Only those relations that are marked directly by the morphemes will be
extracted.

[No relations that require some post-processing, or are based on sec-
ondary information will be extracted in the first step. The next level of pro-
cessing will use this information to mark the unspecified or shared relations,
if any.]

3. To prioritize the solutions, only the conditions of akarnksa and sannidhi will
be used.

[The condition of yogyata will be used as and when the information is
available in machine usable form, with the understanding that this knowledge
may not be relied on completely.]

4. While dealing with prose, it will be assumed that there is no cross-linking of
the relations between the words.

5 Mathematical Model

Let each word in a sentence be represented as a node in a graph, and the nodes
be connected by the directed labelled edges. Then the problem of parsing a
sentence may be modelled as

Given a Graph G with n nodes, the task is to find a sub-graph T which
is a directed Tree[

Assuming that the words can be partitioned into two classes viz. the words
which have an expectancy called demand words and the words which satisfy
the demand called source words, Bharati et. al. reduced the parsing problem to
matching a bipartite graph (Bharati 1995: 96). But in reality, the words can not
be partitioned into two classes. We come across words which can be demand
words in some context and source words in some other context, or in the same
context a krdanta (primary derivative), e.g. can be both a demand word as
well as a source word. Bharati et. al. (1995: 91) also needed the requirement of
karakas and their optionality for each verb. But then, a parser based on such
information will fail to parse sentences with ellipsis, or the real corpus where we
come across sentences with incomplete information.

With a robust parser, that produces at least partial solution in case of ellipsis,
as an aim, we relax the above conditions. So we give away the constraint that
a word can be exclusively either a demand or a source word. Further we treat
all karakas at the same level, irrespective of whether they are mandatory or
optional, and assign penalty to lower the priority of those solutions which do
not satisfy the mandatory expectancies.

We divide the problem into three parts:

1. For a given sentence, draw all possible labeled directed edges among the
nodes.

13 A tree is a graph in which any two vertices are connected by exactly one simple
path.
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2. Identify a sub-graph T of G such that T is a directed Tree which satisfies
the given constraints.

3. Prioritize the solutions, in case there is more than one possible directed Tree.

In what follows we describe our model.

A matrix is a convenient way of representing the graphs for computing pur-
pose. In our case, each word represents a node of a graph, and with each pair of
nodes is associated zero or more labels, indicating the possible relations between
these nodes. The strong constraint on these relations is that there can be at the
most one label associated with a pair of nodes. This then naturally suggests a 3D
matrix representation, whose elements are either 0 or 1, where the 3 dimensions
represent two nodes and a relation label. The task of the parser is to prune out
all those relations which do not satisfy the given constraints, and finally rank
them based on their weights. Further, each word has one or more morphological
analyses. Hence, corresponding to each node there exists a record with one or
more cells, each cell representing one morphological analysis of the word. Let
the j*" analysis of the i*" node be represented by [i,j]. Thus the address of a
typical element of the 3D matrix is ([z,j], R, [l, m]). The first pair of letters i
and j correspond to the source word analysis, while the second pair of letters [
and m represent the demand word analysis. R is the name of the relation of the
I*" word to the i*" word. j indicates the morphological analysis of the i** word
responsible for this relation, and m indicates the morphological analysis of the
I*" word that triggers this relation. In short the tuple ([4, 7], R, [[, m]) represents
a relation R due to the m morphological analysis of the [*” word to i** word
due to its j** morphological analysis. For ease of representation, we represent the
tuple as (¢, j, R,1,m). Thus, the initial graph with all possible relations between
various nodes is represented as 5D matrix C such that

Cli, j, R,1,m] = 1, if such a relation exists,

= 0, otherwise.

Task 1. Based on the available information in a given sentence in the form of
abhihitatva, vibhakti, samanadhikaranya, and the expectancies the matrix C' is
populated with Os and 1s.

Here are sample rules (just enough to illustrate an example), expressed in
English.

Rule 1:

If the sentence has
a noun(say ‘s’) in prathama vibhkati,
a verb(say ‘t’) in kartari prayogah, in 3rd person, and
‘s’ and ‘t’ agree in number,

then ‘s’ is possibly a karta of ‘t’.
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Rule 2:
If the sentence has

a noun(say ‘s’) in dvitiya vibhkati,

a verb(say ‘t’) in kartari prayogah, and is sakarmaka (roughly transitive)
then ‘s’ is possibly a karma of ‘t’.

Rule 3:

If the sentence has
a noun(say ‘s’) in saptami vibhkati, and
a verb(say ‘t’),

then ‘s’ is possibly an adhikarana of ‘t’.

Now consider the sentence
(24) ramah vanam gacchati.

The analyses of various words are numbered as follows:

[1,1]: rama {gender=m, case=1, number=sg},

[1,2]: ra {ganah=adadi, lakara=lat, person=1, number=pl, prayogah=Kkartari,
parasmaipadi}.

[2,1]: vana {gender=n, case=1, number=sg},
[2,2]: vana {gender=n ,case=2, number=sg}.

[3,1]: gam {lakara=lat, person=3, number=sg, voice=active, parasmaipadi},
[3,2]: gacchat (gam Satr) {gender=m, case=1, number=sg},
[3,3]: gacchat (gam Satr) {gender=n, case=1, number=sg}.

The above 3 rules with this input then produce the following output showing
all possible relations between various analses:

[2,2] is a possible karma of
[2,2] is a possible karma of
[2,2] is a possible karma of
[2,2] is a possible karma of
[2,1]
[1,1]

[3,2]
[3,3]
[1,2]

3, 1]
,1] is a possible karta of [3, 1]
,1] is a possible karta of [3, 1]

The resulting graph is shown in Figure

Task 2. In order to get a Tree from this graph, we impose the following con-
straints.

1. A morpheme(vibhakti) marks only one relation.
I.e., a node can have one and only one incoming arrow.

Zj,R,k,l C[Z,j, R7 ka ” = 1, Vi.
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Fig. 2. Graph showing all possible relations

2. Each karaka relation is marked by a single morpheme.
There can not be more than one outgoing arrow with the same label from
the same cell, if the relation marks a karaka relation i.e. there can not be
two words satisfying the same karaka role of the same verb.

> Clij, R, k,1] =1, for each tuple (R, k,1).

3. A morpheme does not mark a relation to itself.
A word can’t satisfy its own expectancy. i.e. a word can’t be linked to
itselfld. Or there can not be self loops in a graph.

> ik Cli,j, Ry i k] =0, Vi.

4. Only one valid analysis of every word per solution

(a) If a word has both an incoming arrow as well as an outgoing arrow,
they should be through the same cell.

ViY§ S pin Clisds Blon] + Yoy gy Clasb, Ryi K] < 1.

(b) If there is more than one outgoing arrow through a node, then it should
be through the same cell.
if, for some 1,j,R,,m C[i,j,R,l,m] = 1,

then VaVbVR Za,b,R,k!:j Cla,b,R,1,k] = 0.
5. All the words in a sentence should be connected

' adhikaranam is treated as an exception since one can have more than one
adhikaranam as in
ramah adya panca vadane grham agacchat.

15 In case of some of the taddhita suffixes which are in svartha, there will be self loops.
But we do not consider the meaning of taddhita suffixes in the first step, and thus
can avoid the self loops.

16 This condition is not yet implemented.
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6. There are no crossing of links
If all the nodes are plotted in a straight line, then they should not intersect
each other. i.e.,

if Cli,j, R,k 1] = 1, then
YovyClu,v,w,z,y] =0,ifi <x <k and u <1ioru>k.

The resultant graph is a Tree provided:

1. It is connected.

2. It has n-1 edges.
The fact that only sup / tin suffix in every word marks a relation with some
other word in a sentence, and abhihita karaka is not expressed by any sup
suffix, it is guaranteed that there are exactly n-1 edges.

Task 3. The solutions are prioritized using the conditions specified below.
For each of the solutions, the cost is calculated as
Cost = ZLRJ Cirj, where

i) cirj = |j — @] * wtg, if C[i,q, R, j,b] =1 for some a and b.
= 0 otherwise.

ii) wtg = rank(R), if R is a karaka relation (appendix I shows the ranking)
= 100, otherwise.

This cost ensures the following;:

1. akanksa (karaka relation) is preferred over other relations (rank@ of the
relations takes care of this.).

2. The ranking of the solutions on the basis of distance-based weights takes
care of sannidhih.

6 Implementation

The first task demands the inputs from grammar, whereas the second and the
third tasks are purely mathematical ones, which can be handled by a constraint
solver. The separation of tasks into three sub-tasks makes it not only modular,
but also easy for a grammarian to test his/her rules independently. For the
first task, an expert shell CLIPS is being used, whereas for the second task, a
constraint solver MINION is being used. The system is available at

http://sanskrit.uohyd.ernet.in/ anusaaraka/sanskrit/MT/test_skt.html

There is no specific reason behind using these special software tools except the
familiarity and the availability under the General Public License. No special
efforts were put in towards the efficiency of the system since the main purpose
of this exercise is to have a proof of the concept.

7 Since, this condition is not yet implemented, the resulting graph need not be a Tree.
18 Better ranking scheme needs to be developed to take care of default word order.
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7 Performance

The current system allows only padaccheda-sahita-eka-tin-gadya-vakyam. To
measure the performance of this parser, we used hand tagged data. Around 110
sentences with single finite verb were selected from a school book (see appendix
A for a sample). These sentences were tagged manually showing the relation of
each word in the context. The sentences being simple, each sentence had a single
possible parse in the context. There were 525 token words. The average length
of the sentences was approximately 5, with a maximum length of 14 words. Mor-
phological analyser is a pre-requisite for a parser. In order to avoid the cascading
effect of errors due to non-availability of the morphological analysis, before run-
ning the parser, we ensured that the correct morphological analysis of all the
words is being produced. Thus, given all possible correct analyses of the words,
the task of the parser was to come up with a correct parse. Though the parser
produces multiple parses, for the evaluation purpose, we chose only the first
parse. Among the 113 sentences, 97 (86%) sentences had the first parse correct
and 16 (14%) sentences had one relation wrong. Out of these 16, 10 relations
had wrong label, 3 had wrong attachments and 3 went wrong in both the label
as well as attachments.

The analysis of wrong results showed that most of the wrong relations were
due to non-availability of appropriate knowledge to make the fine-grained
distinction. For example, manually tagged corpus makes a distinction between
kala-adhikarana and deSa-adhikarana, gauna and mukhya karma in case of
dvi-karmaka (di-transitive) verbs, hetu and karanam, to name a few. Another
cause of ambiguity was the verbs in the curadi (IOth) gana. For most of the
verbs in this class, the causative and non-causative forms are the same. This
then leads to a wrong parse, since we also allow elipsis. In case there are n (> 1)
adjectives, there can be more than one possible way these adjectives can group
with the following noun. But we produce a single parse where the adjectives are
linked as a chain with the rightmost adjective qualifying the noun directly. This
chain just indicates a chunk, and the internal grouping of these adjectives and
also their relation with the head noun is left to the user for interpretation.

A sample output of a sentence

balyakale ramah dasarathasya ajnaya visvamitrasya yajnam raksasebhyah
raksitum vanam agacchat.

is produced in Figure Bl

8 Challenges

The result with limited test cases is encouraging. The real corpus, even with
small children’s stories involves much more complex constructions, not neces-
sarily confining to ‘eka tin vakyam’. The constructions involve co-ordination be-
tween two or more verbs, sentence connectives such as ‘yada-tada, yatha-tatha,
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agacchat

adhikarana / karta

balya ka@ <;émah

raksitum

apadana

raks_asébhyD

karana karma
yajham

sambandha ambandha

daéarathafb viévémitra@

Fig. 3. Sample parse output

atha, tasmat,” etc. Thus, even at the level of simple texts, one can not do away
with discourse analysis.

Another important problem that needs to be addressed is to handle a little
more semantics than can be handled with syntactico-semantic relations. For
example, it would be desirable to distinguish between hetu and karana at least,
though not between mukhya karma and gauna karma.

Third problem is regarding the upapadas. Upapada acts more like a function
word (dyotaka) than a content word (vacaka). So in case of upapadas, it would be
desirable to group the upapada together with the content word in the wvibhakti
it demands and then mark its relation with other content word. Thus e.g. in
the sentence ramah munina saha vanam agacchat, it is desirable to parse it as
in figure @ than as in figure Bl This means an upapada should be treated as a
function word, and as such should not be represented by a node.

The vibhaktis, as we know, denote more than one meaning. For example, the
second case suffix denotes the meaning of kriyavisesana (manner), kala (time)
or adhvan (path) in addition to the karma. To decide an appropriate role, now
what one requires is the knowledge of yogyata. In other words, our e-dictionaries
should be rich with semantic properties of the words such as whether it denotes
time, path or the manner, etc.

Since the parser does the analysis ‘mechanically’, it detects the problems of
‘violation’ of the rules more easily. We give just one example (more examples
can be found in Gillon, 2002) from the anvaya of ‘Samksepa Ramayanam’.

guhena laksmanena sitaya ca sahitah ramah vanena vanam gatva
bahudakah mnadih tirtva bharadvajasya Sasanat citrakutam anuprapya
vane ramyam avasatham krtva devagandharvasarkasah te trayah ra-
mamanah sukham nyavasan. (Sloka 30-32)
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agacchat

@_) @m

karma \karté

Cramen

mbandha

aha sambandha

Cunid

Fig. 4. Saha-function Fig. 5. Saha-content

papada_sambandha

munina

This sentence poses the following problems:

a) Whom does the phrase ‘te trayah’ refer to?

b) ramah does not agree with the finite verb nyavasan. Is it not a violation of
samanakartrkayoh purvakale?

¢) Does gatva precede tirtva or nyavasan?

d) In case of vanena vanam what should be the meaning of the third case?

In spite of these problems, this parser can act as a tool to discover various kinds
of semantic knowledge necessary to build a semantic parser.
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A Sample Story

nadyah tate ekah vrksah asti|] vrksasya samipam eka $ila asti] vrksasya
sakhasu nidah santi| nidesu vihagah vasanti| nidah vihagan raksanti| vrksasya
adhah vanarah santi| kapayah grham na racayanti| te sarvada itastatah
bhramanti| ekasmin divase §itam tan pidayati| te $itat tranaya ag-
nim icchanti| kutrapi te agnim na vindanti] ekah gunjayah phalani
padyati| gunjayah phalani raktani santi| sah agneh sadréani gunjayah phalani
anayati| tani gunjayah phalani $ilayam samharati| te sarve gunja-phalam
paritah upavisanti] agneh icchaya te mukhaih tani dhamanti| te agnim
na vindanti| te vanarah analaya vrtha ayasam kurvanti| tesam $itam na
nasyati| kapayah miurkah santi

B Relations

The relations used, along with their ranks are given in Table 1.

Table 1. Relations

(0) upapada vibhakti (12) kala-adhikaranam
(1) karta (13)  visaya-adhikaranam
(2) prayojaka karta (14) karta-samanadhikaranam
(3) prayojya karta (15) videsanam

(4) karma (16) kriya-visesanam
(5) reserverd for gaunakarma (17) tadarthya

(6) reserverd for mukhyakarma (18) purvakalina

(7 karanam (19) sambandha

(8) sampradanam (20) karaka sastht
9) apadanam (21) nisedha

(10) adhikaranam (22) sambodhana
(11) desa-adhikaranam
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Abstract. NLP applications for Sanskrit so far work within computa-
tional paradigm of string grammars. However, to compute ‘meanings’,
as in traditional sabdabodha prakriya-s, there is a need to develop suit-
able graph grammars. Ontological structures are fundamentally graphs.
We work within the formal framework of Neo-Vaisesika Formal Ontology
(NVFO) to propose a generative graph grammar. The proposed formal
grammar only produces well-formed graphs that can be readily inter-
preted in accordance with Vaisesika Ontology. We show that graphs
not permitted by Vaisesika ontology are not generated by the pro-
posed grammar. Further, we write Interpreter of these graphical struc-
tures. This creates computational environment which can be deployed for
writing computational applications of Vaisesika ontology. We illustrate
how this environment can be used to create applications like computing
Sabdabodha of sentences.

Keywords: Formal Ontology, Vaisesika, Punctuator, NVFO, sabdabodha,
Graph Grammar, Generative Grammar.

1 Introduction

Natural Language processing for Sanskrit like sandhi-splitting and parsing etc.
are written on top of string grammars. Syntax of languages can be computa-
tionally handled with operations on generative string grammars. ‘Meaning’ of
language, however, is a richer structure than the syntax of language. Words and
inflexions therein can be linearly handled in terms of symbolic string manipula-
tion and matching, whereas meanings of words are related to elements outside
the linear sentence. Typically, specification of the meaning of a sentence will
involve insertion of information about classes, properties and events etc. in the
middle of the symbolic string. Such information is a graph. Thus, we need graph
grammar of symbols to specify meaning of sentences. Such grammars should pro-
vide for embedding and paraphrasing of graphs in the middle of strings. This is
exactly what is done in the traditional Sanskrit semantics. To analyze meaning of
Sanskrit sentences sabdabodha prakriya-s have been traditionally evolved based
on the contending perspectives of (1) Vyakarana , (2) Nyaya-Vaisesika and (3)

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 91 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Mimamsa. In these analytical models, a sentence is uniquely paraphrased into a
graph which is the meaning of sentence.

In fact, our goal is much bigger than just solving the problem of sabdabodha
where one only tries to analyze the meaning of a sentence. Our goal is to con-
struct a computational ontology which is foundational as well as generative in
nature. We are aiming at generative graph grammar on which comprehensive
ontology interpreter can be constructed. Once that task is accomplished, one
could apply it to solve domain-specific problems like sabdabodha . Hence the
main focus of the paper is on the building of graph grammar suitable for on-
tology applications. Idea is to construct computational environment such that
applications like $abdabodha can be built.

Applications

Ontology Interpreter

Generative
Graph
Grammar

Fig. 1. Computational environment

Most of the existing ontologies follow top-down approach they start with the
names of the entities (real as well as imaginary) existing in the universe, they
try to classify these names and in turn try to classify the actual objects in the
universe. But this approach has a problem since in the process of classifying
names, one cannot help placing a name under two classes. In other words one
name/class might have to have two parent classes. This is called crossing. For
instance if one has the classes ‘flying objects’ and ‘horses’ in one’s classification
and now if one encounters a new object called ‘flying horse’, in which of the
above classes should he place this object? Obviously, both classes should be its
parents since it has the features of both the classes, and hence there is crossing. A
good ontological classification is one in which there are no crossings. Having said
this, we now elucidate an alternative bottom-up approach which we take to build
not just any ontology but a formal, foundational and generative ontology. For
this we utilized formalization of Vaisesika ontology which is a comprehensive
foundational ontology. While formalizing it, there was some difference noted with
classical Vaisesika traditions, hence our approach has been called Neo-Vaisesika
Formal Ontology (NVFO).
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There are many proposed foundational ontologies based on Aristotle’s ontol-
ogy like BFO [1], GFO [2], OCHRE [3], DOLCE [4] etc. These ontologies are not
generative, they are depictive; they declare categories and not formally derive
categories. In contrast, NVFO is generative as its categories are formally derived
from the first principle and thus generative graph grammar for NVFO can be
done as has been shown in the paper.

2 Neo-Vaisesika Formal Ontology (NVFO)

Vaidesika ontology, due to Kanada [5], Prasastapada [6] and Udayana [7] has
been formalized by Navjyoti [8, 9, 10, 11]. The formalization is based on the idea
of an ontological form which is recursive. This form is called punctuator. Using
punctuators categories of Vaisesika ontology can be derived.

2.1 Punctuator

To understand differentiating features of categories, we introduce a form punc-
tuator which takes contents strictly as its exteriors quite unlike forms such
as ‘proposition’ or ‘set’. Two examples of this form are ‘locus-located’ punctua-
tor (adhara-adheya bhava) and ‘predecessor-successor’ punctuator (karya-karana
bhava), which tell apart two entities or rather make two entities contiguants in
the context of locational and temporal contiguum respectively. We shall develop
this form to arrive at calculus that yields categories.

The idea of punctuation can be generalized as a form ‘punctuator’ which vac-
uously tells apart two content-full entities that are otherwise-bound by relational
context. Generalized idea of punctuator holds for experience acquired through
all sensory modalities and not just auditory modality. Rather it holds for all
experience. Force behind this generalization is based on the insight that no real
entity is given in experience without a punctuator. Any presentation in experi-
ence minimally has a punctuator and the entities it punctuates.

Punctuator is thus a general form that vacuously weaves two exterior entities
as contiguants in the context of relational contiguum. Relational contiguum is
made up of the rest of entities in the world. It is the rest of the entities in the
world that go in making two punctuated entities contiguant in the first place.
Relational contiguum is determinable in terms of invariants that arrest infinite
regress in the system of entities and punctuators. Using these invariants, cate-
gories of entities can be characterized. Further, mutually distinguishing features
of categories and shared features of categories can be exactly articulated. With
these categories, well-formed punctuators with determinate relational context
become knowable and pronounceable.

Punctuator between two entities e, and e, is represented as p,(e;|e,) where
r is an underlying contiguum.



94 T. Rajesh and S. Navjyoti

2.2 Fundamental Types of Punctuators

In Vaisesika, there are three basic relations enumerated - svarupa, samavaya,
and samyoga-vibhaga. These will form the relational contexts for our three ba-
sic punctuators (a) Self-linking (b) Inseparable punctuator and (c) Separable
punctuator respectively.

Self-linking Punctuator. Punctuator pgs(ez|e,) with structure (eg|e,, @) is
called self-linking punctuator where ¢ is an empty relational context. It can be
represented using directed graph notations by representing entities as circular

nodes and punctuator as line.

Inseparable Punctuator. Inseparable punctuator p,(egle,) with structure
(ezley, py(es|S)—pgy(Sley)) where S is an inert entity (the top one in the following
figure) called inherence that inseparably binds e, and e,. It can be represented
using directed graph notations by representing entities as nodes and punctua-
tor as line with arrow. The full structure of inseparable punctuator will be as
depicted below.

Separable punctuator. Separable punctuator pr(egle,) can be represented
using directed graph notations by representing entities as nodes and punctuator
as line with arrow. p-(ez|ey) is read as ‘conjunction/disjunction with e, inheres
in e, and conjunction/disjunction with e, inheres in e,’ or simply as ‘e is in
conjunction/disjunction relation with e,’. Unlike inherence relation, conjunc-
tion/disjunction relations are mutually contingent like a switch device. The full
structure of separable punctuator is depicted below. Here conjunct ‘J’ is repre-
sented by the top black entity, and disjunct ‘D’ is represented by the top white
entity. At any instant of time only one of them can inhere in both e, and e,
since those entities can only be in conjunct or disjunct at a time but not both.

One can further generalize this and go on to construct any arbitrary punc-
tuator of complex shape consisting of these three basic punctuators. This can
be done if one has a grammar to combine these fundamental punctuators. Our
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claim is that any such structure represents some portion of reality. Hence one
can identify each of the entities of that structure as one of the fundamental cat-
egories of Vaisesika . This is possible if one has interpretation rules to interpret
the structure generated by the above grammar. Thus the main agenda of this
paper is to give the grammar rules (to generate arbitrary complex punctuator
from the basic punctuators) as well as interpretation rules (to interpret this
structure) after which one can deploy this knowledge for various applications
like sabdabodha etc.

3 Graph Grammars

Graph Grammars are more generalized versions of string grammars where the
alphabet are nodes and edges. As we have observed above that the 3 funda-
mental punctuators are graphs, and they are sufficient to construct any complex
punctuator, one would naturally get a doubt ‘How?’ For that we need to define
the rules for combining the basic punctuators in different ways.

Firstly, our grammar consists of a set of rules to generate a graph of arbitrary
size composed of basic punctuators. Then we write an interpreter another layer
of rules to identify the substructures of the graph with the above categories.
Before we list the rules, let’s have a look at some of the technical details necessary
to understand them.

3.1 Definitions

Graph. Given two fixed alphabets {2y and 25 for node and edge labels, respec-
tively, a (labelled) graph (over (2, 2g)) is a tuple G=(Gy, G g, s¢,t%, 1v%, 1Y),
where Gy is a set of vertices (or nodes), G is a set of edges (or arcs), s% ¢ :
Gr — Gy are the source and target functions, and [v¢ : Gy — 2y and
1% : Gg — g are the node and edge labeling functions, respectively. [12]

Total graph morphism. A (total) graph morphism (mapping) f : G — G’
is a pair f = (fv : Gv — GV, fe : Gg — G') of functions which preserve

el G _ G

sources, targets, and labels, i.e., which satisfies fy- 0 t& ofrg,fros” =s

o fg,lw% o fur =%, and 19 o fir = leC. [12]

Partial graph morphism. A subgraph S of G, written as S C G or S — G, is
a graph with Sy C Gv,Sg C Gg,s° = s%|Sg, t% = t%|Sg, lv° = [W¥|Sy,le® =
1e%|Sk. A (partial) graph morphism g from G to H is a total graph morphism
from some subgraph dom(g) of G to H, and dom(g) is called the domain of g.
A partial morphism can also be considered as a pair of partial functions. [12]

Production. A production p : (L - R) consists of a production name p and
of an injective partial graph morphism 7, called the production morphism. The
graphs L and R are called the left-hand side (LHS) and the right-hand side
(RHS) of p, respectively [12].
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Graph Grammar. A graph grammar G is a pair G = ((p : 7)pep, Go) where
(p : r)pep is a family of production morphisms indexed by production names,
and G is the start graph of the grammar. [12]

The above details can be concisely captured in the following diagram.

L p —» R
| |
m m*
G— P —p

If the match m fixes an occurrence of L in a given graph G, then G 2ZH
denotes the direct derivation where p is applied to G leading to a derived graph
H. Intuitively, H is obtained by replacing the occurrence of L in G by R.

Negative Application Conditions (NACs). Rules can have exceptions - it
may not be likely to apply a rule in some particular cases. Those cases/conditions
can also be depicted in the form of graphs. Hence each rule may (or may not)
have one or more NACs. So a rule will be applied only when its LHS matches
with some subgraph of the host graph, and none of its NACs matches with any
subgraph of the host graph.

4 Generation Rules of NVFO Graph Grammar

In NVFO, as mentioned earlier, there are rules for generating graphs as well as

rules for interpreting these generated graphs. For the generation rules, {2y =
{G,X,E, S, J, D} where

G — start node

X — variable node

E — anonymous entity (this will be identified as one of the categories during
interpretation)

S — inherence entity (samavaya)

J — conjunct entity (samyoga)

D — disjunct entity (vibhaga)

And the set of edge labels, 25 = {in, con, dis} where
in — inherence

con — conjunct/contact
dis — disjunct
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The edge representing self-linking relation has no label. It is recognised as
such. Though it is directed it can be considered as undirected edge since for a
self-linking edge direction doesn’t matter.

The start graph, G, consists of a single node labelled ‘G’. It is the same as
the LHS of Rule 1 listed below. The following rules can be applied in any order,
not necessarily in the order in which they are listed.

Starl_of NVFO )

Gl Oy

Rule 1 (Start). We start by replacing the start node, ‘G’, with anonymous entity,
‘E’, and variable node, ‘X’, which are self-linked.

SclfLinking of NVFO 5 oy
(3
- B =
(16 1:E »(E
@ ) g ®

T

th &

Rule 2 (SelfLinking). Here LHS is replaced by a punctuator which self-links already
existing ‘E’(1:E) with another ‘E’. ‘X’s here are variable nodes.

Leftinh of NVFO : r
v
16
@) ox]

Ee@ O

Rule 3 (LeftInherence). Here LHS is replaced by Inherence punctuator where the
new entity (E) inheres in the old entity (1:F). In the process, ‘S’, is generated which
is self-linked to both the entities.

of NVFO r-

(@ O

Rule 4 (RightInherence). Here LHS is replaced by Inherence punctuator where the
old entity (1:E) inheres in the new entity (E).

‘Conjunct ol NVFO r—3

e (e E) - +{%]

Rule 5 (Conjunct). LHS is replaced by separable punctuator where the new entity
(E) and the old entity (1:E) are in contact with each other. In the process ‘J’ is
generated which inheres in both the entities.
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s o D
.‘. dis i
Rule 6 (Disjunct). LHS is replaced by separable punctuator where the new entity

(E) and the old entity (1:E) are in disjunct with each other. In the process ‘D’ is
generated which inheres in both the entities.

—
Mot onjund Earlies 4 MereologyConjunct_of NVFQ E
4
; D
® .
(— con
5 3E ~. con
£) = i
@ 9
[ S P—

Rule 7 (MereologyConjunct). Here the middle graph represents LHS of this rule,
and the rightmost one, its RHS. It says that when some entity inheres in two other
entities, a conjunct can be created in between them on the condition (NAC) that there
is already no conjunct between them, which is represented by the leftmost graph in
the above image. This rule is to model the conjunct between parts of a whole.

NoDisjunctiarlier : MereologyDisjunct_of NVFO 5 Ir-l
: @

é:s - 3E 2:E 2?

Rule 8 (MereologyDisjunct). It says that when some entity inheres in two other
entities, a disjunct can be created in between them on the condition (NAC) that there
is already no disjunct between them.

Rule 9 (ConjunctToDisjunct). Conjunct between two entities is replaced by dis-
junct. This rule is to accommodate such cases.

e
DisjunctToConjunct_of NVFO E

Rule 10 (DisjunctToConjunct). Disjunct between two entities is replaced by con-
junct. This rule is to accommodate such cases.



Generative Graph Grammar of Neo-Vaidesika Formal Ontology (NVFO) 99

Termination of NWFO r

=y
Nt

Rule 11 (Termination). This rule is applied when no more new entities need to be
generated.

5 Testing If Ill-Formed Graphs Are Constructed

Our claim is that the above rules generate only well-formed graphs (those which
comply with Vaisesika Ontology) and not a single ill-formed graph. For instance
one can show that the above rules do not generate the following ill-formed graphs.
In NVFO grammar the rules in which ounly ‘S’ or ‘E’ appear (no ‘J’ or ‘D’) are
rules 1,2,3,4 and 11. Let’s show that, using these rules, the following graphs
cannot be generated (we will ignore the node ‘X’ and its edges for the time
being since it can always be done away with the ‘Termination’ rule (Rule 11)).

Y u' "a¥ ; _ ¥4 E) (€) ’9 E<
® ® @'} ‘é} ("’v__ i i ___sf{"J

To generate the first graph, one can try applying the above rules in the fol-
lowing order: 1,3 (or 1,4). They would generate two ‘E’s and one ‘S’. But if one
further tries to apply one more rule which produces a new ‘S’ one cannot do it
without producing a new ‘E’. Hence there can be no graph with two ‘E’s and two
‘S’s. One needs minimum three ‘E’s to have two ‘S’s. This proves Vaisesika the-
orem that same pair of entities cannot inhere in each other, and that inherence
is unidirectional.

One can get closest to the second graph by applying the rules 1,2.4 in order.
But here the self-linking edge between ‘S’ and the top-right ‘E’ would be missing.
There is no other rule with which this edge can be created. Hence this graph
too cannot be generated with this grammar. It’s an ill-formed graph according
to Vaisesika because the same ‘S’ can never be self-linked to more than two
entities at a time.

The third graph can be discarded right away since there is no single rule
in our grammar which has only ‘S’s in it. In other words, any given graph,
generated using these rules, has to contain minimum one or more ‘E’. This is
an ill-formed graph according to Vaisesika since two inherence entities cannot
have an inherence relation between them this would lead to infinite regress.

The 4th and 5th graphs can be rejected using similar arguments. One can get
closest to them by applying rules 1,3,3 (or 1,3,4 or 1,4,3 or 1,4,4) in order. But
at the end of none of these combinations does one get a cycle where the third
‘E’ inheres in the first ‘E’ or vice-versa. This chain of inherences always remains
open, never closed. This proves another theorem of Vaisesika that there can
never be a closed chain consisting of inherence relations alone.
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These are only some of the very large set of ill-formed graphs which are not
generated by this grammar. One can test many other ill-formed graphs and find
that none of them will be generated by this grammar.

6 Interpretation Rules of NVFO Graph Grammar

Here we interpret the above generated graphs to identify each of the anonymous

entities as one of the Vaisesika categories.
For the interpretation rules, {2, = v | J{U,US,V, SW, SA,Q, A} where

U — Universal (samanya)

US — Ultimate Substance (antya dravya)
V — Ultimate Differentiator (visesa )
SW — Substantial Whole (avayavi)

SA — Substantial Atom (paramanu)

Q — Quality (guna)

A — Action (karma)

And the set of edge labels, 2% = 2g; and any of the graphs generated by
applying the rules of generation can be considered as the start graph, G, here.
These rules, unlike the rules of generation, need to be applied in the order they
are listed below (the reasons are mentioned inline).

DefineSubstantialWhole of NVFO ﬁ
il
Fr =
\]'_'f.' L]'_B’
® v
ey 5E) £} (ZE)
@ & @ &

Rule 1 (DefineSubstantialWhole). A substantial whole is one in which something
inheres, and also it itself inheres in some other entities. Hence ‘E’ is replaced by ‘S’
if at least one entity inheres in it, and it itself inheres in minimum two other entities
(It has to inhere in minimum two entities for it to be differentiated from Qualities and
Actions which can inhere only in one entity).

In Vaisesika , Universal means a class which has minimum two instances of
it. Now Universal is defined in three rules since an entity can be identified as a
Universal in three different cases. Each of these rules has the same NACs (4 in
number) which are mentioned at the end of these three rules.

DefineUniversal(a) of NVFO &
L
(GE) v
@9 [u)

Rule 2 (DefineUniversal(a)). Universal inhering in two anonymous entities which
haven’t yet been identified.
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DefineUniversallb) of NVFO =]
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Rule 3 (DefineUniversal(b)). Universal inhering in one anonymous entity and one
whole.

| DefineUniversal{c) of NVFO r
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Rule 4 (DefineUniversal(c)). Universal inhering in two wholes.

None of the above 3 rules can be applied if at least one of the following
4 NACs is true which say that nothing can inhere nor be in contact with a
Universal neither anonymous entity nor a whole.

| Holocatedentitiesia) ] [ Fatacatedintiniests) | | NoConjunct{a) NoConjunct(b)
® ) SW, s
o X @
@ @ E—(9

In Vaigesika, Ultimate Substance is the one which has no locus, but it itself
can serve as a locus for other entities. Here it is defined in three rules. Each of
these rules has 2 NACs.

Rule 5 (DefineUltimateSubstance(a)). An anonymous entity can inhere in
Ultimate Substance.

| DefineultimateSubstance(b) of NVFO r-3
]
L4
0 @ i

Rule 6 (DefineUltimateSubstance(b)). A Universal can inhere in Ultimate
Substance.
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DefineUltimateSubstance(c) of NVFO Ir=7

® o e

Rule 7 (DefineUltimateSubstance(c)). A whole can inhere in Ultimate Substance.

The following 2 NACs (for each of the above 3 rules) state that Ultimate
Substance can inhere neither in an unidentified entity nor in a whole.

NolnherencelnEntity | NolnherencelnWhole

@ ® ® -

Videsa, in Vaisesika , can inhere in one and only one entity, that too Ultimate
Substance, and nothing else inheres in wvisesa . These Ultimate Differentiators
give volume to the Universe. It is defined in one rule which has 6 NACs.

|DefineVisesa of NVFO Ir=1

@

Rule 8 (DefineVisesa). If an entity inheres in Ultimate Substance then it can be
identified as visesa under the 6 NACs.

The 6 NACs state that neither an unidentified entity nor a Universal nor a
whole can inhere or be in contact with visesa .

(Here we need not handle the case where visesa inheres in two or more places
since all those entities will be replaced by a whole or a Universal by now since
the earlier rules will be applied first).

_NoEntity InVisesa ' Holl
|

Nowh:
® @
e

@

The only remaining padartha-s are Quality and Action. We defined them as
those entities in which at least one Universal inheres, but they themselves can
inhere in one and only one whole or one Ultimate Substance, not more. Hence
when an entity satisfies these conditions, it can be identified as either a Quality
or an Action non-deterministically. Hence Quality and Action are defined in two
rules each. Each of the following 4 rules has 4 NACs.
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DefineQuality(a) of NVFO r-y
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Rule 9 (DefineQuality(a)). In a Quality at least one Universal inheres, and it itself

inheres in one and only one whole (its inherence in two or more wholes is handled in
NACs).

| Definequality(b) of NVFO Ir=

@ ® D o

Rule 10 (DefineQuality(b)). In a Quality at least one Universal inheres, and it itself
inheres in one and only one Ultimate Substance.

| DefineAction{a) of NVFO [
o © @ ® @

Rule 11 (DefineAction(a)). In an Action at least one Universal inheres, and it itself

inheres in one and only one whole.

DefineAction(b) of NVFO Ir-y

@ & @

Rule 12 (DefineAction(b)). In an Action at least one Universal inheres, and it itself
inheres in one and only one Ultimate Substance.

The 1st NAC says that quality /action cannot inhere in any entity other than
whole or Ultimate Substance. The remaining 3 NACs state that they cannot
inhere in two or more entities, whatever they may be.

| MeinherenceinotherEntity NoinherenceinTwoEntities{a) NoinherenceinTwoEntities{b) NolnherenceinTwoEntities(c)
) 58) -
3 3E G
» N @ @9 ¢9
@9 ®

@ o v

7 Application to sabdabodha

Now one can easily verify that the above rules generate the following well-formed
graph which represents the structure of an arbitrary Substantial Whole (here
inherence entity ‘S’ and its edges are ignored). This is just one of the many well-
formed graphs generated by this grammar. In fact, our claim is that each and
every substructure of a graph generated by these rules represents some portion of
reality or the other. But for now, we will be using the structure of a substantial
whole to do sabdabodha .
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Let’s consider the sentence, ‘Jug is on the table’. Using standard NLP tech-
niques, one can identify jug and table to be some objects and that table is used
in the locative sense. This is all the meaning that could be drawn when this
sentence is considered as such. But when we replace ‘S,,’ in the above structure
with ‘jug’, and another ‘S,,” (which is in contact with the earlier S,,) with ‘table’,
we can draw the following inferences:

Jug is in contact with table and vice-versa.

Jug has some qualities.

Table has some qualities.

Some actions can be performed on jug.

Some actions can be performed on table.

Jug has some parts.

Table has some parts.

Jug belongs to some class ‘jugness’ which indicates that there are probably
some other jugs in this Universe which may also have same qualities, and
which may also be in contact with some table.

Similarly, table belongs to the class ‘tableness’ which indicates that there
are probably some other tables in this Universe.

This kind of reasoning has many applications. For instance one can write a query
application which asks the user relevant queries when he gives the sentence, ‘Jug
is on the table’, as input to the query system. The system can ask the following
questions:

8

What is the color of the jug?

Are there some other jugs on the table?

What is the length of the table?

What is the texture of the surface of the table?

Conclusion

Sabdabodha is only one of the many applications of this grammar. Since Vaisesika
is not a domain ontology but a foundational ontology, our grammar is a
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foundational framework upon which any domain ontology can be modeled, not
just $abdabodha . The power of this grammar lies in its generative nature which
none of the other existing ontologies have.
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Abstract. The paper aims to develop a parsing model using the nyaya-
morpho-syntactic analysis using the two terms namely, prakarata and
visesyata. The idea is that prakarata and visesyata are to be seen as
modification (modifiedness) and headedness respectively. Several rep-
resentative sentences have been exemplified using the method developed.
prakarata and visesyata not only come through to give a thorough anal-
ysis at word level, but may be extended, as it has been shown in this
paper, to get a thorough analysis at syntactic and discourse level, as well.

Keywords: headedness, modification, head-modifier relationship,
prakarata and visesyata.

1 Introduction

Many systems that provide the morphological information of Sanskrit are avail-
able online. They are built by following scholars at following institutions- Gérard
Huet, INRIA, PariSE Amba Kulkarni, University of HyderabadE Peter Scharf,
Brown University@ and Girish Nath Jha, J NUHA Ramakrishnamacharyulu (2009)
presented a tagset to be used for the processing of Sanskrit sentences. We base
ourselves on these existing systems and aim to provide with a model to parse
Sanskrit sentences with head and modifier information. In order to do so we
draw our material from the framework of the Navya-Nyaya school of Indian
Philosophy. Several devices in Panini’s grammar like abhidhana, karaka have
been employed to develop the analysis proposed. Several studies like Akshara
Bharti (1995) and Pederson (2004), show use of Paninian framework in depen-
dency parsing. They do not however, explicitly use the Navya-Nyaya technique
of representing head and modifier relation within a word and concentrate mainly
on intra-word relations. Further, they try to adapt the Paninian framework to
the parsing of other Indian and non-Indian languages and not Sanskrit.

!http://sanskrit.inria.fr/DIC0/reader.html

2 http://sanskrit.uohyd.ernet.in/lang-tech/lang-tech.html
3http://sanskritlibrary.org/
4http://sanskrit.jnu.ac.in/index.jsp

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 106 2010.
© Springer-Verlag Berlin Heidelberg 2010


http://sanskrit.inria.fr/DICO/reader.html
http://sanskrit.uohyd.ernet.in/lang-tech/lang-tech.html
http://sanskritlibrary.org/
http://sanskrit.jnu.ac.in/index.jsp

Headedness and Modification in Nyaya Morpho-Syntactic Analysis 107

1.1 Heading towards viSesyata

The idea of head across the syntactic theories has been residing in the basic idea
of category, i.e. head as the unit that gives category to a phrase. It is as if the
phrasehood of a phrase depends on the head.

The head of X is the part which determines the category of X. Example: The
category of ate the apple (VP) is determined by the verb ‘ate’; not by any other
element. This explains why it coordinates with other phrases which begin with
a verb, but not with phrases that share the nominal part: peeled the apple and
ate the apple, *ate the apple and over the apple.

Head in X-bar theory is an offshoot of the basic idea of phrase which is the
centre of formalization. Here, though we would be using “head” as the English
equivalent, it is strictly in the sense of wvisesya and so we would distance this
videsya (head) from the head as in the linguistic theories.

The distinct nature of this headedness is that, save verb, for all the padas, it
is the suffixes that hold the visesyata. Here, head-modifier relation is not of the
kind that exists in X-bar theory. The prakrti-pratyaya analysis is used to speak
in terms of prakarata and visesyata. So, in the analysis presented here (which
takes inputs from nyaya, vyakarana etc.), it is the pratyaya that is mostly the
head and the prakrti that is the modifier, and it is the relation between these
two that exhausts the analysis.

On the absence of head in Panini. Pradhana or visesya or anything that
may express any sort of the dominant-subordinate relation is absent in Panini.
Thus one may say that head is not defined in Panini, neither the concept of
head has been deployed in Panini. So, Panini is not bound to define head. The
ensuing question would then be: why in Panini there is no idea or concept of
head.

The reasons behind the development of the concept of head in GB or X-bar
theory would be cognitive. In the sense that idea behind getting an abstract,
generalized phrase structure through X-bar emerged as there was a need to un-
derstand the economy and speed in the acquisition. Head-modifier abstraction
in X-bar theory gives a general phrase structure for all the phrases, i.e. it suc-
cessfully explains the common structure applicable to all the phrases. [15]

There are no such cognitive commitments in Panini. Also, it seems that phrase
has never been the concern of Panini. In Paninian morphology it is the pada,
which is at the center of analysis. It can also be said that no phrase-based analysis
is carried out in Panini, overtly or covertly. Though Paninian grammar may be
claimed to be wvakya-centric, it is only through the consistent pada-analysis that
vakya may be analyzed in the totality of pada. Phrase, as something possessing
a category as its head, is simply impossible in Panini because categories have
been fashioned differently in Panini.

Though the terms head and modifier have strong affiliations to the generative
grammars (which do not talk in terms of dependency, as dependency grammars
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do)E we, in this paper, use the terms headedness for visesyata and modification
for prakarata.

The analysis and parsing presented in this paper are distinct from the the-
ories like dependency grammar or phrase structure grammar. Though we use
terms like kartr, karma which may be identified in parallel with the functional
categories, one important difference to be noted is that our analysis presents an
intra-lexical analysis that holds suffix as the head (save verbs) and inter-lexical
analysis as well [

We certainly do not attempt to fuse dependency or phrase structure gram-
mars. We use the terms modification and headedness as we find them convenient
and suitable equivalents for prakarata and visesyata. These terms have not been
used to evoke any resemblance or solidarity towards the linguistic theories. One
straightforward aim of this paper is to represent the system of sentence analy-
sis and parsing found in the traditional knowledge system of Nyaya with some
inputs from Vyakarana.

1.2 Nyaya Terms Used in the Head-Modifier Analysis

Following Sanskrit terms (with abbreviations) are used for analyzing head-modifier
relationship in Sanskrit sentences:

1. nistha () Residing in.

2. prakarata (9) State of being a modifier/modification.
3. nirfipita (f%) In relation to.

4. visesyata (/) State of being a head/headedness.

5. abhinna () Same as.

6. prakrtyartha (9g) the root meaning

7. pratvayartha (ea%) meaning of the termination

This terminology is used in the texts of Navya-Nyaya. We have seen this
terminology being used in several Navya-Nyaya texts, but never in the context

% See Kiibler, et al (2009: 2) While the dependency structure represents head-
dependent relations between words, classified by functional categories such as subject
(SBJ) and object (OBJ), the phrase structure represents the grouping of words into
phrases, classified by structural categories such as noun phrase (NP) and verb phrase
(VP).

5 See Kiibler, et al (2009: 2) Other terms that are found in the literature are modifier
or child, instead of dependent, and governor, regent or parent, instead of head. Note
that, although we will not use the noun modifier, we will use the verb modify when
convenient and say that a dependent modifies its head. Also, Kiibler, et al (2009: 3).

It is also worth noting that many syntactic theories make use of hybrid repre-
sentations, combining elements of dependency structure with elements of phrase
structure. Hence, to describe dependency grammar and phrase structure grammar
as two opposite and mutually exclusive approaches to natural language syntax is at
best an over-simplification.
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of parsing a sentence with special reference to head-modifier representation. We
explain below the three main terms briefly:

1. visesya. This word is in use since Panini. It is a relative term and not ab-
solute. It co-exists in relation with the state of being a modifier. Panini in
his grammar called Astadhyayr uses it in relation with another term called
visesana. The term visesya literally means something which is being distin-
guished and the term wvisesana literally means the instrument which distin-
guishes. The term visesya indicates the element which can be said to function
as a ‘head’ in a particular structure in the scheme proposed in this paper.
The suffix ta indicates the state of being a head.

2. prakara. - This word is proposed to be used in this scheme in the sense of
a modifier. This word came into circulation in this sense with the advent of
Navya-Nyaya. The suffix ta indicates the state of being a Modifier.

3. mirupita. - This word indicates the relation between the two concepts men-
tioned above. It means ‘in relation to’. It is used as an intra-lexical as well
as inter-lexical metalinguistic connector.

The state of being a head and the state of being a modifier are correlated, coex-
istent and are assumed to rest in the meaning of the word. This substratum is
indicated here with the help of the word nistha.

Thus using this terminology we can present in brief the head modifier relation
for a representative word like gramam in the following way,

Analysis- grama-nistha-prakarata-nirupita-karma-nistha-visesyata ||3

2 Prakarata- Visesyata Analysis

2.1 Sentence Level

Sanskrit scholars have proposed various $abdabodha theories. For grammarians
meaning of the verb root is the most important element in the sentence. There-
fore they have proposed dhatvartha-mukhya-visesyaka-sabdabodha. According to
them words of any given sentence can be classified as either subanta or tinanta.
Since, the meaning of the verbal root is the most important component of the
sentence, all subanta words will be connected to the tirianta word. Therefore
at the sentence level, only tinianta becomes visesya. All the subantas become
prakaras of the tinianta word. Therefore, tinianta word in the sentence, balah
pathati will be tagged as follows:

(balah) prakarata-nirapita (pathati) visesyata |

In some sentences, more than one subanta will have the same vibhakti. These
subantas are grouped together as they have adjective-substantive relationship

" The English paraphrase of the same would be- the state of being a head, residing in
‘karma’, in relation to the state of being a modifier which resides in ‘village’. This
provides us with the information that it is ‘village’ which is the head and ‘karma’ is
the modifier.
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between them. The adjectives are linked to the substantive by “non-difference”
(abheda). For example:

“arunaya ekahayanya pingaksya gava somam krinati |

In this sentence there are four subantas with the same wvibhakti arunaya,
ekahayanya pingaksya gava. Therefore they are grouped together. One subanta
(here, gava) is the substantive. The adjectives are shown to be linked with this
substantive by the relation of non-difference (abhinna). This is shown below:

[(arunaya) o ekahayanya) a( pingaksya)a gava] somam krinati |

But in some cases, some subantas will be linked to the verbal root directly
and some will be linked via these directly linked subantas. This we show in the
following figure:

| Y o v
gramad agatah devadattah kasthaih vahnina sthalyam odanar pacati |

3 7 —

Fig. 1. Direct and indirect relation of subantas with the tinanta

Therefore, in this prakarata- visesyata analysis, subantas that are linked to
the tinianta directly, are related to the tirianta by the prakarata-nirupita tag.
Whereas, the subantas that are linked to the tirianta-linked-subantas are grouped
together. This group of wvisesanas is placed before the subanta to which they are
linked. These subantas will also be linked by the tag prakarata- nirupita but
instead of tinianta they are linked to either karta or karma. Therefore, the above
mentioned sentence can be analyzed as:

Table 1. Direct and indirect relations of subantas with the verb

(odanam) prakarata- nirtipita pacati |
(sthalyam) prakarata- nirtipita odanam |
(vahnina) prakarata- nirtipita pacati |
(kaashaih) prakarata- nirtipita pacati |
(gramat) prakarata- niripita agatah |
(agatah)-(devadattah) |
(devadattah) prakarata-nirtpita pacati |
Though all the subantas are ultimately linked to the tirianta, there is one ex-
ception. The genitive case which expresses relationd is not linked to the tiranta.
The genitive case shows a relation with another noun in the sentence.

8 P. 11.3.50
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Table 2. non-relatedness of the genitive case and verb

dasarathasya putrah gacchati

KN

7S

In this prakarata-visesyata analysis, such genitive cases will be linked to the
nouns to which they are related. Further, the genitive case will be tagged as
prakarata-nirupita as it is the modifier of the noun. It is not the head of the
noun to which it is related.

Thus the phrase dasarathasya putrah can be analyzed as (daSarathasya)
prakarata- nirupita putrah. But the genitive word dasarathasya will not be linked
to the verb gacchati in the sentence dasarathasya putrah gacchati |

2.2 Word Level prakarata-visesyata Analysis Rules

Similar prakarata-visesyata can be analyzed at the word level too. Each word
in the Sanskrit sentence can be segmented into two parts: (a) prakrti and (b)
pratyaya.

Prakarata-visesyata analysis within a subanta word: Any subanta word
in the sentence can be segmented into two parts: (1) prakrti or pratipadike and
(2) a suffix, sup. The meanings of these sup pratyayas are defined in the Paninian
grammar. (Table.3)

Here the pratyayartha is “head” so it is analyzed with nistha-visesyata. The
word ramam will be analyzed as:

prakrtyartha-rama-nistha- prokarata- nirupita-
pratyayartha-karmanistha-visesyata.

-This (i.e. karma-nistha etc.) particular tag is given when the particular
karaka is not expressed by the verbal suffix. Therefore (karaka) is variable.

-But the nominative singular suffix does not express any karaka relation and
its meaning is pratipadika only therefore the particular pratipadika will be a part
of the tag. In the case of indeclinables though vibhakti is deleted, the meaning
of the suffix is visesya and is treated like prathama thus in the following case:

ca-+su

ca+ 0

we observe following analysis:

prakrtyartha-canistha- prakarata- nirupita - pratyayartha - canistha- visesyata
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Table 3. Meanings of sup pmtyayasﬁ
vibhakti vibhaktyartha Example

trtiya

prathama —p

dvitiya

caturthi —»

pancami

—

—

B

sasthi —® sammbandha/karma/kartr —» rama nas (sarhbandha/karma/kartr -nistha

saptaml —p adhikarana ——»

pratipadika —p

karma
karana/kartr —® rama ta ( karana/kartr- nistha- visesyata)
saipradana — rama ne (sarmpradana - nistha -visesyata)

apadana

rama su (rama -nistha -viSesyata)

—  ramaam (karma -nistha- viSesyata)

g

rama nasi (apadana- nistha- videsyata)

-vi§esyata)
rama 1i (adhikarana - nistha- vi§esyata)

| Active/Passive Voice | Impersonal Voice
dhatu + un ”
| dhatu + tin
+ |
p| kartr/ karma + _
Root i Raot kala
3 0
meaning ; d
= meaning
3 purusa
¥ =
‘“aL{hcd-l bhiva
N vacana “u . -
\h
i
kala
=

Fig.2. Difference between the internal meaning structure of impersonal and
active/passive verbs

Prakarata-visesyata analysis within tirianta word: In the case of verbs,
root meaning is “head” and suffix meanings are modifiers. The tirianta suffix has
four meanings (1) karaka, (2) purusa, (3) vacana and (4) kala. Tense or mood is
related with the action and person and number are related with karakas expressed
by a tin suffix. Overall two karakas can be expressed by a tir suffix and in the

% Even though more than one karaka meaning is conveyed by one wvibhakti we do
not go into all the details of these mappings. We restrict ourselves for the present
purpose to the most common mappings. Needless to say that we assume that the
same technique would be equally applicable to other karaka meanings as well.
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absence of the expression of these karakas; bhava or action is expressed by the tin
suffix. When bhava is expressed by a suffix, person and number are not related to
it. Only kala is. Here suffix expresses action in general and there is non-difference
(abheda) between root meaning and suffix meaning. (See Fig. 2.)

3 From the above Discussion, We Formulate the
Following Rules on Which We Base Our Analysis

3.1 Minimal Set of Rules on the Basis of Which the Headedness
and Modification Will Be Determined at Different Levels

Rule no. 1. Suffix meaning is head™ and root meaning is modifier.
Sub-rule a. In the verb)] root-meaning is the head and the suffix-meanings
are the modifiers.

Rule no. 2. Modification of verbal suffix meanings-

2.a The number and person (which are the suffix meanings) are the modifiers
of the karaka.

2.b Time modifies the action3 denoted by the verbal root.

Rule no. 3. The karaka which is denoted by the tiri suffix matches with the
nominative case in the sentence

Rule no. 4. All the karakas modify the action denoted by the verbal root.
These rules can be said to be the rules for the head-modification within the
padartha
After applying these rules we get the following rule for headedness and mod-
ification on the sentence level.

Rule no. 5. The element which invariably has the tag of nistha visesyata is the
mukhya visesya of the sentence.

After applying these rules we get the following general rule which is applicable
on discourse level.

Rule no. 6. The head of the first sentence remains a head till it is modified by
a sentence connective or gerund.

3.2 Complete prakarata- visesyata Analysis

If both, sentence level and word level, prakrti - pratyaya based analysis are
combined, then the constituents of the meanings of the subanta words are linked
as follows:

10 prakrtipratyayarthayoh  saharthatve pratyayarthasya eva pradhanyam. para-
malaghumanjusa dhatvarthaprakarasam p. 29

Y tinante kriyayah eva pradhanyam Sabdabodhe ma pratyayarthasya iti bodhyam.
kalasca vyapara visesanam. ibid p. 29

'2 ibid p.30

13 abhihite prathama. vartika on A. 2.3.2
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rama + su g]’ﬁ]'ﬂ{l * am gam + i
\ ~
rama grama gamana %= vartamina kila
h |
A 4
- (karma) vagana
(rama)

purusa ]
5 kartr 1

Fig. 3. Complete analysis of a sentence prior to prakarata and visesyata tagging (Active
Voice)

The tinianta suffix has four meanings (1) karaka, (2) purusa, (3) vacana and (4)
kala. The subanta ending in the first case-ending is identified with the meaning
karaka of the tinanta suffix. Therefore, it is placed or moved in the karaka
meaning. Other two meanings of the tinianta suffix namely, purusa, and vacana
become the prakara of the subanta in the nominative case, linked with the karaka
meaning of the tinanta suffix. The complete sentence meaning after prakarata
and visesyata analysis will be as follows.(Table.4)

If the sentence is transformed to or is in the passive or impersonal form then
we get slightly different sentences after the prakarata and visesyata analysis.
(Fig.4)

Since karma is expressed, (abhihita) in the passive voice, it is in the first case-
ending. The tirianta suffix in the passive verb has the meaning karma. Therefore,
as per our rule no. 3 this subanta which is in nominative case will be linked to
the meaning karma of the tirianta.

The complete sentence after prakarata and visesyata analysis of a passive
voice will be as follows:

Table 4. prakarata-visesyata analysis of the active voice sentence ramah gramam
gacchati

prakriyartha-grima-nistha-prakarati-nirupita-pratyayartha-karma-nistha-visesyata-
nistha-prakarata-nirupita-prathamapurusa-eckavacana-nistha-prakarata-nirupita-
prakriyvartha-raima-mstha-prakirata-nirupita-pratyayartha-rima-nistha-visesyati-
abhinna-kartr-nistha-visesyata-nistha-prakarata-nirupita-vartamana-nistha-prak arata-
nirupita-gamana-nistha-visesyati-nistha-visesyatd-nistha-visesvati
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rimena gramall gamyate|

Y
rama (3 griima su aam e —5
rﬁnln kJmﬁ gl'ﬁlll!‘l grﬁé a gam;m!i <—vartamana
kila
prathamapurusa

kavacana
rma

Fig.4. Complete analysis of a sentence prior to prakarata and visesyata tagging
(Passive Voice)

Table 5. prakarata-visesyata analysis of the passive voice sentence ramena gramah
gamyate

prakrtvartha-rimanistha-prakarata-nimpita-pratvavartha-karte-nistha-visesvata-
nistha-prakarata-nim pita-prathamapurusa-ekavacana-nistha-prakarata-nimpita-
prakrtvartha-gramanistha-prakarata-niri pita-pratvavartha-gramanistha-visesvata-
abhinna-karmanistha-visesvata-nistha-prakarata-nmimpita-vartamana-nistha-prakarata-

nirpita-gamana -nistha-visesvata-nistha-visesvata-nistha- visesvata |

Similarly, in the impersonal voice, the kartr is linked with tirianta but it is
not expressed, abhihita by the tini suffix. Therefore, kartr in such sentences is in
instrumental case.

ramena hasyate

rama 1a l has e
| | ]

rama kartr hasana Vartamﬂnakﬁlaﬁva

Fig. 5. Complete analysis of a sentence prior to prakarata and visesyata tagging (im-
personal voice)

Even though the suffix in the impersonal verb conveys two meanings (1) kala,
tense and (2) bhava, the later meaning does not figure in the head-modifier
analysis because the meaning bhava actually means the action in general and
therefore is connected to the meaning of the verbal root with non-difference
(abheda). The head-modifier analysis of the sentence of the impersonal voice
will be as shown below. (Table.6)
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Table 6. prakarata-visesyata analysis of the impersonal voice sentence : ramena
hasyate

prakrivartha-ramanistha-prakarata-nirupita- ~ pratyvayartha  -Kartrnistha-visesyata-
nistha-prakarati-  mirupita-vartamanamstha-  prakarata-  mirupita-hasananistha-
visesyata-nistha- visesvata

In this way, we can show that with the help of these minimal set of seven
concepts and six rules, we can analyze head-modifier relationship in any San-
skrit sentence. In the following, we show how this analysis can be modeled for-
mally and can be used along with the existing language processing tools for
Sanskrit.

4 Automated or Semi-automated prakarata-visesyata
Analysis

This analysis can be modeled for the automated or semi-automated head and
modifier relationship analysis of Sanskrit sentences. We propose a model using
the rules mentioned in the above section. Any non-verse prose sentence can be
analyzed by this model. Technical terminology can be shortened and analysis can
be made much simpler if presented formally. We propose following short-forms
for the formal representation of these rules (Table 7)

For example, the head and modifier analysis for the active sentence “ramah
gramam gacchati” will be as follows:

a) Word 1 or “rdamalt’ 15 explained as-

prakrivartha-rama-nistha- prakarata- niriipita- pratvayartha -ramanistha-visesvatal
sU/I=RM_ufa sT™ i

b) Word 2 or gramam is explained as-

prakrivarthagrama-nistha-prakarata-nivipita- pratvavartha -karmanistha- visesvaral

S2/I(RM "fa sTM T

¢) Word 3 or gacchari, the verb, can be explmned in two parts as follows-

(3p/smg _ﬂﬁ-iﬁ-ﬁ-ﬁ)_ﬁ-{prcscm tense IT-RM3(gamana) ) T

Oor
(prathamapurusa-ekavacana-nispha-prakarata-niripita-kartrnistha-visesyaiay-nistha-
prakarata-nivipita-(vartamana-nisiha-prakarata-nirnpita-gamana-msha-visesvata -

nistha-visesyala

13/1= ((TM24TM3 9fa-tTM1 T i@ T™M4 gfa-RM & &

4 T™M1=karaka, (kartr, karma), TM2=purusa, TM3=vacana, TM4=Fkala This is also
mentioned in the discussion on fig.2.
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Table 7. Abbreviations used in the formal representation of the head-modifier analysis
in Sanskrit

2R short form Terms English short form
R ekavacana Sig
GEl dvivacana Du
aa balnivacana Pl
g prathamapurusa 3p
AY madhvamapuriusa 2p
39 uttamapurisa Ip
P prakrtvartha RM
=9 pratvavartha ™!
q subania s

fa finanta t

Short forms used for tagging head and modifier relations

af= prakarata- niripita ofa
! visesyvara Ef
[ 1"Underscore™ nistha [ ]“Underscore™

5 Hierarchical Bracket Parsing

The model that is proposed here takes primarily into consideration the brackets
consisting of words and shows with the help of rules how the system can reduce

Table 8. Hierarchical bracket parsing of the active voice sentence ramah gramam
gacchati

(TF(grama) FTT-cT9-(karma)-F) wf=

{ u‘g—t’ﬂ_ﬂﬁ’-u?ﬁmnm }_Hﬁ’-ﬂ?ﬁ'{ rﬁma]_ﬁ!’]-
@) fa) vi=
(vartamiina WiAl-(zamana 1)

G
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them one by one and ultimately how all these brackets representing words get
reduced to a bracket of a sentence with the information of the head and modi-

fier tagged to each bracket intact. We present below a brief description of the
Hierarchical Bracket Parsing.

_Tef)_uTex aeT=er_ute

(og-a_|
(TH_1E)_Ta

T ace.sg.m
HuT™]]

WE (T ) _WTFead - (Fd )T

| et jerlence T TR ATTERY |
Seorbemce Passar

G | W= (T _ra
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Table 9. Hierarchical Bracket Parsing of the passive voice sentence ramena gramah
gamyate

[
(9p- ru:m__"ilﬁf-?ﬂﬁ'—{ kartr)_ ﬁf:__‘:lﬁ

i

lﬂ"ﬁ-ﬁﬂ'_ﬂﬁ’l‘-ﬂ?— grima _Wﬁ-@'ﬁ- grima _ﬁ-{kamla)_ﬁ'!_ﬂﬁ

(vartamina _ = gamana __ﬁf] _ﬁf
B

Table 10. Hierarchical Bracket Parsing of the impersonal voice sentence ramena
hasyate

(V- rima o (karr) T o=
! vartamiana 9e-hasana 7

T oy

This kind of analysis can be done not only on the simple sentences but also to
the complex sentences from the literature. For example, we present the head and
modifier analysis of the complex sentence, prajasu palanim vrttim veditum yam
ayunkta sa varnilingr viditah vanecarah dvaitavane yudhisthiram samayayau

6 Application at Discourse Level

So far we presented analysis using the Navya-Nyaya terms of word-word mean-
ings, and sentence-sentence meanings. We also presented this analysis in all the
three voices and showed that the analysis does not get affected by the functional
categories. Now we show how this technique can be used for discourse level. We
present below the analysis of a group of three sentences. We will show how one
element can be considered as head within all these three sentences and the rest
as modifiers using this technique.

15 Partial construal of Kiratarjuniyam 1.1
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Table 11. prakarata-visesyata analysis of multiple sentences

(51) prakeryanha-mandira-nistha-prakivatd-nifipira-praryayirtha-karma-nistha-
visesyatd-nistha-prakarata-nontipita-prathamapunisa-ekavacana-nistha-prak arata-
ninipita-prakrryartha-rima-nistha-prakaratd-nimipita-praryayartha-rama-nistha-
visesvatd-ablunna-kanr-nistha-visesyvata-nistha-prakarata-mmpita-vartamana-nistha-
prakirata- nimipifa-gamana-nistha-visesyata-nistha-visesyatad-nistha-visesyata

nistha-prakarata--niripita

(82) -prakrryartha-tatas-nistha-prakirat-ninipita-praryavirtha-tatas-nistha-visesvata-
}H'Hhﬂ'-l'ffé’_&‘_t’ﬂfﬂ—ni511m-pml~:§1'ﬁtﬁ-!1i1ﬂpim-pml»:_n}-'artI!m—\-'id}rﬁta}'n- nistha-
prakfrata-nimipita- pratvayartha-kanna- nistha-visesvard- nistha-prakirard-niripita-
prathamapurusa-ekavacana-nistha-prakivatd-nirpira-kanr-mistha- visesvatd - nistha-
prakarati-niriipita-bhavisyat-nistha-prakarata-nimipita-gamana-nistha-visesyata-
nistha-visesvard-nistha-visesyari - nistha-visesyati

nistha-prakarata-niripita

(83)  -prakrivanba-anamara-nistha-prakarata-nimipita-pratyayartha-anantara-mstha-
videsyari- !rf._'j‘!ﬁ'ﬂ'-1-‘J‘.'s‘-E‘..'s"}‘ﬂrﬁrnis_,!1mvpmkﬂrmﬁ-lmﬂpna-prakm*anha- grha- nistha-
prakirati-nimipita- pratvayartha-kama- mistha-visesyati- nistha-prakarati-niipata-
prathamapurusa-ekavacana-nistha-prakaratd-niripita-kartr-nistha- visesyatd - nistha-
prakarata-nirapita-bhavisyat-nistha-prakirata-ninipita-gamana-nistha-visesyata-

nistha-visesyatd-nistha-visesyatd - nistha-visesyata

Sentences:

S1. ramah mandiram gacchati|
S2. tatah vidyalayam gamisyati|
S3. anantaram grham gamisyati|(Table.11)

The last tag (nistha-visesyata) in S3 indicates that the meaning of the verbal
root in S3 remains a head in the context of (S1+S2). In other words, this tag
shows the main meaning in the group of three sentences. This feature can be
extended to a larger group of sentences.

7 Concluding Remarks and Future Work

Thus we showed that we can make optimal use of the existing theories within
Sanskrit traditional §astras for the purpose of parsing Sanskrit at the discourse
level. Our approach combined insights from both Nyaya as well as Vyakarana
for parsing at various levels. For a sentential analysis, we used the Vyakarana
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way of analysis and at the discourse level on the first step when we have to
connect one previous sentence to the next one, we used the Navya-Nyaya way
of analysis and then again we used Vyakarana way of analysis.

Thus we have presented a model that sufficiently and minimally represents the
head-modifier relationship between nominal and verbal elements. It is minimal
in the sense that, it is the minimum number of terms employed from Navya-
Nyaya that would sufficiently represent the analysis. We have also shown how it
will be useful when we take into consideration the discourse level.

The analysis can be seen as an end in itself, such that it helps understand the
sentence and words within it, in the scope of the proposed schema.

We propose to show in future how this model will capture the visesana-visesya
relation amongst nouns and also how it could prove useful for anaphora resolution
in Sanskrit. We could also develop this model using Mimamsa techniques to
define sentence connectives that would prove useful for the purpose of discourse
level analysis of Sanskrit. We presented an outline of a model that could very well
be developed and tested in a full-fledged bracket parsing grammar under whose
purview would fall issues like anaphora resolution, ellipsis and coordination etc.

Acknowledgements. We wish to thank all the reviewers for their invaluable
comments that helped us revise the draft of this paper. We also wish to thank
the editor for co-operation.
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Abstract. Citation matching is the problem of finding which citation
occurs in a given textual corpus. Most existing citation matching work
is done on scientific literature. The goal of this paper is to present meth-
ods for performing citation matching on Sanskrit texts. Exact matching
and approximate matching are the two methods for performing citation
matching. The exact matching method checks for exact occurrence of the
citation with respect to the textual corpus. Approximate matching is a
fuzzy string-matching method which computes a similarity score between
an individual line of the textual corpus and the citation. The Smith-
Waterman-Gotoh algorithm for local alignment, which is generally used
in bioinformatics, is used here for calculating the similarity score. This
similarity score is a measure of the closeness between the text and the
citation. The exact- and approximate-matching methods are evaluated
and compared. The methods presented can be easily applied to corpora
in other Indic languages like Kannada, Tamil, etc. The approximate-
matching method can in particular be used in the compilation of critical
editions and plagiarism detection in a literary work.

Keywords: citation matching, local alignment, Smith-Waterman-Gotoh
algorithm, Sanskrit, Mahabharata, Mahabharata-Tatparyanirnaya.

1 Introduction

Citation matching in literature is the problem of finding which citations occur
where in a given textual corpus. Citation matching is applied in various areas
like authorship detection, content analysis, etc. Currently, citation matching is
limited to scientific literature because most of the citation mapping work like
autonomous citation matching, identity uncertainty, etc., are done on scientific
literature. Autonomous citation matching identifies and groups variants of the
same paper [5]. Identity uncertainty in the context of citation matching decides
whether a set of citations corresponds to the same publication or not [9]. Citation
matching is an unexplored area in Sanskrit literature due to various reasons like
lack of encoded texts, complexity of the Sanskrit language compared to English,
lack of Sanskrit knowledge among computer scientists, etc. As far as we know,
no one has seriously attempted citation matching on Sanskrit literature.

This paper presents two methods: exact matching and approrimate matching,
to perform citation matching in Sanskrit texts. Exact matching is based on the

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 124 2010.
© Springer-Verlag Berlin Heidelberg 2010
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idea of finding the precise character-by-character match between pattern and
text. This method finds citations that are exactly the same as those in the
corpus. The search space for a given text with citations is directly proportional
to the size of the corpus from where citations are to be found. Sorting the
corpus can help reduce the number of comparisons needed by obviating the
need to make unnecessary comparisons. This method cannot find citations if
there are occurrences of pathantara (variant readings) or sandhi-viccheda (splits
of compounds). Such occurrences provide the motivation for the approximate
matching method.

The pathantara and sandhi-viccheda problems can be easily handled if we
consider similarity or closeness. Approximate matching is based on this idea.
This method is widely applied in bioinformatics, where a common technique
called local alignment is used. The Smith-Waterman algorithm [I4] is one of
the predominant algorithms in local alignment. The Smith-Waterman algorithm
finds a pair of segments in the nucleotide or amino acid (protein) sequences
such that there is no other segment with greater similarity [14]. The Smith-
Waterman-Gotoh algorithm [4] is an extension of the Smith-Waterman algorithm
which uses affine gap penalty to reduce the computational overhead of the basic
Smith-Waterman algorithm.

Our approximate matching method computes the Smith-Waterman-Gotoh
distance [4] between citation and text. The results are filtered based on the
similarity cutoff. As our intuition would suggest, this method is computationally
intensive compared to exact matching.

An experiment is conducted using the Mahabharata-Tatparyanirnaya as the
base text where citations may exist, and the Mahabharata [13] as the source
text where to look for citations[] The Mahabharata-Tatparyanirnaya is a com-
mentary on the Mahabharata in digest form[ Its author Madhva (1238-1317
CE) indicates that a lot of its verses are taken from the Mahabharata directly:

qTas T zam g fAvETsT R g o
TUT YESoSTHegra YT 999 || 2-53 |

However, a lot of the citations are yet to be traced. Madhva’s citation of
untraceable sources has in general been the subject of some controversy since
the 17th centuryﬁ

! Mahoney [6] sorts some Sanskrit texts but as far as we know, no one has
sorted the entire Mahabharata. We have sorted the Mahabharata to reduce the
search size for exact matching. A previously unavailable sorted verse-index of
the Mahabharata has thus been created as part of this effort. See the URL
http://wuw.iiitb.ac.in/faculty/srao/other-information/| for a link to the
same.

See [12] for more information on the Mahabharata-Tatparyanirnaya and its author.
In this regard, see [12] for some general discussion. Mesquita claims [7] that Mad-
hva’s citations are his own inventions, a charge countered by Rao and Sharma [10].
Mesquita recently has repeated [8] the charge in the specific context of Madhva’s
citations from the Mahabharata.

w N
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Thus, beyond the general and computational aspects, we believe this work
also has probative value in the context of this particular textual controversy.

The rest of the paper is structured as follows. Section [2] presents the similar
work in other domains like bioinformatics. Section [ describes the problem and
the challenges. Section [ presents the method to perform sorting of a Sanskrit
corpus. Section [] presents the exact matching method. Section [0 presents the
approximate matching method. Section [7] presents some conclusions and sugges-
tions for further work.

2 Related Work

Citation matching is one of the active areas of research. Citation matching is
used for identifying authors of scientific papers [9] [B], knowledge discovery, etc.
Citation matching is currently limited to scientific literature like research papers.

Sorting is performed to reduce the search space when we use the exact match-
ing method. There are classical algorithms for performing sorting like heap sort,
merge sort, etcd There is an x86 assembly language program [16] which sorts
Sanskrit texts. Mahoney [6] implements sorting using Perl. Neither [16] nor [6]
specifies the maximum text size that these programs can handle. Also as far as
our knowledge goes, nobody has sorted the entire Mahabharata text. Gale and
Church [3] describe a method for aligning sentences based on a sample statisti-
cal model of character length. This method is used by Csernel and Patte [2] for
performing comparisons between Sanskrit manuscripts.

Local alignment is one of the sequence alignment techniques used in bioin-
formatics to find the similarity regions between two DNA, RNA or protein se-
quences of unequal length. The Smith-Waterman algorithm [14] is used widely
for performing local alignment. The Smith-Waterman algorithm is more accurate
but computationally intensive as compared to other methods like BLAST. The
Smith-Waterman-Gotoh algorithm [4] is an extension of the Smith-Waterman
algorithm.

Symmetric [I7] is an open source similarity measurement library implemented
in Java. Basic algorithms like edit distance and Smith-Waterman-Gotoh [4] are
implemented in this library, which we have used.

3 Problem Definition

Citation matching is an unexplored area in natural language texts, especially in
Sanskrit literature. Table [[l shows examples of sources and citations.

Citation matching in Sanskrit literature is complex compared to the same
problem with scientific literature because of the following reasons.

4 These classical algorithms can be used to sort the Sanskrit corpus by modifying the
comparison function. There is no need for modification in English corpora but we
cannot apply this method to Sanskrit corpora because the order of the syllables in
the Sanskrit TUHETAT is different from the Roman alphabet.
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Table 1. Source and Citation Examples

Citation Source

AN agATET AN @ AT
HTAT AT HTLIT ST HTAT AT AT T

%ﬁwﬁ RILECH %ﬂaﬁm aFfr qrUeT:

(i) The Sanskrit alphabetical system is entirely different from that of the English
language. In Sanskrit each letter is a combination of vowel and consonant like
d 43T =&, but this kind of combination is not present in English. Modern
English does not support ligatures whereas Sanskrit supports ligatures like

F+EF=F

(ii) In many cases, the corpus has pathantaras with respect to the text, and there
also are cases of differences due to sandhi-viccheda (e.g., El’:lg'l:l'l'FER'Iﬂ: and T
AT

(iii) The size of the corpus may be very large (the ASCII text [I3] of the
Mahabharata being about 8MB in size). It is challenging to handle these
kinds of large data sets.

(iv) The conversion of Sanskrit texts into machine readable formats is prone to
error as it involves human interaction. There is a high probability of error
in the machine readable format which in turn affects the result significantly.

For both methods—exact matching and approximate matching—we use the
Mahabharata-Tatparyanirnaya as the base text where citations may exist, and
the Mahabharata [13] as the source text or corpus where to look for citations.
The Mahabharata and Mahabharata-Tatparyanirnaya are both encoded in the
ASCII-based Harvard-Kyoto format to evaluate these methods. The Harvard-
Kyoto format is one of the common encoding schemes used to make Sanskrit
texts machine readable.

4 Sorting

Exact matching compares each line of the source corpus with each citation. The
number of comparisons is directly proportional to both corpus size and citations.
If there are m lines of source corpus and n citations, then the total number of
comparisons needed in exact matching is m x n. Consider a corpus like the BORI
Mahabharata which has around 80000 verses or 160000 lines, and a text set with
100 citations; then the total number of comparisons are 16 x 108.

One approach to reduce the number of comparisons is to sort the source cor-
pus. Sorting reduces the search space drastically. Consider a citation dha TET
EIGUGE EheeH SHTE@‘ ﬁ'f'\g_cl'q: It is enough to compare with the Mahabharata
hemistichs starting with @, and we can ignore the rest of the verses. In this way,
sorting helps reduce the search space.
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Table 2. Input and Output: Unix Sorting in Roman Order

Input Output

FY fareme 77 @ivamen:  Jgmaare 3(var gargavartear:
AFTIATT AT FHITITIITIEAT: TeaTT FJTENT ATI=dT

BEECECECCILE
TETHH FTRINT ATI=AT & favre e a7 gEfaameT:

Sorting is not straight-forward in Sanskrit texts compared to English. Even
the classical sorting tools like the Unix sort fail to sort Sanskrit text. Table
shows the input and output of the sort command in Unix, which sorts in Roman,
rather than Sanskrit, alphabetical order.

In Sanskrit each letter is a combination of vowel and consonant. So the com-
parison function should look at both vowel and consonant during comparison of
words.

Consider an example of #T and f&. f& should come before T because f& =
% + ¥ and @i = & + g. Even though both have % in common, they differ in
their vowels, and ¥ comes before ¥ in the Sanskrit alphabetical system.

There are a large number of classical algorithms like quicksort, merge sort,
heapsort, etc., to perform sorting [I]. Given that in our case the size of data
involved is huge, quicksort, heapsort and merge sort are the candidate algorithms
for performing sorting, because all these have log-linear time complexity. We
prefer heapsort over the other two algorithms for the following reasons.

(i) The time complexity of heapsort in the worst case is O(nlogn) whereas the
time complexity of quicksort is O(n?).

(ii) The space complexity of heapsort is ©(1) but the space complexity of merge
sort is ©(n).

Each character in the encoding scheme is assigned a positive integer correspond-
ing to the position of the Sanskrit character it represents in the Sanskrit alpha-
betical system. In English, the ASCII values of the characters are implicitly used
in the comparison, but this is not appropriate in Sanskrit. There should be a
way of identifying which character appears before which other character. Hence
we assign positive integers to the characters.

Let us consider an example. In the Harvard-Kyoto scheme, A represents #AT
and u represents 3. According to the Sanskrit alphabetical system, the positions
of AT and T in the FIHTAT are 2 and 5 respectively.

The pseudocode for the modified comparison function of heap sort is as given
in Algorithm [l CharVal(k) is the function which returns the positive number
assigned to an encoded character k.

Let S;,S; be two strings with length ¢ and j respectively.

In Algorithm[Il line 1 and line 2 check whether one of two strings is a substring
of the other. Substrings appear before the base string in a lexicographic ordering.
If two strings are not substrings, then the algorithm compares each character
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input : Two strings S;, S; of size i and j respectively
output: An Integer
if Substring(S;, S;) then return 1;
if Substring(S;, S;) then return -1;
for kK — 0 to i do
if (Si[k] = S;[k]) then continue;
if (charVal(S;[k]) > charVal(S;[k]) then return (charVal(S;[k]) -
charVal(S;[k]));
else return(charVal (S;[k]) - charVal (S;[k]));
end

return 0 ;
Algorithm 1. Comparison Subroutine

of the strings at position k. The for loop in line 3 compares the character at
position k in both the strings. If the characters are not equal, then the comparison
function returns the difference of the values assigned to two characters.

Table Bl shows a partial list of the sorted Mahabharata.

Table 3. Partial Listing of the Sorted Mahabharata

Line Reference

TR {5 Siraf=T =maer 9a¢ = (03.033.003)
HFehaed [aaeT HeTchha e (13.024.053)
HAFoHH[ TOTAT TH ATETIT fafea: (03.080.032)
Hehehehl ] AdhE FTRTVT YAy (13.024.030)
AFEHT T ATAUREIT: FHTE=T 999 (09.007.003)
HHCHT: FHEATIUT HAT HGTHTE G T (03.211.020)

5 Exact Matching

Exact matching is based on the idea of finding a precise character-by-character
match between pattern and text. This method finds the citations which are
exactly the same as those in the corpus.

The notations used in the pseudocode are:

(i) T: Input Sanskrit corpus.

(if) m: Size of the corpus T.

(iii) C: Set of input citations.

(iv) m: Cardinality of the citation set C.

(v) R: The set of citations present in T—clearly, R C C.

=R

The pseudocode for this method is presented in Algorithm

The complexity of this algorithm is O(mn).

In Algorithm ], each line of the source text is compared with each citation
in the citation set. If both match exactly (all characters are identical), then the
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input : Sorted corpora T and set of citation C' of size m and n
respectively

Result: Set of citations R found in the corpus
R—10;
for every line of corpus text T; in T do

for every citation C; in C do

if (Tl :C]) then R<—RUC]'
end

end
Algorithm 2. Exact Matching

citation is included in the result set R; otherwise it is discarded. The source
corpus is sorted using heap sort to reduce the search space.
The following table shows the partial result of the exact matching method.

Table 4. Partial Result Set for Exact Matching

Citation Source

AT g5 HET @ (T (2.160) e g W @ (05.075.018)
HTAT AT &L ST (30.36) HTAT AT & T (05.130.015) (12.070.006)
1T §F T qoa (1.108) T T T aea (06.033.054)

This method finds those citations which are exactly the same in the text and
in the source. Consider now the citation:

FGSATATT AT H&T ATINT agaAT=T and the source text IESTA=T AT T
AT @9 AT, Only the words @ATENE and @9 AT differ in this case.

This is an example of sandhi-viccheda, occurring perhaps due to scribal or edi-
torial choice. Exact matching does not capture these kinds of citations.

Exact matching is the first method that comes to our mind when we think
of citation matching. Exact matching fails to consider similarity when citations
are searched for. In Sanskrit literature, we have pathantaras of the same corpus
occurring in different sources. Most of the times these corpora differ due to
sandhi-viccheda also. Therefore, exact matching is not an ideal method when
there are pathantara and sandhi-viccheda.

6 Approximate Matching

Sequence alignment is a technique from bioinformatics of arranging nucleotide or
protein sequences to identify the similarity regions. This identification of these
similar regions in an important problem in molecular sequence analysis [14].

Global alignment and local alignment are the two types of sequence alignment.
Global alignment is applied on sequences of almost equal length. Local alignment
is applied on sequences with unequal length.
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The Smith-Waterman algorithm, based on dynamic programming, is used in
local alignment.

The lengths of citation and source text are unequal in the present domain of
citation matching in Sanskrit texts. Hence local alignment is more appropriate
than global alignment. The approximate method used by us is based on the
Smith-Waterman-Gotoh algorithm, with each line of source and citation is con-
sidered as a sequence. The comparison between text and citation can be reduced
to finding the maximum similarity score between two sequences. The Smith-
Waterman-Gotoh algorithm computes the similarity score of text and citation.
Only the citations with scores which are equal or greater than some approxima-
tion cutoff are included in the result set.

6.1 Smith-Waterman-Gotoh Algorithm

Consider two sequences A = ajas...a,, and B = biby...b,. The Smith-
Waterman algorithm constructs a matrix H, where each cell h;; in H is computed
as follows [14]. It builds the matrix H based on the set of equations given below.

V 1<i<n,1<j3<m

hi—1,j-1 + s(a;, bj) if a; and b; are associated
hij = max ¢ max>1{hi—x; — Wi} if ais at the end of deletion of length k&
max ;>1{hij— — Wi} if b is at the end of deletion of length [

hio=ho =0 YO<Ek<n and 0<I<m
s(a,b) = Similarity between a and b. W, = Weight assigned to deletion of
length k. s(a,b) and W} are chosen on an a priori statistical basis.

(i

) hi—1—1 + s(a;,b;) is the similarity, if a; and b; are associated.

(i) hi—g,; — Wy is the similarity, if a; is at the end of a deletion of length k.
) h
)

(iii) hij—i — Wy is the similarity, if b; is at the end of a deletion of length k.
(iv) Zero is included to prevent negative similarity. Occurrence of zero indicates
absence of similarity between a; and b;.

The procedure to find the the optimal local alignment is:

(i) Locate the highest similarity score in the matrix H.
(ii) Go backwards from this cell until a cell with zero value is encountered.

(iii) The path from the cell with maximum score to one with zero value gives
the maximum sequence.

Consider the biological sequences TACTAG and ACCTAG with s(match) = 2,
s(mismatch) = Wy = W; = —1.
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The corresponding similarity matrix is

- A C CT A G
-(0 0 O O O O O
TIo 1 1 0 2 1 0
AlO0O 2 1 0 1 4 3
c|o 1 4 3 2 3 2
T|]0 0 3 2 5 4 3
Al 0 2 2 2 4 7 6
G\O 1 1 1 3 6 9

The optimal local alignment in the above example is -CTAG.

However, in this paper we are not concerned about the optimal local align-
ment. Our interest is only in the maximum similarity score.

The Smith-Waterman algorithm is computationally intensive compared to
other methods like BLAST. The Smith-Waterman-Gotoh algorithm is an ex-
tension of the Smith-Waterman algorithm which uses affine gap penalty [4] to
reduce the computational overhead.

We have redefined the parameters costfunction, windowsize and the limits
of gapfunction of the Smith-Waterman-Gotoh algorithm for performing cita-
tion matching. The new windowsize and gapfunction are as follows. We use
windowsize +— 100 and 0 < gapfunction < 5. TableBlshows the scores associated
with different matches.

There are seven groups of characters. Let charl and char2 be two characters in
String; and Strings at position k respectively. charl and char2 are considered
as being approximate match if charl and char2 are any two characters in the
same group. Table [6] shows these seven groups.

Table 5. Scores Associated With Different Types of Matches

Matching Type Score

Exact +5
Approximate 43
Mismatch -3

Table 6. Groups and Characters Present in the Groups

Group Characters

I d,t

II g,j

I Lr

v m,n

\Y b,p,v
VI a,e,i,ou

VII |, and.
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The Smith — Waterman — Gotoh — Distance(stringy , stringe) function takes
two strings string; and strings as arguments. It builds the similarity matrix
between string; and strings similar to the above example with redefined pa-
rameters, and finally returns the maximum similarity score in the matrix.

6.2 Algorithm

Algorithm [B] uses the notation cutoff in addition to the notations used by Algo-
rithm 2l cutoff is defined as the similarity score cutoff.
The pseudocode for the approximate matching is presented below.

input : Corpus text T and set of citation C of size m and n respectively.
cutoff score cutoff

Result: Set of citations R which are greater than cutoff found in the
corpus

R — 0;
for every line of corpus T; in T do

for every citation C; in C' do
if Smith-Waterman-Gotoh-Distance(7;,C;) > cutoff then

R~ RUCj
end

end
Algorithm 3. Approximate Matching

In Algorithm B Line 4 computes the Smith-Waterman-Gotoh distance be-
tween a citation and a line of text in the source corpus. The citation is included
in the result set only if the Smith-Waterman-Gotoh distance is greater than the
cutoff. This step is repeated for every line of text in the corpos.

Table [ shows the partial result set of this method.

Table 7. Partial Result Set for Approximate Matching

Citation Source
GHEAT AW AT (22.285)  HAATE 9dWdIeT: 84T (03.152.019)
T =T &7 (21.350) TE I 5T (02.068.026)

AR ( 27 66) RE-y TIHEYr (06.043.011)
mﬂ oS (28.162) FATE AT T0=T: (05.057.001)

TAGT & A1 {({W\Wf‘r (22.283) F@ETH |/ SATq: ILH av&T (03.152.017)

The exact matching method does not include T TET and ﬁ"l‘l’(‘l’f{ st
in the result set because of pathantara and sandhi-viccheda respectively. This
shows that approximate method can handle pathantara and sandhi-viccheda.

If cutoff « 1 then approximate matching behaves exactly as the exact match-
ing method. This of course is tantamount to saying that if the similarity score
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cutoff is 1, then only exact matches are considered similar, so the approximate
matching results are identical to the exact matching results.

This method takes closeness or similarity between text and citation into ac-
count when searching the citations. This is the strength of this method. However
this method is computationally intensive as compared to exact matching and
usually also requires manual review of results.

We performed the experiment with different values of cutoff. Initially we
started with cutoff = 0.9. In this case the number of valid results is 87 and
the rest of the results are false positives or very small matches like SHT 39T
We repeated the same experiment with cutoff = 0.8. In this case the number of
valid results are 103 and there was also an increase in the count of false positives.

The similarity score is a measure of how one string can be transformed into an-
other given string. If one of the strings is a substring of the other, then naturally
the similarity score is high. This is the main reason for the rise in false positives
when cutoff is lowered. The number of false positives is inversely proportional
to cutoff.

7 Conclusions

Citation matching is one the active areas in research but unfortunately it is lim-
ited to scientific literature. We have presented approximate matching based on
local alignment in this paper. The known limitations of exact matching provide
the inspiration for approximate matching.

We can easily see that the results obtained with approximate matching are far
superior to those with exact matching. The exact matching method is unable to
identify even some well-known verses like 3T@STT{=T AT Her ’=|'I_:[‘ﬁ' aqd BilTﬁﬂ_d'F[
because of sandhi-viccheda, but the approximate matching method can.

Heap sort is the best sorting method, preferable to other methods like quick
sort, merge sort, etc., for sorting Sanskrit corpora, due to its worst-case log-linear
time complexity and constant space complexity.

Approximate matching can be extended to other Indic languages like Kan-
nada. We can use this method as long as the encoding schemes used by both
source and citation is consistent.

Citation matching is used in content analysis. We can extend this to Sanskrit
literature using the approximate matching method. It is noteworthy that many
classical authors and commentators in Sanskrit quote earlier texts implicitly,
without indicating their sources or indicating that the words/sentences/verses
used are not their own. To discover these hidden citations, given the prevalence
of pathantaras and sandhi-vicchedas, our approach can be used.

The approximate matching method can be easily extended to detect plagia-
rism in literature because the Smith-Waterman algorithm is used elsewhere [15]
to detect plagiarism. However, in our opinion, plagiarism is a modern concept
and not likely to apply significantly in the case of classical Sanskrit texts. How-
ever, critical editions of many texts like the Mahabharata need to be prepared
and revised, and in such cases variant readings recorded by long-ago authors and
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commentators may be utilized in coming up with a text that, while not certain
to be the same as a putative ur-text, is nonetheless “the text that best explains
all the extant documents” [I1]. Approximate matching has a role in this, and
local alignment is thus an important tool.
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Abstract. The paper describes a lexical resource in the form of
a relational database based indexing system for Sanskrit documents
Mahabharata (MBh) as an example. The system is available online on
http://sanskrit.jnu.ac.in/mb| with input and output in Devanagart
Unicode, using technologies such as RDBMS and Java Servlet. The sys-
tem works as an interactive and multi-dimensional indexing system with
search facility for MBh and has potentials for use as a generic system
for all Sanskrit texts of similar structure. Currently, the system allows
three types of searching facilities- ‘Direct Search’, ‘Alphabetical Search’
and ‘Search by Classes’. The input triggers an indexing process by which
a temporary index is created for the search string, and then clicking on
any indexed word displays the details for that word and also a facility
to search that word in some other online lexical resources.

Keywords: Mahabharata, Indexing, Mahabharata Search Engine, On-
line Indexing, Mahabharata Indexing System, Mahabharata Indexer.

1 Introduction

MBHh, the great epic of India ascribed to Veda Vyasa, can be un-hesitatingly given
the honour of being the cultural encyclopaedia of India. It is the story of a great
war that ended one age and began another. The story has been passed down to us
in a classical canon of Sanskrit verses - some 90,192 stanzas (including additional
Harivamsa) long, or some 1.8 million words in total (among the longest epic
poems worldwide) divided in 18 parvas and 97 upaparvas which are again divided
into 1995 chaptersE The MBh is about 12 times the length of the Bible and
8 times longer than the Iliad and the Odyssey. The work therefore holds a
significant place in the cultural history of India. An overview of structure of the
MBh is given below (Table 1).

2 Why Is Indexing System Necessary for MBh?

The MBh extols its greatness itself in the following words: yadihasti tadanyatra
yannehasti na tat kvacit. The saying vyasocchistam jagatsarvam also stresses

! The structure of Mahabharata is based on BORI’s Critical Edition of Mahabharata.

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 137 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Table 1. Structure of Mahabharata (According to the BORI’s critical edition)

Parvan Sub-parvan Akhyana Adhyaya Slokas
Adiparva 19 09 225 07197
Sabhaparva 09 00 072 02390
Aranyakaparva, 16 00 299 10338
Virataparva 04 00 067 01824
Udyogaparva 12 05 197 06063
Bhismaparva 04 00 117 05406
Dronaparva 08 00 173 08192
Karnaparva 01 00 069 03871
Salyaparva 04 00 064 03315
Sauptikaparva 02 00 018 00772
Striparva 03 00 027 00730
Santiparva 03 00 353 12902
Anusasanaparva 02 22 154 06439
Asvamedhikaparva 02 00 096 02743
Agramavasikaparva 03 00 047 01062
Mausalaparva 01 00 009 00273
Mahaprasthanikaparva 01 00 003 00106
Svargarohanaparva 01 00 005 00194
Total (in 18 parvans) 95 36 1995 73,817
Harivamsa (Khilaparva) 02 — — 16,375
Total (including khila) 97 36 1995 90,192

this point. MBh is neither a history in the modern sense of the term, nor a
chronicle. But it stands in incomparable isolation, defying all definitions. It is a
veritable encyclopaedia comprising heterogeneous material from all branches of
knowledge. Taking the core-story of the feud between two branches of a royal
family and the circumstances leading to a catastrophic war, several branches
of knowledge including philosophy, law, ethics, statecraft, warfare, history and
ethnology are embodied in its structure. The MBh is a comment on the human
condition with all its richness, complexity and subtlety. The MBh is the source of
many compositions like- abhijnaanasakuntalam of Kalidasa, naisadhiya-caritam
of ériharsa etc. It is the text that is most sought for in order to enrich cultural,
social and any other type of knowledge about Indian civilization.

While on the one hand, the text is very important, on the other, it is so huge
that it becomes virtually very difficult and time consuming for someone to search
a specific keyword in it manually. The searching process combines the benefit
of search and extraction. The indices thus prepared will constitute a separate
text in itself due to the size of the MBh and will be of tremendous use to the
researchers and users.

2.1 Uses of the Indexing System

The indexing system of Sanskrit documents can be used in various NLP appli-
cations like building Sanskrit WordNet, dictionaries, Sanskrit- Indian Language
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Machine Translation System (MTS) etc. Unique words are a basic need of a Word-
Net and a dictionary. Automatic indexing and sorting is a good tool to extract
unique words from a given text. Though, there is not a direct use of indexing sys-
tem in machine translation but can be helpful in generating a context lexicon (a
lexicon with the entries including the uncommon words frequently occurring in
the context of use of that particular word, which, later assigning the sense may
be used as a lexicon for word sense disambiguation). This work, besides being an
essential resource in NL system of Sanskrit, may also be useful for authentic and
referential knowledge about Indian heritage. The system can also be very useful
for the researches of historical, socio-political and geographical researches by pro-
viding the facts from the huge text which cannot be easily read.

3 Previous Work

The history of textual indexing is very rich in India. Saunaka, a great scholar
of Vedas, made a Vedic index named sarvanukramani. “A Word Concordance of
Mahabharata” is a research tool supplying well alphabetized and grammatically
analyzed record of each and every word-unit occurring in the text of different
Parvans of MBh. It is a gigantic collaboration project at Sanskrit evam Pracya
Vidyasamsthana, Kurukshetra University. Six parts of the same have already
been published. Seventh part is in press and press copies of next two parts are
ready for publication and the tenth part is near completion. This work is based
on BORI’s critical edition of MBh.

A western scholar S. Sorensen created “An Index to the Names in the
Mahabharata” with short explanations and a concordance to the Bombay and
Calcutta editions and P. C. Roy’s translation which was published from Williams
and Norgate, London (1904-1925) and reprinted from Motilal Banarasidass, Delhi
(1963). Here, all proper names are given with a complete listing of the places of
their occurrence. It also contains, under the names of the 100 sub-parvans, very
brief chapter by chapter summaries of the contents of the sub-parvans.

For the emerging R‘&’D area of Sanskrit informatics, it is necessary to make
indices available online. Unfortunately, the task of electronic indices for Indian
heritage has not attracted required attention of computational linguists. Some
efforts made in this area, directly and indirectly, are listed here:

1. The important work in the area of Online Indexing of Indian heritage has
been done in University of Gottingen, Germany. It includes a word indexing
of complete MBh in Roman transliteration. It is accessible at
http://www.sub.uni-goettingen.de/ebene_1/fiindolo/gretil/
1_sanskr/2_epic/mbh/sas/mahabharata.html

2. The Indology Department, University of Wuerzburg, Germany has created
“Multimedia Database to Sanskrit drama” which is mainly focused on word
indexing of Bhasa’s drama but also includes mudraraksasa of Visakhadatta.
It is available online at
http://www.indologie.uni-wuerzburg.de/bhasa/index.html


http://www.sub.uni-goettingen.de/ebene_1/fiindolo/gretil/
1_sanskr/2_epic/mbh/sas/mahabharata.html
http://www.indologie.uni-wuerzburg.de/bhasa/index.html
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Linguistics Research Centre of The University of Texas has an online rgveda
in Romanized transliteration format. This online text is based on the Barend
A. Van Nooten and Gary B. Holland’s electronic version. This can be seen
at- http://www.utexas.edu/cola/centers/lrc/RV/

A project on the complete text of the Critical Edition of Mahabharata be-
gun by J. A. B. Van Buitenen and now continued under the chief editor-
ship of James Fitzgerald of Brown University. Van Buitenen (translated the
first three volumes, comprising the first five major parvas of the epic) and
Fitzgerald (translated volume seven, comprising striparva and the first half
of santiparva) have translated the BORI version of MBh text into modern
English prose. At present, ten volumes are projected, and four volumes have
been published by the University of Chicago Press.

Barend A. Van Nooten, an emeritus Professor of Sanskrit at the University
of California at Berkeley, has written “The Mahabharata Attributed to Krsna
Dvaipayana Vyasa” which was publish in 1971 by Twayne Publishers, New
York. This work provides a well informed but non-technical overview of the
MBAh. It includes a detailed, book-by-book summary of the story, discussions
of the religious, philosophical, and ethical components of the text, and an
outline of the MBh’s influence since the eighteenth century.

“The Sanskrit Epics” - a comprehensive guide to the Mahabharata and the
Ramayana is written by Professor John Brockington (Leiden: Brill, 1998),
former Head of the Department of Sanskrit at the University of Edinburgh
and General Secretary of the World Sanskrit Association, gives an up to date,
general survey of the history of the two Sanskrit epics and the scholarship
upon them.

Paradigmatic index on ramopakhyana of MBh is the work of Peter Scharf
and Malcolm Hyman, which gives the Devanagar1 text, Roman translitera-
tion, analysis of sandhi, inflection, glossary, prose paraphrases, syntactic and
cultural notes, and English translation. It was described by Scharf (2001) at
the international conference on Mahabharata conference in Montreal (18-20
May 2001) and published in “The Mahabharata: What is not here is nowhere
else” by Munshiram Manoharlal, Delhi, 2005 (T.S. Rukmani (ed.)). It is
available at http://sanskritlibrary.org

Electronic text of the Critical Edition of the MBh is available in down-
loadable text format of several commonly-used encodings, such as- Unicode
Devanagri, Unicode Roman, ISCII, ASCII, Norman etc. at the home page
of Professor John Smith, Cambridge University. Smith’s revision is based
on Prof. Muneo Tokunaga’s first digital and searchable version of the MBh
text. It is available at
http://bombay.indology.info/mahabharata/statement.html

Maharshi University of Management has created PDF files of all 18 Parvas
of Mahabharata. The site is
http://isl.mum.edu/vedicreserve//itihas.htm


http://www.utexas.edu/cola/centers/lrc/RV/
http://sanskritlibrary.org
http://bombay.indology.info/mahabharata/statement.html
http://is1.mum.edu/vedicreserve//itihas.htm
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10. Kishori Mohan Ganguli has translated the MBh in English which is available
at- http://www.sacred-texts.com/hin/maha/

11. Aryabharati International Society for Hindu Ved Vignan & Atomic Research
has created pages for complete MBh (in Unicode Devanagari & Roman
transliteration format) on
http://www.aryabharati.org/mahabharat/index.asp. This text has been
cross-referenced with Kishori Mohan Ganguli’s English translation on a
book-by-book basis.

12. http://sanskritdocuments.org/ has created online versions of Sanskrit
documents including Vedas, MBh and many more in ITX, HTML, PS, XD-
VNG, GIF and PDF format.

13. A project to translate the full epic into English prose began to appear in 2005
from the Clay Sanskrit Library, co-published by New York University Press
and JJC Foundation. The translation is based not on the Critical Edition
but on the version known to the commentator Nilakantha. Currently sabha,
aranyaka, virata, udyoga, bhisma, drona, karna, Salya, sauptika, stri, and
Santiparva are available. It is accessible at-
http://www.claysanskritlibrary.org/

3.1 Distinction of Present System over Previous Ones

“Mahabharata Online” at University of Goettingen provides two services, book
and chapter (parva and adhyaya)-wise browsing, and alphabetically sorted index,
each entry linking to the part of the text where it occurs. Our system is a
dynamic search indexer which provides three kinds of search facility - string
input search, search by listing of words by first letter, and browsing the word by
parva>upaparva>adhyaya and akhyana. The search result displays information
of the entry with detailed extracted information of the verse of its occurrence,
including number and name of parva, upaparva, adhyaya, sloka number and
akhyana (if available). One more difference between the two is in their output
format. The previous displays the text in Roman IAST scheme and later uses
Devanagari Unicode for input and output.

4 Methodology for the MBh Indexer

The MBh, an encyclopedia of Indian civilization, has always remained attractive
not only to Indian scholars, but also to the western. The MBh being a popular
epic has several versions. The edition selected for this work is the critical edition
of Mahabharata, critically edited by V.S. Sukthankar and others and published
by Bhandarkar Oriental Research Institute (from 1919 to 1966). It has been
digitized by Prof. John Smith based on the work of Muneo Tokunaga in Unicode
Devanagar1 Text format.

To provide more comprehensive search, the text is segmented according to
Paninian sandhi rules. The tokens so obtained are basically padas (word-forms).
After this, the text has been adapted to the database system. The original and
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segmented text has been stored in database tables. The other information of the
structure of the text has been stored in different tables and those are connected
with each other. The connections of the table complete the reference of the
searched query and connect the entire data with other relations. The database
has five tables having the information of parva, upaparva, adhyaya, akhyana and
the $lokas respectively.

The structure for database storage is as follows:

Table 2. The ‘shloka’ table

Shloka | Par | Upal' | Adh | Akhy | Shlok | ShlokaSamhita ShlokaPada
_Id vald | arval | vayva | anald | ald
d Id

0l 0l 01 (i1} 00 1] e —J'i S

02 0l 01 01 00 01

HREAAATZEg | FAEEA FATeEE

3 0 ] 4 b \
03 o 0 o 0z AT g | B s g

-, - 1 : = e 5 X
603 |01 |7 6 | ol 43 fam I s
ard

Table 3. The ‘adhyaya’ table

1d Parvald LipaParvald ActAdhld .-\-:Ih.N m
01 0l 01 00 PEEEEER

[ (02 0l 02 1 00 | T
03 L] 03 iy GEIEIMEIEE

62 0l 07 o1 RNfEAATE:
63 0l 07 01 fmfEamr A
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Table 4. The ‘akhyana’ table

I1d | Parvald UpaParvald Adhyavald Akhyana

11} | L1} 07 62 FH AR
02 01 07 70 T AU
03 o 07 81 TR

04 01 I 160 A=A
15 01 11 164 AIETETEA

Table 5. The ‘upaparva’ table

I1d Pﬁm 1d l'pmn-n
01 01 EEERRILES
02 01 TFETETE
03 01 ST

04 01 AT

Table 6. The ‘parva’ table

Id | Parva

0l EEE

02 o

03 FAGT (UG |
04 jenicuc |
05 S i

5 Development of the MBh Indexer

A dynamic search engine-cum-indexer has been developed which is built in the
front-end of Apache Tomcat Web server using JSP and Java servlets. It has its
data in MS-SQL Server 2005 with Unicode. For connecting the front-end to the
database server the MS-JDBC connectivity has been used. The following model
describes the multi-tiered architecture of the MBh indexing system:

5.1 Process Flow of the System

There are three ways to give input to the system e.g. Direct Search, Alphabet
search and Search by the structure of the text in Devanagart UTF-8 format.

Step I: Preprocessing. Preprocessing a text mainly consists of transformation
of raw data required to facilitate further cartographic processing. For example -
preprocessor will remove any non Devanagari characters, punctuations that may
have been inadvertently introduced by the user like “@es” in “HeT@4Resd” and
other similar cases.



144 D. Mani

4.0
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MS-SQL
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2005

Fig. 1. Multi-tiered architecture of the MBh indexing system

Step II: MBh Indexer and Database. At this step, the indexer makes an
indexed list of exact and partially matching words. Getting the query as an
input, the indexer, after a light preprocessing, sends it to the database. If the
word has its occurrence in the database, the system gives the output.

-

[ Input Text

light Pre-processing

—

Mahabharata
Database

A

¥

Mahabharata
Indexer

l ™
| Output level-1

—
| Output Jevel-2

Output level-3

Fig. 2. Process flow of the system

Step III: Output level-1. At this level, the indexer gives all the occurrences
of the searched query with its numerical reference in a hyperlinked mode.

Step IV: Output level -2. Clicking any hyperlinked word, system shows its
original place in the Sloka and also gives its full reference in the text. It also asks
for further information from other online lexical resources.
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Step V: Output - final level. Here, the indexer gives a list of online lexical
resources and also gives the facility to do morphological analysis of the query
with the help of POS Taggerﬁ and Subanta AnalyzergE

5.2 Front-End of the MBh Indexer

The front-end of the system is developed in utf-8 enabled Java Server Pages
(JSP) and HTML. The front-end of the software enables the user to interact
with the indexing system with the help of Apache Tomcat web-server. The JSP
technology helps to create web based applications by combining Java code with
HTML. The web server runs the Java code and displays the results as HTML.
For this system, there are two JSP pages, one is the main search page and the
other is the cross-referential search page which searches the searched query in
different online lexical and linguistic resources. The snapshots of the indexing
system are as follow:

l.] Lomputatlonal Lnngwstlcs R&D

<,

| Homs || Lamgusge Processing Toots || Lexical Resources || s-Loaming || Corporate-Text || Dissertation| | Foapack |

Search Mahabharata coversmee st ym Mababharats Home (o apm  Sise Heme. it monm il o

The “Online Indexing of " was as part of M.PRIL research submitted to Special Center
for Samukrit Stidiaes, INU in 2000 by Diwakar Manl (M.Phil 7006- 2000 ) under the supendsion of Dr, Girish Nath
Hia - The coding for the application was done by Dr. Girksh Rath Jha.

This has been using 20 Apache Temcat sad RDBMS tachniques wsing
M3 SCL servar 2003 in unicode. The application allows three kinds. of searc

* Direct Search - wser can enter key word in utl-8 and get all the and detaits from
Alphabatical search - user can click on & Devanagar alphabet to got the index of words beginning with that
alphabet
axt - wuer can dick on “parvas” > “upa-parvas” > “adhyayas® > "akhyanas”

Smarch by
0 get the index
Clicking on an indexed word will display the details for that word and slso o facility to search that word in
some other online lexical resources

Fig. 3. Homepage of the MBh Indexing System

DINEST SEARCH..

ALPHABET SEARCH

SEARCH BY CLASS
[

Fig. 4. Search page of the MBh indexing system

2 http://sanskrit.jnu.ac.in/post/post.jsp
3http://sanskrit.jnu.ac.in/subanta/rsubanta.jsp
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Fig.5. Results of the searched query in hyperlinked mode with their numerical

references

DIRECT SEARCH e k)
L | wesin ranansaises Dsnase

ALPHARE | SEARSH

BEARCH BY CLASS
e =1 =

Search Mahsbharsts _jegesss she-ss) Mahabharata §iome qmw )
T T
e R e
(Soarch “aea™ n olhed onlne Fesourcs)

Fig. 7. Cross-referential page where the user can click any one link to know further
linguistic, grammatical or cultural knowledge
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5.3 The Back-End of the System

The back-end of the indexing system consists of RDBMS, which contains co-
relative data tables. This Tomcat server based program connects to MS-SQL
Server 2005 RDBMS through JDBC connectivity. The lexical resources are
stored as Devanagarl utf-8. There are five tables namely; ‘shloka’, ‘adhyaya’,
‘akhyana’, ‘upaparva’ and ‘parva’.

A design of the indexing system of MBh database is given below:

Fig. 8. Diagram of the interconnection between the database tables

5.4 Database Connectivity

The database connectivity is done through the JDBC driver software. JDBC
Application Programming Interface (API) is the industry standard for database
independent connectivity for Java and a wide range of database-SQL databases.
JDBC technology allows to use the Java programming language to develop ‘Write
once, run anywhere’ capabilities for applications that require access to large scale
data. JDBC works as bridge between Java program and Database. SQL server
2005 and JDBC support input and output in Unicode, so this system accepts
Unicode Devanagar1 text as well as prints result in the same format

6 Limitations of the System

1. The system has fixed input and output mechanism. One can search his query
in Unicode Devanagari only and the output will be in the same format.
The work on transcoding of input and output in another format is being
developed.

4Thttp://java.sun.com/javase/technologies/database/
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b

At present, the search facility is accessible only for previously displayed
links. For enhancement of the system, we are planning to add other on-
line lexical resources like MW Dictionary of Cologne Digital Sanskrit Lexicon
(http://www.sanskrit-lexicon.uni-koeln.de/monier/indexcaller.
php), The Sanskrit Library project at Brown University and Hindi WordNet
(http://www.cfilt.iitb.ac.in/wordnet/webhwn/wn.php) of IIT, Mum-
bai. The reason to link with Hindi WordNet is because of a preponderance
of Sanskrit words (tatsama) approximately 60-70% words in Hindi[]

At present, the system is unable to give the translation in other language.
In this version, it may fail to search a word which is in sandhi form. While
sandhi-split version of text has been stored for only adiparva, efforts are
being made to do this for all other parvans. The sandhi splitting of the text
has been done manually.

If a base word is searched it cannot be found in all its forms. For example, if
“brahman” (pratipadika) is searched, it will not return results for “brahma”,
“brahmani” etc. A subanta generation module is being developed separately
to solve this problem. Alternatively, a subanta analyzer will enable the search
to look for the stem if the pada is not found. At this point, the system directs
the user to a subanta analyzer at the end of the search. The next version
will make this module internal to the search.

It has only a string search facility so it cannot search synonymous words.
For example, if ‘krsna’ is searched, it cannot return ‘narayana’, ‘vasudeva’,
‘hari’, ‘muraltdhara’, ‘yogesvara’ etc. A separate module of Amarakosa has
been developed. In near future, this module will be used to handle this issue.

References

5

. Bhise, U.R.: Naradiya Siksa with the Commentary of Bhatta Sobhakara. Bhan-

darkar Oriental Research Institute, Poona (1986)

. von Bohtlingk, O.: Panini’s Grammatik (Primary source text for our database).

Olms, Hildesheim (1887)

. Bronkhorst, J.: Greater Magadha Studies in the Culture of Early India. Brill,

Leiden (2007)

. Dhiipakara, A.S.: Sripingalanaga-viracitam Chandahsastram. Parimal Publica-

tions, Delhi (1985)

. Deshpande, M.M.: Semantics of Karakas in Panini: An Exploration of Philosoph-

ical and Linguistical Issues. In: Matilal, B.K., Bilimoria, P. (eds.) Sanskrit and
Related Studies: Contemporary Researches and Reflections, pp. 33-57. Sri Sat-
guru Publications, Delhi (1990)

. Gladigow, B.: Sequenzierung von Riten und die Ordnung der Rituale. In: Stausberg,
M. (ed.) Zorostrian Rituals in Context, Numen Book Series, Studies in the History
of Religions, vol. CII, pp. 57-76. Brill, Boston (1999)

. Joshi, S.D., Roodbergen, J.A.F.: On siddha, asiddha and sthanivat, vol. LXVIII,
pp. 541-549. Annals of the Bhandarkar Oriental Research Institute, Poona (1987)

http://www.cfilt.iitb.ac.in/gwc2010/pdfs/67_Sanskrit_Wordnet_
Kulkarni.pdf


http://www.sanskrit-lexicon.uni-koeln.de/monier/indexcaller.
php
http://www.cfilt.iitb.ac.in/wordnet/webhwn/wn.php
http://www.cfilt.iitb.ac.in/gwc2010/pdfs/67_Sanskrit_Wordnet__
Kulkarni.pdf

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

RDBMS Based Lexical Resource for Mahabharata 149

. Joshi, S.D., Roodbergen, J.A.F.: The AstadhyayT of Panini, with Translation and

Explanatory Notes, vol. II. Sahitya Akademi, New Delhi (1993)

. Houben, J.E.M.: ‘Meaning statements’ in Panini’s grammar: on the purpose and

context of the Astadhyay1l. Studien zur Indologie und Iranistik 22, 23-54 (1999-

2001)

Houben, J.E.M.: Memetics of Vedic Ritual, Morphology of the Agnistoma. In:

Griffiths, A., Houben, J.E.M. (eds.) The Vedas: texts, language & ritual, pp. 23—

47. Forsten, Groningen (2004)

Katre, S.M.: AstadhyayT of Panini. Motilal Banarsidass, Delhi (1989)

Liders, H.: Die Vyasa-Ciksha besonders in ihrem Verhéltnis zum Taittiriya-

Pratigakhya, Gottingen (1894)

Michaels, A.: ‘Le rituel pour le rituel’ oder wie sinnlos sind Rituale? In: Caduff,
C., Pfaff-Czarnecka, J. (eds.) Rituale heute: Theorien - Kontroversen - Entwiirfe,
pp. 23-47. Reimer, Berlin (1999)

Michaels, A.: The Grammar of Rituals. In: Michaels, A., Mishra, A. (eds.) Gram-
mar and Morphology of Ritual, Ritual Dynamics and the Science of Ritual, vol. I,

pp. 15-36. Harrassowitz Verlag, Wiesbaden (2010)

Mishra, A.: Simulating the Paninian System of Sanskrit Grammar. In: Huet,
G., Kulkarni, A., Scharf, P. (eds.) Sanskrit Computational Linguistics 2007/2008.
LNCS (LNAI), vol. 5402, pp. 127-138. Springer, Heidelberg (2009)

Mishra, A.: Modelling the Grammatical Circle of the Paninian System. In: Huet,
G., Kulkarni, A., Scharf, P. (eds.) Sanskrit Computational Linguistics 2007,/2008.
LNCS (LNATI), vol. 5402, pp. 40-55. Springer, Heidelberg (2009)

Mishra, A.: On the Possibilities of a Paninian Paradigm for a Rule-based Descrip-

tion of Rituals. In: Michaels, A., Mishra, A. (eds.) Grammar and Morphology of
Ritual, Ritual Dynamics and the Science of Ritual, vol. I, pp. 15-36. Harrassowitz

Verlag, Wiesbaden (2010)

Sarup, L.: The Nighantu and The Nirukta. Motilal Banarsidass, Delhi (1967)
Oppitz, M.: Montageplan von Ritualen. In: Caduff, C., Pfaff-Czarnecka, J. (eds.)
Rituale heute: Theorien - Kontroversen - Entwiirfe, pp. 23-47. Reimer, Berlin
1999

éarup), L.: The Nighantu and the Nirukta. Motilal Banarasidass, Delhi (1967)
Shastri, K.: ageSabhatta-krta Vaiyakarana-siddhanta-parama-laghu-manjusa. Ku-
rukshetra University Press, Kurukshetra (1975)

Shastri, M.D.: The Rgveda-Pratisakhya with the commentary of Uvata. Vaidika
Svadhyaya Mandir, Varanasi (1959)

Scharf, P.M.: Modeling Paninian Grammar. In: Huet, G., Kulkarni, A., Scharf, P.
(eds.) Sanskrit Computational Linguistics 2007/2008. LNCS (LNAI), vol. 5402, pp.
95-126. Springer, Heidelberg (2009)

Scharfe, H.: A new perspective on Panini. In: Indologica Taurinensia, vol. XII, pp.
1-273 (2009)

Staal, F.: Rules without meaning: ritual, mantras and the human sciences. Lang,
New York (1989)

Thieme, P.: Meaning and form of the ‘grammar’ of Panini. Studien zur Indologie
und Iranistik 8/9, 12-22 (1982)

Varma, V.K. (ed.): Vajasaneyi-Pratisakhyam. Chaukhamba Sanskrit Pratishthan,
Delhi (1987)

Varma, V.K.: Rgveda-Pratisakhyam. Banaras Hindu University Sanskrit Series,
Varanasi (1972)

Wezler, A.: On the quadruple division of the Yogasastra, the caturvyuhatva of the
Cikitsasastra and the ‘four noble truths’ of the Buddha. In: Indologica Taurinensia,
vol. XII, pp. 289-337 (1984)



Evaluating Tagsets for Sanskrit

Madhav Gopal®, Diwakar Mishra?, and Devi Priyanka Singh?

! Centre for Linguistics, SLL & CS
2 Special Center for Sanskrit Studies
3 Centre for Indian Languages, SLL & CS
Jawaharlal Nehru University, New Delhi
{mgopalt,divakarmishra,devisi.translation}@gmail.com

Abstract. In this paper we present an evaluation of available Part Of
Speech (POS) tagsets designed for tagging Sanskrit and Indian languages
which are developed in India. The tagsets evaluated are - JNU-Sanskrit
tagset (JPOS), Sanskrit consortium tagset (CPOS), MSRI-Sanskrit tagset
(IL-POST), IIIT Hyderabad tagset (ILMT POS) and CIIL Mysore tagset
for the Linguistic Data Consortium for Indian Languages (LDCIL) project
(LDCPOS). The main goal behind this enterprise is to check the suitability
of existing tagsets for Sanskrit from various Natural Language Processing
(NLP) points of view.

Keywords: Astadhyayt, POS tagging, POS tagger, tagset, morphology,
Panini, WSD, machine learning.

1 Introduction

POS tagging assigns a suitable part of speech label for each word in a sentence
of a language. In other words, POS tagging is the process of identifying lexi-
cal/grammatical category of a word according to their function in the sentence.
For NLP tasks, annotated corpora of a language have a great importance. An-
notated corpora serve as an important resource for such well-known NLP tasks
as POS-Tagging, chunking, parsing, structural transfer, word sense disambigua-
tion (WSD) etc. POS tagging is also referred to as morpho-syntactic tagging
or annotation. A POS Tagger (POST) is a piece of software that reads text in
some language and assigns parts of speech to each word (and other token), such
as noun, verb, adjective, etc., although generally computational applications use
more fine-grained POS tags like 'noun-masculine’ etc.

The quality of the POS annotation in a corpus is crucial for the develop-
ment of POST. The design of the annotated Sanskrit corpus is rapidly going
on in India. Natural languages are intrinsically very complicated and Sanskrit
is not an exception to this. Sanskrit is morphologically and lexically very rich
language. It has a variety of words, lexemes, morphemes, and a rich productive
mechanism of forming new words. Due to identical inflections for various cases,
many of its words are ambiguous and their disambiguation for NLP tasks is a
must. Moreover, there are many factors involved in causing ambiguity in this

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 150 2010.
© Springer-Verlag Berlin Heidelberg 2010
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language. A tagged Sanskrit corpus could be used for a wide variety of research
like developing POS Taggers, chunkers, parser, WSD etc.

A tagged text corpus is useful in many ways. More abstract levels of analysis
benefit from reliable low-level information, e.g. parts of speech, so a good tagger
can serve as a preprocessor. It is also useful for linguistic research for example
to help find instances or frequencies of particular constructions in large corpora.
Apart from this it is good for stemming in information retrieval (IR), since
knowing a word’s part of speech can help tell us which morphological affixes
it can host. Automatic POS taggers can help in building automatic word-sense
disambiguating algorithms; POS taggers are also used in advanced ASR language
models such as class-based N-grams. POS tagging is also useful for text to speech
synthesis and alignment of parallel corpora.

2 Characteristics of the Sanskrit Language

Sanskrit is one of the most studied languages of the world. It has been an-
alyzed through many schools of grammar in India and abroad as well. Tra-
ditionally, the number of grammatical categories of Sanskrit varies from one
to five. According to Indra school of vyakarana there is only one category of
words (arthah padam). Panini recognizes two categories: nominal and verbal
(suptinantam padam - Panini 1.4.14). The Nyaya philosopher Jagadisha in his
Sabdasaktiprakasika accepts only three categories of words: base, suffix and parti-
cles (prakrti, pratyaya and nipata). The most popular categorization is of Yaska
who describes the language in four categories: nominal base, verb root, prefix
and indeclinable (catvari padajatani namakhyate copasarganipatasca — Nirukta
1.1). The new grammarians (navya vaiyakarana) add one more category to the
list of Yaska, that is, karmapravacaniya and accept five categories of words. The
different views on number of word categories are given in Durga’s commentary
on Nirukta [19]. If we take Yaska’s grammatical categories for POS tagging, it
will be very coarse grained tagging. But it will help us give high accuracy result
as less number of tags lead to efficient machine learning. Moreover, two of these
categories (prefix and indeclinable) belong to the closed class and the remaining
two categories have totally different set of inflectional suffixes which are rela-
tively easily identifiable. Apart from this, the set of roots of one category (verb)
is also a closed list, that is, dhatupatha (list of verb roots listed by Panini). With
so shallow information this accuracy will not be of much help in many kinds of
NLP tasks like in WSD which requires very fine-grained analysis.

Sanskrit is a relatively free word order language. In Sanskrit, a syntactic unit is
called pada. Cardona [3] posits the formula for Sanskrit sentence (N-En)p. .. (V-
Ev)p. A pada can be a nominal (subanta) or verbal (tirianta) expression. Padas
with sup (nominal) inflections constitute the NPs (subanta padas), and those
with ¢ (verbal) can be called constituting the VPs (tirianta pada along with
object subantas). In the former, the bases are called pratipadikas which undergo
sup suffixations under specifically formulated conditions of case, gender, num-
ber, and also the end-characters of the bases to yield nominalsyntactic words.
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The rules for subanta padas are found scattered in Astadhyay: mostly in chap-
ters 7-1, 7-2, 7-3, 6-1, 6-4. However, these rules have been treated in the subanta
chapter of Siddhanta Kaumuda from rule number 177 to 446 [10].

The derivational morphology in Sanskrit studies primary forms (krdanta)
and secondary forms (taddhita), compounds (samasa), feminine forms
(stripratyayanta) etc. These can be inflected for 21 case (7 cases x 3 number)
affixes to generate 21 inflected forms.

The verb morphology (tirianta) is equally complex. Sanskrit has approxi-
mately 2014 verb roots including kanvadi according to Paninian dhatupaha clas-
sified in 10 ganas to undergo peculiar operations; it can also be subclassified
in 12 derivational suffixes. A verb root conjugates for tense, mood, number and
person information. Further, these can have atmanepadi and parasmaipadi forms
in 10 lakaras and 3x3 person and number combinations. There arel2 secondary
suffixes added to verb roots to create new verb roots. A verb root may have
approximately 2190 (tense, aspect, number etc.) morphological forms. Mishra et
al. [17] have done a rough calculation of all potential verb forms in Sanskrit to
be more than 1029,60,000.

3 Evaluation Discussion of Tagsets

This section presents a survey of tagsets designed specifically for Sanskrit or
for all Indian languages and then their evaluation with respect to Sanskrit. The
tagsets are given in tables in their respective sub-sections.

3.1 ILMT Tagset (IIIT-Hyderabad)

NLP researchers at IIIT-Hyderabad have designed a standard POS tagset called
ILMT tagset, guidelines for POS tagging and Chunking for Indian Languages and
also brought out a collection of Application Program Interfaces (APIs) and tools
for NLP called Sanchay, which also includes syntactic annotation interface. Their
tagset is a flat one derived from the Penn tagset for English. They have made
certain changes in the original tagset to make it suitable for Indian languages.
Wherever the Penn tags were found to be inadequate for Indian languages, either
new tags were introduced or existing tags were modified. It has less number of
tags with the assumption that having less tags will facilitate machine learning
and will give higher accuracy and coverage. This tagset covers mainly lexical
categories and does not consider syntactic function of the word in the sentence,
citing a reason that this reduces confusion involved in manual tagging. The
machine is able to establish a word-tag relation which leads to efficient machine
learning. The following table (Table.[I]) contains all the tags listed in this tagset.

Thus, this tagset allows only coarse linguistic analysis and avoids fine-grained
distinctions among linguistic items. At the same time, the designers of the tagset
believe that “too coarse an analysis is not of much use”. They try to seek a
balance between fineness and coarseness. According to them, analysis should
not be so fine as to hamper machine learning and also should not be so coarse as
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Table 1. ILMT Tagset

NN Noun ccC Conjunct

NNP Proper Noun QW Question Words

PRP Pronoun QF Quantifier

VFM Verb Finite Main QFNUM | Number Quantifiers
VAUX Verb Auxiliary INTF Intensifier

Vi Verb NonFinite Adjectival NEG Negative

VRB Verb NonFinite Adverbial NNC Compound Common Nouns
UNN Verb NonFinite Nominal NNPC Compound Proper Nouns
1] Adjective NVB Noun in kriya mula

RB Adverb JVB Adjective in kriya mula
NLOC Noun Location RBVB Adv in kriya mula

PREP Postposition UH Intrjection Words

RP Particle SYM Special

to lose important information. This tagset does not include attributes of lexical
categories such as gender, number, person etc. Apart from this the tags for
incorporated adjective and adverb are not applicable in Sanskrit. In Sanskrit,
like noun and verb, Particles also require more tags as they have different and
valuable function in the language, so in order to suit Sanskrit this tagset will
have to be modified significantly. Keeping in mind the complex morphology of
Sanskrit this flat tagset will hardly be able to do WSD.

3.2 JNU-Sanskrit Tagset (JPOS)

R. Chandrashekar’s doctoral thesis titled Part-of Speech Tagging for Sanskrit [4]
deals with the POS tagging problem for Sanskrit for the first time. In the linguis-
tic analysis, JPOS follows the Paninian grammatical description very strictly.
His classification of Sanskrit linguistic items is very exhaustive and it provides a
very unique tag applying the Sanskrit grammatical terms as much as possible.
In the following table (Table. ) the tag description of main categories is given.

In this tagset, there are 65 word class tags, 43 feature sub-tags, and 25 punc-
tuation tags and one tag UN to annotate unknown words — a total of 134 tags. A
single full tag is a combination of word class tag and feature sub-tags (indeclin-
able and punctuation tags do not have sub-tags). This is helpful in ambiguity
resolution as person and number sub-tags have an agreement between the nouns
and verbs in Sanskrit. The complete table for verb tags is not given here; I have
given only two tags for it- Parasmai Pada Verb and Atmane Pada Verb. Verb
takes lakara, and person-number tags. Adjectives are included with their degrees,
that is, they have 3 tags.
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Table 2. JNU-Sanskrit Tagset

Common Noun | N Adverbial Compound NCA
(ndmapada) Pronoun SN
Proper noun NA Pronoun First Person SNU
Proper  Noun  Country | NAD Pronoun Second Person SNM
(néma abhidhana desa) Pronoun Reflexive SNA
Patronymic Noun NAP Pronoun Demonstrative SNN
Metronymic Noun NAS Pronoun Interrogative SNP
Proper Noun Nationality | NAT Pronoun Relative SNS
(néma abhidhdna radrdja) Parasmai Pada Verb AV
Noun Desiderative NS Atmane Pada Verb PV
Coordinative  Enumerative | NCDI Cardinal Number SAM
Compound (dvandva Ordinal Number SAMY
ftarerara) Past Active Participle KV 1
Coordinative Collective | NCDS Past Middle/Active | KV?2
Compound (dvandva Participle
samhara) Past Passive Participle KBI1
Determinative Compound | NCT2 Past Active Participle KR2
Accusalive Future Active Participle KAa
Determinative Compound | NCT3 Future Passive Participle KAD
[nstrum_{'mq] krdanta vidhyarthaka | KVI1
3{' terminative Compound | NCT4 krdanta vidhvarthaka 2 KVI2
D:;m'{‘ — c TTHCTS krdanra vidhvarthaka 3 EVI3
h;{w minative  Compoun 3 Particles AV
3{‘ ‘u.]"{_l . c TTNCT Negative Particle AVN
0 1{‘11 minative  Compoun 6 Conjunctive Particle AVC
Wi P n - T
D:iu = m C TTNeT Disjunctive Particle AVD
i alnv i i / T - T
Lo 0111?331 Hive ompoun Interrogative Particle AVP
OCE i e .
Infinitive Particle AVT
aluk Compound NCAIL ~ -
- avvaya kivama AVE
Megative Compound NCNT -
- avvaya lyabanta AVL
karmadhdrava Compound NCK . —
- Adverb Particle AVEV
dvigu Compound NCD Interjection Particle D
o K C
Bahwvrthi Compound NCB J

This is a flat and fine-grained tagset capturing linguistic features according
to the traditional Sanskrit grammar. Its coverage is very high. Almost every
kind of linguistic item was treated discretely (especially taddhita and kridanta
constructions). This tagset is very informative but we assume that its specificity
will suffer while tagging the data. For instance, among noun tags there are 8 tags
and the basis of counting them separately seems to be the special morphology
for these items like Patronymic Noun (e.g. raghavah, janaki), Metronymic Noun
(e.g. parthah, saumitrih), (both tags could be treated as Proper Noun), Agent
Noun (e.g. kartuh, adhyapakah) (could be treated as Common Noun). Likewise
under Compound category there are 14 types. Many of which could be clubbed
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Table 3. LDCIL Tagset

Pronoun PRP Cardinal CRD
Demonstrative DEM Ordinal ORD
Verb Finite VM Classifier CL
Verb Auxiliary VX Intensifier INTF
Adjective ADJ Interjection INT
Adverb ADV Negation NEG
Postposition PSP Quotative UT
Particles PRT Symbol SYM
Conjuncts CN] Reduplicative RDP
Question Words wWQ Echo word ECH
Quantifiers QTF Unknown UNK
Noun NN Proper Noun NNP
NLOC NST Compound (any) XC

under other categories as well. For example, the words like rajapurusah and
devendrah have been assigned Determinative Compound (genitive) which could
be very well given Common noun and Proper noun respectively. The division
of participle tags is also very lengthy; kridanta vartamana has two separate
tags which does not seem serving any purpose and the same is with kridanta
vidhyarthaka which has 3 tags.

Apart from this, the human annotator will have enormous cognitive load as
this tagset requires remembering this huge number of tags along with exhaus-
tive knowledge of Paninian grammar in order to apply them correctly. Only a
sophisticated pundit of Panpinian grammar can handle this task. At experiment
level, however, no data have been tagged to test its efficiency, so the above is our
assumption only. Moreover, its adaptation for other Indian languages will invite
enormous changes in the tagset. So the tagged multilingual corpora will hardly
be compatible with each other.

3.3 LDCIL Tagset

Linguistic Data Consortium for Indian Languages(LDC-IL) is a consortium for
the development of language technology in India and was set up by a collective
effort of the Central Institute of Indian Languages, Mysore and several other
like-minded institutions working on Indian Languages technology. LDCIL tagset
is available in the website of Linguistic Data Consortium for Indian Languages:
http://www.ldcil.org/POSTagSet.html. This tagset was formulated by the Stan-
dardization Committee on August 6, 2007 at IIIT, Hyderabad and is a further
extension of ILMT tagset with some additional tags to achieve higher level of
granularity. It is a standard tagset for annotating the corpora of Indian lan-
guages. It is a flat tagset designed in the pattern of ILMT tagset and has a total
of 26 tags. The table below (Table. Bl contains all the tags. This tagset is similar
to ILMT tagset, so the same evaluation goes to this also.
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Table 4. IL-POSTS Sanskrit tagset categories and their Types

Category Type Coordinating (CCD)
Common (NC) Subordinating (CSB)
Noun (N) Gerundive (CGD)
Proper (NP) Interjection (CIN)
Verb (V) Particle (C) Negative (CNG)
Pronominal (PPR) Emphatic (CEM)
Reflexive (PRF) Interrogative (CNT)
Pronoun (P) Reciprocal (PRC) Adverb (CAD)
Relative (PRL) Ambiposition
‘Wh (PWH) (upapada) (CPP)
Nominal Adjective (JT) Quotative (CQT)
Modifier 5 Comparative (CCM)
v Quantifier Q) Reduplicative (CRD)
Absolutive (DAB) Other (CX)
Demonstrative Relative (DRL) Punctuation
(@) Wh- DWH) @V
Kridant (KD) Participle (KDP) . Foreign word (RDF)
Gerundive (KDG) Residual (RD) Symbol (RDS)
Others (RDX)

Table 5. IL-POSTS Sanskrit tagset attributes and their values

Category Type Coordinating (CCD)
Common (NC) Subordinating (CSB)
Noun (N) Gerundive (CGD)
Proper (NF) Interjection (CIN)
Verb (V) Particle (C) Negative (CNG)
Pronominal (PPR) Emphatic (CEM)
Reflexive (PRF) Interrogative (CNT)
Pronoun (P) Reciprocal (PRC) Adverb (CAD)
Relative (PRL) Ambiposition
Wh (PWH) (upapada) (CPP)
Nominal Adjective (JT) Quotative (CQT)
Modifier - Comparative (CCM)
» Quantifier (JQ) Reduplicative (CRD)
Absolutive (DAB) Other (CX)
Demonstrative Relative (DRL) Punctuation
()] Wh- (DWH) (PU)
Kridant (KD) Participle (KDP) . Foreign word (RDF)
Gerundive (KDG) Residual (RD) Symbol (RDS)
Others (RDX)
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3.4 IL-POSTS Sanskrit Tagset

This tagset has been derived from IL-POSTS, a standard framework for Indian
languages developed by MSRI. This is a hierarchical tagset which is based on
guidelines similar to EAGLES. This tagset encodes information at three levels-
Categories, Types, and Attributes. Till date (as far as we know) four language
specific tagsets have been derived from this framework; Hindi, Bangla, Tamil
and Sanskrit. The tagset for Sanskrit is given here in these two tables (Table.
[ E)- one having categories and their respective types and the other containing
attributes and their respective values:

The standard which has been followed in this tagset takes care of the lin-
guistic richness of Indian languages including Sanskrit. It allows the “selective
inclusion and removal of features for a specific language/project, thereby keeping
the framework a common standard across languages/projects” [I]. This tagset is
supposed to provide cross-linguistic compatibility, reusability, and interchange-
ability. Keeping in mind its higher accuracy results, it could prove a boon to
Indian NLP which still needs to achieve a good position in the world as Indian
languages are lacking adequate resources in terms of data and tools (see [I] and
[11)).

This framework is very sophisticated in covering the linguistic features of
Indian languages. The tags used are extremely fine-grained, and incorporate a
great deal of information about case, gender, number and so on. The IL-POST
is able to accommodate all desired linguistic features of Sanskrit and the tagged
corpus remains compatible with other languages tagged by a brethren tagset.
Apart from this, as this tagset follows the standard of European languages it
could enable us to access the European language data for Indian NLP and vice
versa.

MSRI has developed an annotation tool called MSRI Part-of-Speech Annota-
tion Interface which is a GUI for assigning the appropriate POS label for each
word in a sentence. This is designed for annotating within the framework of
a hierarchical tagset designed at MSRI. The tool also provides the facility to
provide the morphological attributes with their values. The interface supports
various operations for viewing and editing the POS labels and morphological
information associated with the word. This tool reduces the cognitive load of
the human annotator and enables one to speed up the tagging task.

3.5 Sanskrit Consortium Tagset (CPOS)

This tagset is designed for tagging sandhi-free Sanskrit corpus. It is based on
traditional Sanskrit grammatical categorization. All the tags seem to be the
extensions of Yaska’s four grammatical categories: nama, akhyata, upasarga and
nipata. This tagset has 28 tags. All the tags are given in the following table
(Table. [@)):

This is apparently a flat tagset and allows the annotation of major categories
only. Most of the categories appear to have been adapted either from the JPOS
or the ILMT tagset. For morphological analysis it will take help from Morpho-
logical Analyzer, so morpho-syntactic features are not included in the tagset. It
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Table 6. Sanskrit Consortium tagset

NP namapada (common noun) AN nisedharthaka (negation)

NS namasanjna (proper noun) AP prasnarthaka (interrogative)

NV namavisesan (adjective} AUP upapada (ambiposition)

KN kridantanama (participles) ASMB | sambodhanam (vocative)

KNV kridantanima visesana AUD uddharana (quotative )
(participle adjective)

SN sarvanam ( pronoun) KKS Gerundive

SNV sarvanamevisesana KV kriyavisesan (adverb)
(demonstrative)

SSN sambandhika sarvanam ABS {udgara) interjection
(relative pronoun}

SMK samkhyavacaka (number) APY pada yojaka (connective)

SMEKY samkhyevavacaka AVK vakya vojaka (sentential

(cardinal) connective )

SMKP | samkhyaptranavacaka DV dwirukti (reduplication)
(ordinal)

KP kriyapada (verb) ASD sadrsyadi (comparative)

A avyaya (indeclinable) AB other language

UNK Unknown PUNC Punctuation

is supposed to give higher accuracy result by having less number of tags. A tool
called Sanchay is being used to facilitate manual tagging and thus it reduces
the cognitive load of annotator. For Sanskrit tagging, it can be useful as long as
we know what will be the use of tagged data in this tagset. At an experimental
level two taggers were developed using this tagset - a rule based and a statis-
tical and have reported 79-81% results. The rule based tagger can be accessed
using this link http://sanskrit.jnu.ac.in/cpost/post.jsp. As this tagset does not
follow any standard framework the tagged data will hardly allow any sharing
and reusability. Due to its coarse-grained tagging and unavailability of Indian
language morph analyzers, it will be interesting to see how this tagset can be

put to actual use.
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4 Conclusion and Further Research

From the above evaluation of the tagsets it appears that the most useful tagged
corpus is the one that ensures the maximal use and sharing of it, and it will only
be possible when it is tagged by a well-established standard tagset or paradigm.
The tagsets that we have discussed in this article are of both kinds- those fol-
lowing global standards/guidelines and those which have evolved from particular
language specific requirements. The tagsets like ILPOST, ILMT and LDCIL are
designed to take care of all Indian languages, and this could provide resource
sharing and reusability of the linguistic resources. The flat tagsets may be eas-
ier to process but they cannot capture higher level of granularity without an
extremely large list of independent tags. They are hard to adapt too. So far,
ILPOSTS has been used for four languages Hindi, Tamil, Bangla and Sanskrit,
and an adapted version is reportedly being used in the LDC-IL project at CIIL
Mysore for many more languages. So, in order to enrich Indian NLP resources,
ILPOSTS seems to be a better option. However, further research is needed to
substantiate this claim.

For further research a certain amount of data could be manually tagged with
the help of these tagsets by some (1 or 2) human annotator. And on the basis of
the experience of these annotators certain facts can be discovered, for example,
which tagset is easy to use for Sanskrit and which tagset gives better results and
which is less confusing and so on. Thereafter, rule based or statistical taggers can
be tested for the efficiency of these tagsets and also their compatibility across
languages.
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Appendices

Appendix 1 Sample of Tagged data by Sanskrit Consortium tagset

gHAF NS IEKP -PUNC “PUNC IJTMAVK =NAN fHRIASN

ZAUETATNP  3TTATTASN  TISAANP  \PUNC JATNAVK  Had#SN
ITHHTTFHNY  ThedAKN \PUNC TA\SSN  ITAFCTATHANY TSN
HTNASD THFNP FATSANP \PUNC 3HHKN TAVK \PUNC

ZedEINP fAShINUrFANP fTcdmKy HUERINP HUSTAdN\NP anAVK
FMA \PUNC

JUIANP ®RANP  HAfNKP SARTUTNP fRASIMABS a@eFaaanNy
ALUNNP [\PUNC 77\PUNC [N\PUNC

dAMAVK GIASN SGUEATANP  3eaaMaTaTANV 3T NP HTIeH\NP
HRNASD TNV TJIRNAVK FTaANY HUFRAWP MAN THHAKP
\PUNC TURNAVK 2EUIE#NP TAASN IHANV AAN  Hafehkp
\PUNC
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Appendix 2 Sample of Tagged data by IL-POST tagset

HAF\NP.mas.sg.nom.i AE\V.ppd.sg.3.prs.n APU “\PU JITNCSB ACNG
FRIMCX  STUEEENNC. mas.pl.gen.vi  3EATFAPPR.0.pL. 1.ins.iii.n.n.prx
IISAAANC. neu.sg.0.i \PU TUTNCSB  HIATA\PPR. mas.pl.3.gen. vi.n.n.prx
grghleldA ). neu.sg.0.i.n.n dhedHKDG.neu.sg.0.1 APU IJANCSB
SAAFEIAT ) neu.plins.iiinn  FE\PPR.neu.pl.3.ins.iii.n.n0 JINCEM
TATAWC . mas.pl.gen.vi  FASFTAANC.new.sg.0.i NPU  IHAKDP.neu.sg.0.i
TNCCD -\PU

EedFI\NC. mas.sg.gen.vi TSR IYUTRa\N C.mas.sg.ins.iii FcIA\CAD
HUTEINC.mas.sg.gen.vi HUZeTeha\NC.mas.sg.ins.iii aCCD HTNCEM \PU

FiTﬁE\NC.neu.sg.ins.iii EF[?fl?:[\KDG.neu.sg.(].i Hafa\V.ppd.sg.3.prs.n
éﬁmNC.[lms.pl.gen.vi TRASIMCIN grEYEIddnt).mas.sg.ins.iii.n.n
AIONNC.mas.sg.ins.iii [\PU 77\RDS I\PU
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Abstract. Due to the phonetic, morphological, and lexical complexity
of Sanskrit, the automatic analysis of this language is a real challenge
in the area of natural language processing. The paper describes a se-
ries of tests that were performed to assess the accuracy of the tagging
program SanskritTagger. To our knowlegde, it offers the first reliable
benchmark data for evaluating the quality of taggers for Sanskrit us-
ing an unrestricted dictionary and texts from different domains. Based
on a detailed analysis of the test results, the paper points out possible
directions for future improvements of statistical tagging procedures for
Sanskrit.

1 Overview and Previous Research

The quality of automatic language analysis methods is one of the central issues
in natural language processing (NLP). Most research in this area concentrates
on English and the voluminous corpora available in this language. For example,
the tagsets and the precision of the POS tagging applied to the Penn treebank
were described in [6]. The authors used a small POS tagset that consisted of 48
categories and included tags such as “existential there” and “comma”. Applying
“a cascade of stochastic and rule-based taggers” to the treebank, they obtained
an error rate of 2-6% using this tagset. A similar approach is found in [5] where
CLAWS4, a tagger for the British National Corpus, is described. The authors
used a multi-level model for analysis and reported error rates of 1-5% for POS
tagging. In more recent publications, however, it has been pointed out that
many of the assumptions on which the popular NLP systems for English are
based do not apply to other languages. For tagging Hungarian, for instance, a
completely different tagset was used in [2]. This tagset consisted of 744 tags,
thus even exceeding the size of the tagset applied by SanskritTagger. Using
a morphological analyzer and a maximum entropy model, the authors reported
error rates of 1-3% for POS assignment in a Hungarian corpus.

Obviously, the precautions brought forward in [2] apply to the computational
analysis of Sanskrit to an even higher degree. Like in Hungarian, the linguistic
complexity of Sanskrit is partly caused by its inflectional nature. In addition,
the automatic processing of Sanskrit faces a number of problems that occur on
different levels of language analysis and are not well studied in NLP literature
dealing with European and especially Germanic languages:

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 162 2010.
© Springer-Verlag Berlin Heidelberg 2010
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1. Segmenting a Sanskrit phrase into its inflected components is the first and
perhaps most demanding task in the analysis of Sanskrit texts. This situation
is mainly caused by the phonetic rules called Sandhi, and it is aggravated by
the almost complete absence of typographic conventions such as punctuation
or the lower/upper case opposition, which is so useful in analyzing German
texts. Similar problems are, for example, known from the automatic pro-
cessing of Chinese, where word segmentation is a well-studied, though not
satisfactorily solved problem (cmp. [§] for an overview of this area).

2. On a higher level of linguistic analysis, the large number of homonyms and
the comparatively free word order complicate the automatic processing of
Sanskrit. Studies performed for languages whose word order is less regi-
mented than in English suggest that tagging strategies that are based on
positional information are less successful in processing such languages (see,
for example, [7, 280]). The situation is further complicated by the structure
of digital dictionaries of Sanskrit. Many of these dictionaries are not designed
for the needs of NLP, but are created from scanned versions of printed dictio-
naries. Due to the exigencies of philological work, many printed dictionaries
contain collocations or infinite verbal forms that may be interesting from a
philological perspective, but deteriorate the quality of automatic processing.

This means that the stages of processing Sanskrit differ strongly from what
is known for European languages and especially English. To analyze Sanskrit
phrases, a multi-level strategy had to be designed whose single components are
much more entangled than in the processing of European languages (cmp. [4]).
Due to these differences in the analysis process and thus in the test design, POS
error rates found for European languages are hardly comparable with those for
Sanskrit.

The following section first sketches the basic ideas of the tagging process
applied in SanskritTagger and then describes the testing procedure and its
results.

2 Testing the SanskritTagger

2.1 The Test Design

In the statistical model used by SanskritTagger, the result of the analysis is
influenced by two factors: The language data from which statistical key values
are estimated and the procedures that make use of these statistical values to
analyze a given piece of text. Since the procedures were outlined in [4], we will
concentrate on the question of how the lexical data and the amount of data used
for training influences the quality of the analysis.

To begin with, let us shortly reconsider some details of the analysis process
to make clear on which kind of data the analysis is based. In the following, W
denotes an uninterrupted string, this means a string of letters that does not
contain break markers such as spaces or dandas. If W is formed correctly, it can
be split into at least one substring w;, which is a grammatically correct Sanskrit
form. SanskritTagger divides the analysis of W roughly into three stages:
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1. Initially, a list of candidate solutions is generated for each substring w; that
may be contained in W. The number of candidate solutions depends on
the well-known features that complicate the computational (and human!)
analysis of Sanskrit: the number of possible Sandhi breakpoints and the
morphological and lexical complexity of w;.

2. In the second step, the program searches for a path through the elements
of the candidate lists that is optimal from the perspective of phraseology or
lexicography. The path is calculated using a first-order Markov chain whose
parameters (i.e., relative frequencies of single lexemes and transition proba-
bilities between bigrams of lexemes) are the statistical key values mentioned
above (cmp. [, 273/74]). These values are estimated from the texts stored in
the database of SanskritTagger. As a first hypothesis, we may assume that
the size of this text database strongly influences the quality of the estimated
parameters and, therefore, also the accuracy of the analysis. At this point,
it should be taken into consideration that previous research has shown that
the correlation between the amount of training data and the analysis quality
is not linear (see, e.g., [9, 363ff.] for an early treatment of this problem).
Therefore, we will variate the number of texts used to calculate these pa-
rameters for reaching a realistic picture of how the accuracy of the tagging
is influenced by the size of the text database (cmp. page [[65).

3. After the candidate lists have been filtered by lexical criteria, the third stage
of the analysis process uses similar methods to find an optimal POS path
through the remaining candidates. The role of the text database and the
parameter estimation corresponds with the scenario described in the second
step.

For performing the tests, we used the standard leave-one-out strategy with con-
sistent train-test splits. First, the set T of all texts ¢ that contain more than
10.000 words was retrieved from the corpusE Next, for each t € T, the statis-
tical data was rebuilt without including ¢, and ¢ was analyzed using this data
and the built-in routines of SanskritTagger. To evaluate the test result, the
new analysis ane Of each separable string was compared with the analysis of
the string app that is stored in the program database. This step seems trivial
at first view. However, consider the following case:

String: krsnapadasevanatatparah
app: krsna-pada-sevana-tatparah
Unew: krsna-padasevana-tatparah

If the new analysis a,e,, Were marked as completely wrong, the error rate would
be overestimated because 2 of 4 lexemes (krsna and tatpara) were identified
correctly. Therefore, we had to devise an evaluation procedure that was able to
cope with such imperfect matches.

A simple solution of this problem is offered by alignment techniques (see [3]
for a survey of techniques for pairwise alignment and [Il 368ff] for an Indological

! The only large text that was skipped is the MAHABHARATA, whose processing time
would have amounted to several hours.
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application of such algorithms). The basic idea of these techniques can be sketched
as follows. Given two vectors of symbols v; and vs, a matrix is created that has the
dimensions (Jv1|+1)-(|Jvz|4+1). The first row and the first column of the matrix are
filled with ascending numbers, i.e., ¢[; 1) = @ — 1 for the first row and ¢ j =1 —1
for the first column. Now, the comparison algorithm fills the remaining |v1| - |va|
cells of the matrix. The value ¢, , of each cell [z,y] is calculated by inspecting
the three preceeding cell values c[; 1], Clz—1,y) and Clz—_1,4—1):

Cla,y—1] T
Cle,y] = MIN  Clpo1,y] 7
Cle—1,y—1] + compare(viz, v2y)

v is the gap penalty with which the non-alignment of two symbols is penalized.
compare(vig, Vay) is a function that compares the symbols vi,; and wvay,, which
are represented by the analysis of a substring stored in the database (v1,) and
its new analysis (vg,) in our case. The value of compare ranges from 1 (= v1,
and vy, are derived from different lexemes) to 0 (= vi, and vq, are identical).
It is calculated by inspecting to which degree the analyses of vy, and vq, are
different. A difference in the lexical analysis is the most severe kind of error
because it invalidates the following morphological and POS analysis. compare
returns 1 in this case. This kind of error is caused by two scenarios. In the
first scenario, the string is segmented differently in the database and by the
new analysis. The string krsnapadasevanena may, for instance, be analyzed as
krsnalcomp.]-padalcomp.]-sevanenalinstr.] in the database, but as krspa[comp.]-
padasevanenalinstr.] by the new analysis. In many cases, these errors are caused
by redundancies found in the Sanskrit dictionaries (cmp. page[I63)). In the second
scenario, both procedures have split the string in the same way, but have assigned
different lexemes to at least one substring. In our example, this may result in
analyses such as “the worship of the feet of Krsna” in the database and “the
worship of black feet” by the new analysis due to the homonymy of the noun
and the adjective krsna. A more detailed analysis of this class of errors is given
in section If the lexical analysis has succeeded, errors may occur in the
morphological and POS analysis of the words (third step of the analysis). The
most frequent types of errors are caused by bahuvrihi composites whose differing
gender is not recognized correctly, and by morphologically ambiguous forms
such as wvanam, which may be a nominative, an accusative, or a vocative. In
these cases, compare returns a positive value larger than zero that represents
the number of correct decisions the algorithm has made. Errors in the analysis
of a noun, for example, can occur during the four stages of lexical analysis, this
means in case, number, and gender. If the lexical analysis, case, and number
were recognized correctly, compare returns Z =0.75.

After the algorithm has traversed the whole matrix, the cell ¢[jy,|41,jvs]+1]
contains the accumulated costs of the optimal alignment of v; and wvs. This
value may be used to calculate a measure of quality e for the analysis process:

Clloa 41, vz |+1]

—1- .
cnva) = 1= ax(onl, Jos])
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Using v - max(|v1], |vz]) in the divisor is motivated by the fact that the accu-
mulated costs amout to max(|v1], |vz]) - v if two sequences contain no pairwise
identical symbols. Therefore, e(v1, v2) is in the range [0, 1] with e(vq,v2) = 1 for
a perfect match. To extract the details about the errors made by the program,
the matrix is traversed in backward direction by using pointers set during the
forward pass. The error information gained in this step is examined in detail in
the next section.

2.2 Results and Evaluation

All texts in the SanskritTagger database that contain more than 10.000 words
were analyzed using the testing scenario described in the preceeding section.
The test data will be evaluated in two steps. First, we will give an overview of
general trends in the performance of the tagger, which includes questions such
as the influence of the text genre and the style on the analysis accuracy (page
[I60). Second, we will have a closer look at the lexical errors, which constitute
the most frequent class of errors (page [I68).

The general performance. The raw test results are listed in table [l which
contains some types of information that need further explanation:

1. Lexical richness is the ratio of the number of different lexemes divided by
the number of all words contained in a text (ng). It ranges from an (each
word of the text is derived from the same lexeme, something like $iva Siva
§iva) to T =1 (each word is derived from another lexeme).

2. Six kinds of errors are distinguished in the tests. Apart from a lexical error
ergx (cmp. page and page for a detailed analysis of this kind of
error), a wrong POS tag can be assigned to a correctly identified lexeme
(eposi—5). epos1 occurs only when an infinite verbal form is confused with
a finite one.

3. The hit rate H records the overall hit rate of SanskritTagger. If C is the
number of words that were analyzed correctly and w = Z¢:1 eposi, it is
defined as

H= ¢ .
C+erpx tw
The lexical hit rate Hpgx ignores POS errors because the lexeme has been
recognized correctly in such cases:

CHw

H = .
LEX = Yerpx +w

To compare the accuracy of SanskritTagger with that of other POS taggers,
the POS error rate can be calculated as follows (values not displayed in

table [I):
w

Eros =4
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Table 1. Results of the leave-one-out tests; refer to page [[66] for the exact meanings

of the columns

More than one non-lexical error (eposs)

= 3
§ 0§ 73 =
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o= % =
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Text QA < | < c S 5 RS R S I 5 us
RASARATNASAMUCCAYA- ||0.18 9.8 | 9986 800 8 357 299 1 234(0.8550.932
TIKA
RASAMANJARI 0.22 7.2(10550 694 5 576 244 0 281 (0.8540.944
BHAVAPRAKASA 0.25 7.0 (11096 878 2 314 280 0 161 |0.8720.931
LANKAVATARASUTRA 0.16 11.6| 9305 1730 17 347 254 3 388(0.7730.856
RASENDRACINTAMANI 0.25 7.7 /10845 922 4 555 337 0 2440.8400.929
BODHICARYAVATARA 0.21 7.4|11257 1219 10 520 288 5 1981(0.8340.910
Y AJNAVALKYASMRTI 0.27 7.0 11764 1059 19 557 234 1 150(0.8530.923
GOKARNAPURANASARAH [0.19 6.6 | 12497 1100 18 431 220 4 144(0.8670.924
SARNGADHARASAMHITK— 0.17 8.1|12449 833 2 532 372 1 30510.8590.943
DIPIKA
DASAKUMARACARITA 0.28 16.9/ 12081 1283 19 439 357 5 252(0.8370.911
RASAPRAKASASUDHAKARA(0.19 7.4 13263 988 2 608 288 2 2190.8630.936
SKANDAPURANA 0.20 6.8 13827 1242 15 559 317 6 157(0.8580.923
RASENDRACUDAMANI 0.21 7.2|15417 888 9 553 345 0 335(0.8790.949
VISNUSMRTI 0.24 5.7 15071 1378 29 809 371 4 257(0.8410.923
BUDDHACARITA 0.20 9.1 [ 15748 1485 22 723 536 5 237(0.8400.921
MRGENDRATIKA 0.16 12.4/ 17443 1902 23 705 569 5 47810.826 0.910
SATVATATANTRA 0.30 7.1| 6240 1259 4 309 143 0 1923(0.6320.873
ARTHASASTRA 0.29 9.3| 8877 962 5 450 318 0 2481(0.8170.911
HITOPADESA 0.23 7.1| 9822 900 12 414 167 3 77 |0.8620.921
RASARATNASAMUCCAYA [[0.18 7.2(23311 1656 5 1175 672 1 546 |0.852 0.939
MUGDHAVABODHINT 0.1312.7| 24613 2087 20 1268 797 0 443(0.8420.929
RASARNAVA 0.13 6.8 26198 1895 10 14271031 1 711 {0.8380.939
MANUSMRTI 0.17 7.0 | 31177 2728 57 1650 890 9 342 |0.846 0.926
AYURVEDADIPIKA 0.1212.8/ 31355 2834 51 1259 902 10 545 (0.848 0.923
KURMAPURANA 0.14 6.6 | 33308 2856 26 1244 715 17 391 |0.864 0.926
BHAGAVATAPURANA 0.17 7.1 33840 4076 76 1958 106222 625 |0.8120.902
BRHATKATHASLOKA- 0.12 6.8 | 49372 5482 114 1997 1401 28 864 |0.833 0.907
SAMGRAHA
ANANDAKANDA 0.11 6.9 | 68767 5896 17 3720173117 1791|0.839 0.928
CARAKASAMHITA 0.1110.5| 73239 6830 157 3582 2189 79 1763|0.834 0.922
SKANDAPURANA (2) 0.08 6.8 97348 7645 1123951 1627 44 1250(0.869 0.932
MATSYAPURANA 0.10 6.8 |101860 9805 141 3996 2518 25 1517|0.850 0.918
LINGAPURANA 0.08 6.9 |105185 10477 63 4137 3447 23 1557|0.842 0.916
SUSRUTASAMHITA 0.09 8.9 113237 11904 209 5769 3809 30 2274(0.825 0.913
RAMAYANA 0.05 6.8 |220398 18643 387 8292 4437 64 2619|0.865 0.927
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Figure [ displays the boxplots of H, Hygx and Epos. Since the analysis of
Sanskrit differs strongly from that of other languages, H and Hpgx are hardly
comparable with rates recorded in previous research. Obviously, however, both
H and Hp gx need significant improvements in future versions of the program. If
we take into account the complex considerations that the linguistic phenomena
of composite creation and bahuvrihi make necessary for POS tagging of Sanskrit,
the POS accuracy of SanskritTagger compares acceptably with POS error rates
reported for less complex languages (pe pos = 0.090, 0. pos = 0.035).

To go deeper into the details of table [I we should try to determine the
influence of literary features on the analysis quality. If lexical richness and the
average phrase length are used to get an estimation of the complexity of a literary
style, we get the four plots displayed in figure 2l Astonishingly, the correlations
between these two features and the (lexical) hit rates are almost unnoticeable.
This result is supported by inspecting linear regressions performed with these
data none of whose parameters (intercept, slope) are significant at the 10% level.
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(<]
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Fig. 1. Boxplots of the hit rates recorded in table [I} left: hit rate H, middle: lexical
hit rate Hrgx, right: POS error rate

In the introduction, we mentioned the theory that the amount of training
data influences the analysis accuracy. To assess this theory, the analysis of the
RASAMANJARI was repeated using statistical key values that were calculated
from randomly selected subsets of the text corpus. Figure Bl displays graphically
the influence between the amount of training data and the analysis quality.
Although the analysis accuracy obviously increases with the amount of training
data, we achieve comparatively high rates of accuracy even when only 20% of
the corpus are used for training. Therefore, it seems that substantial increases
in the accuracy of the tagger cannot be achieved by increasing the size of the
corpus, but only by improving the analysis procedures.

Lexical errors. Errors in the lexical analysis constitute the major part of the
errors made by SanskritTagger. Since a reduction of this class of errors would
strongly increase the accuracy of the tagger, we should detail the subclasses of
this kind of error:
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Fig. 2. Correlation between the average phrase length (upper row)/lexical richness
(lower row) and the hit rate (left column)/lexical hit rate (right column)

Confusion of (partly) homonymous words. In most cases, homonyms be-
longing to different declensional classes (e.g., adjectives and nouns) such as
prthu = “broad” and prthu = “name of a man” are confused in this sub-
class. One of the most productive pairs of words that belongs to this error
class is tad = “this” and the suffix ta, which denotes abstract nouns. Since
the nominative and accusative plural of ta are identical with the nomina-
tive/accusative plural fem. of the pronoun, the program selects the much
more frequent pronoun for the configuration any word - tah as long as
no overwhelming testimony for the pair any word - ta is recorded in the
database. Less frequent are confusions of two or more homonymous nouns
that are entered as different lexemes in the dictionary. Among these cases, we
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Fig. 3. Accuracy of SanskritTagger (y-axis) correlated with the size of the training
corpus (x-axis); the solid line indicates the lexical hit rate and the dashed line the hit
rate (cmp. page [2))

find, for example, the triple $iva (m.) = “the god Siva”, siva (n.) = “bliss”,
and Siwa (adj.) = “auspicious”, some of whose inflected forms are identical.
Another subtype comprised in this class pertains to comparatively few lex-
emes, but contributes much to the lexical error rate: When inflected forms of
nouns or adjectives are recorded as independent lexical items in the dictio-
nary, the lexical analysis often has problems to distinguish between these —
finally identical — instances. Examples are praya (m.)/prayena (adv.), pra-
tyaha (adj.)/pratyaham or asu (adj.)/asu (adv.).

Infinite verbal forms. This category partly coincides with the preceeding one.
Frequently, gerundives or participles are included as independent lexical
items in the dictionary. Examples are hasya (adj.) = “ridiculous” and hasya
as the gerundive of the root has or karta = nom. sg. of kartr (adj.) = “doing”
or as the periphrastic future of the verb kr. The Monier-Williams, from which
the lexical database of SanskritTagger is built, contains a large number of
such lemmatized participles. If the meaning of such lemmata can be derived
directly from the meaning of the root (e.g., samjihana), these lemmata are
removed from the digital dictionary. Although this — still ongoing — manual
cleanup is time consuming, it reduces the number of alternatives and thus
the possibilities of lexical errors. Some few lemmatized participles have de-
veloped independent meanings and are therefore kept in the dictionary (e.g.,
vidagdha= “clever” or samuddhata = “arrogant”). In spite of these improve-
ments, there remains a group of high frequency lemmatized participles such
as sat = “good” or krta that are responsible for the majority of errors in
this class.

Segmentation errors. In this class, two types of errors can be distinguished.
The first one is caused by redundancies found in the Monier-Williams. If the
dictionary contains both a composite noun and the components constituting
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it, a substring w; corresponding to the composite noun can be analyzed
in two ways. An example is the term suhrdvakya for which the Monier-
Williams gives the meaning “the advice of a friend” and whose components
suhrd and vakya are also recorded in the dictionary. Obviously, the lemma
suhrdvakya is redundant because its meaning can be derived directly from
the meaning of its components when standard rules of compound analysis
are applied. Similar to most of the lemmatized participles mentioned above,
such lemmata should therefore be removed from the digital dictionary. The
second class of errors are real missegmentations, which are comparatively
rare.

3 Conclusions and Future Developments

To our knowledge, the tests described in this paper have yielded the first reliable
estimations of error rates that occur during the automatic processing of Sanskrit
using an unrestricted dictionary and texts from diverse knowledge domains. The
largest group of errors consists of lexical misinterpretations, which are mostly
caused by high frequency homonyms and redundancies in the digital dictionary.
While the redundancies will be reduced by an ongoing revision of the dictio-
nary, the homonyms pose a serious challenge to the computational analysis of
Sanskrit. Considering the weak correlation between the amount of training data
and the accuracy of the tagger, we cannot expect these and similar errors will
disappear with an increasing size of the text corpus. Manually designed decision
rules or a more detailed context analysis may offer a way out of this problem.
When compared with results reported for other languages, the POS error rate
of SanskritTagger is still too high. A combination of morphological and syn-
tactic analysis steps may help to decrease the frequency of this error; however,
the basic steps necessary for such an analysis have first to be implemented in
SanskritTagger. In conclusion, the results reported in this paper indicate that
the three steps of analysis should be merged into one step in future versions of
SanskritTagger.
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Abstract. Amarakosa is the most celebrated and authoritative ancient
thesaurus of Sanskrit. It is one of the books which an Indian child learn-
ing through Indian traditional educational system memorizes as early
as his first year of formal learning. Though it appears as a linear list of
words, close inspection of it shows a rich organisation of words expressing
various relations a word bears with other words. Thus when a child stud-
ies Amarakosa further, the linear list of words unfolds into a knowledge
web. In this paper we describe our effort to make the implicit knowledge
in Amarakosa explicit. A model for storing such structure is discussed
and a web tool is described that answers the queries by reconstructing
the links among words from the structured tables dynamically.

Keywords: Amarakosa, Synset, Polysemy, Semantic relations, Ontology.

1 Introduction

The Indian tradition of transmitting knowledge orally is on the verge of extinc-
tion. As the oral transmission demands, Indian traditional educational culture
was organised to be formal and intensive as opposed to the modern culture which
is more informal and extensive (Wood, 1985). In traditional circumstances, a
child would receive his education largely by oral transmission, mainly through
rote-learning. The method employed was through recitation and remembering.
A child is taught the alphabet (varnamala), he would memorise a few verses,
subhasitas, and then start reciting a dictionary of synonymous words — the Ama-
rakosa — till it is memorised. It typically would take anywhere between 6 months
to a year to memorise a list of approximately 10,000 Sanskrit words arranged
as a list of synonyms. The close inspection of the structure of the Amarakosa
gives much more insight into the way the words are organised. When a student
memorises it, though in the beginning it appears as a linear list of words, as he
starts understanding the meaning of the words, reads the commentaries on this
text and starts using these words, the linear structure unfolds into a knowledge
web with various links.

The Amarakosa printed in the form of a book just shows the linear order, and
the index at the end of the book point to various words for easy references. But
there is much more to it than just a linear order. The knowledge a student ac-
quires through various commentaries and also its practical use in his own field of

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 173 2010.
© Springer-Verlag Berlin Heidelberg 2010
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expertise — be it Ayurveda, Vyakarana or Sahitya, is in the form of various links.
With the modern education culture that is dominated by the use of computers
as a tool, which relies more on the secondary memories such as books, comput-
ers, and the World Wide Web, than the human memory, it is necessary to make
the implicit knowledge in Amarakosa explicit. The computers have an advantage
over the printed books. Computers can represent multi-dimensional objects, and
thus one can navigate through the whole structure and at the same time with
the powerful search facilities can search complex queries. In this paper, we illus-
trate with examples various kinds of links one can ‘visualise’ in Amarakosa, and
provide a database model to store these links in order to facilitate automatic
extraction of these links as an answer to a search query.

2 Amarakosa

Amarakosa primarily named Namaliniganusasana (a work that deals with in-
structions related to the gender of nouns) is authored by Amarasimha - 4
century A.D. (Oka, 1981) - and is the most celebrated and authoritative ancient
thesaurus of Sanskrit with around 60 commentaries and translations into mod-
ern Indian as well as foreign languages such as Chinese, Tibetan, French, etc.
(Patkar, 1981). It is considered as an essential requisite for a Sanskrit scholar
and as such a child is asked to memorise it even before he starts his studies
formally. It consists of 1608 verses composed in anustup metef] and are divided
into 3 chapters called Kz‘mdasg

Classification. Each of the three kandas is further subdivided into various
vargas. The classification of three kandas into 25 vargas is as given below.

— prathamakandam:
svargavargah (heaven)
vyomavargah (sky)
digvargah (direction)
kalavargah (time)
dhivargah (cognition)
sabdadivargah (sound)
natyavargah (drama)
patalabhogivargah (nether world)
narakavargah (hell)
varivargah (water)

— dvitiyakandam:
bhimivargah (earth)
puravargah (towns or cities)

! dloke sastam gurum jiieyam sarvatra laghu paficamam |
dvicatuhpadayorhrasvam saptamam dirghamanyayoh ||
2 And as such is known as Trikands.
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sailavargah (mountains)
vanausadhivargah (forests and medicines)
simhadivargah (lions and other animals)
manusyavargah (mankind)
brahmavargah (priest tribe)
ksatriyavargah (military tribe)
vaid§yavargah (business tribe)
studravargah (mixed classes)

— trtiyakandam:
videsyanighnavargah (adjective)
samkirnavargah (miscellaneous)
nanarthavargah (polysemous)
avyayavargah (indeclinables)
lingadisangrahavargah (gender)

Amarakosa contains 11,580 content words (tokens). Some of the tokens are re-
peated either within a kanda or across the kandas leading to only 9,031 types.
The kanda-wise distribution of the tokens and types is shown in Table 1.

Table 1. Tokens and types in each kandas

kanda tokens types
prathamakandam 2465 2300
dvittyakandam 5827 5282
trtryakandam 3288 2271

Synset. A set of synonymous words is termed as a synset. Each synonym may
span over one or more verses. The following verse, e.g., provides a synonym for
the word jambuka.

striyam Siwa bharimayagomayumrgadhurtakah |
srgalavancakakrostupherupheravajambukah ||2.5.5 ||

Polysemy. Amarakosa has 4,017 synsets. Some of the words fall under more
than one synset, and thus are ambiguous. Most of these polysemous words belong
to the nanarthavarga of the third kanda which lists the polysemous words alpha-
betically according to their endings. The polysemy distribution in the Amarakosa
is summarised in Table 2. There is only one word hari in Amarako$a which has
as many as 14 senses, the word antara belongs to 13 synsets, and the word go
has 12 synsets. We note that almost 65% words (7459 words) belong to a single
synset and thus are not ambiguous.

Gender. A few verses in the beginning of the Amarakosa describe the meta-
language and the techniques employed to indicate the gender of various words.
The word striyam, for example, in (2.5.5) above is not a token but a word
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Table 2. Polysemy distribution

No. of meanings No. of words Words

14 1 hari

13 1 antara

12 1 go

10 2 kriya, kuta
9 2 rasa, vrsa
8 8 dhatu, dharma, vasu, arista...
7 9

6 18

5 49

4 136

3 330

2 1015

1 7459

from the meta-language indicating the gender of the following word $iva to be
feminine. In addition to these general guidelines, in the linigadisarigrahavarga
Amarasimha gives certain grammatical and phonological clues for deciding the
gender of a word. In the event of absence of any rule, the gender of the remaining
words in 2.5.5, constituting two compound words ” bhurimayagomayumrgadhurta
kah” and ” srgalavancakakrostupherupheravajambukah” is inferred to be mascu-
line from their compounding-forms.
The avyayavarga lists synsets consisting of indeclinables.

3 Organisation of Synsets within a Varga

Except the polysemous words (nanarthavarga), all other synsets in a varga show
some semantic relation to the varga it belongs to and sometimes even to the
preceding or following synsets. These semantic relations indicate various kinds
of relations. They may be classified as hierarchical or associative. The hypernym
indicating a more general term or the hyponym showing a more specific term
are the examples of hierarchical relation. Similarly the holonym-meronym rela-
tion marking the whole-part relation is also a hierarchical relation. In addition
various other relations are indicated by the adjacency of the synsets. These may
be termed as associative relations, which indicate some kind of association of
one synset with the other. This association may be the association among hu-
man beings, or the association of certain objects with certain other objects. We
illustrate below some such relations with examples.

3.1 Example 1: Visnuh

The verses from 1.1.18 to 1.1.29 describe various synsets representing Visnu, and
objects related to/associated with Visnu. The relations, as is evident from the
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following description, are kinship relations such as father, brother, son, grand-
son, wife, and also associated objects such as conch, discus, sword, vehicle, etc.
(See Figure 1).

Visnuh (1.1.18 - 1.1.22)F

Krsna’s father (1.1.22)

Krsna’s elder brother (1.1.23 - 1.1.24)

kamadevah (1.1.25 - 1.1.26)
floral arrows of kamadevah (1.1.26)
physical arrows of kamadevah (1.1.26)
son of kamadeval - aniruddhah (1.1.27)

wife of Visnuh - laksmt (1.1.27)

Special devices/equipments of Visnuh(1.1.28)

(conch, discus, sword, jewel, bow, horse, mark,etc.)

Krsna’s charioteer, minister (1.1.28)

Krsna’s younger brother (1.1.28)

Visnu’s vehicle - garudah (1.1.29)

Fig. 1. Relations of Visnu

3.2 Example 2: Samayah

The verses from 1.4.1 to 1.4.9 deal with words related to time, units of measure-
ment, special names of special days, etc.

Time (1.4.1)
Lunar day (1.4.1)
First lunar day (1.4.1)
{Day (1.4.2)
Morning (1.4.2 - 1.4.3)

3 The English translations of the subheadings, which are given here and in the fol-
lowing examples, describing the $lokas are taken from Colebrooke’s commentary on
Amarakosa (Colebrooke, 1808).
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Twilight (1.4.3)
Evening (1.4.3)
First four hours of a day (1.4.3)
Second four hours of a day (1.4.3)
Third four hours of a day (1.4.3)
Period of the day (1.4.3)
Night (1.4.3 - 1.4.4)
A dark night (1.4.5)
A moonlight night (1.4.5)
A night and two days (1.4.5)
First part of night (1.4.6)
Midnight (1.4.6)
Sequence of nights (1.4.6)
Space of three hours (1.4.6) }
Last day of the half month (1.4.7)
Precise moment of the full or the new moon (1.4.7)
Full moon day (1.4.7)
Full moon whole day(1.4.8)
Full Moon with a little gibbous on part of a day (1.4.8)
No moon day (1.4.8)
wanning crescent (1.4.9)
No moon whole day (1.4.9)

In this example we also see violation of nesting. In between the synsets related
to lunar day and last day of the month, the synsets related to day (which refers
to the apparent solar motion) are intervened.

3.3 Example 3: Ksatriyah

Here is a group of verses from 2.8.1 to 2.8.10 belonging to the ksatriyavarga.
The words here refer to the king, military, ministers, various category of people
engaged in the services of kings, etc.

Man of the military tribe (2.8.1)
King (2.8.1)
Universal monarch (2.8.2)
An emperor (2.8.2)
King over a country (2.8.2)
Paramount sovereign (2.8.3)
Multitude of kings (2.8.3)
Multitude of military tribe (2.8.4)
Minister (2.8.4)
Deputy minister (2.8.4)
Priest (2.8.5)
Judge (2.8.5)
King’s companions (2.8.5)
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Body guards of a king (2.8.6)
Warder (2.8.6)
Superintendent (2.8.6)
Village Superintendent (2.8.7)
Superintendent of many villages (2.8.7)
Superintendent of Gold (2.8.7)
Superintendent of Silver (2.8.7)
Superintendent of the womens’ appartments (2.8.8)
Outside guard of the womens’ appartment (2.8.8)
attendant of a king (2.8.9)
eunuch (2.8.9)
Prince whose territories lie on the frontiers of those of the enemy
(2.8.9)
Neighboring prince (2.8.9)
Prince whose territories lie beyond those of the friend (2.8.10)
Enemy in the rear (2.8.10)

3.4 Implicit Relations

These were three samples from three distinct topics involving totally different
kind of relations. All these relations are semantic in nature. A more detailed
study of such examples showed that following relations occur more frequently.

— avayavavayavt (part-whole relation)
— paraparajati (is a kind of relation)

— janyajanaka (child-parent relation)

— patipatnt (husband-wife relation)

— svasvami (master-possession relation)
— ajwika (livelihood)

There are a few other relations such as kinship relations, adhara-adheya, vamsa-
vamsya etc. The extraction of such relations and marking is still ongoing. But
the instances of such relations were found to be rare.

4 Amarakosa-jnana-jala

In the recent past there have been notable efforts by Sanskrit computational
linguists with focus on Amarakosa. Jha et. al. (2010, Online Multilingual Ama-
rakosha) have developed a searchable web interface to Amarakosa which provides
the Indian language equivalents of the Amarakosa words in addition to the orig-
inal sanskrit text. Bharati et. al. (2008) and Nair et. al. (2009) did comparative
study of the Amarakosa with the existing Hindi WordNet in order to find the
usefulness of Hindi WordNet in augmenting the Amarakosa with relational infor-
mation. There have been efforts by Kulkarni et. al. (2008, 2010) that describe the
development of Sanskrit WordNet. The present effort is altogether an innovative
effort that helps reveal the internal structure of the Amarakosa.
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The Amarakosa-jnana-jala is developed as a web application. The application
provides a search result of a query dynamically generated using the structured
lexicon of the Amarakosa and the supplementary tables marking the relations.

The structured lexicon as well as the supplementary tables showing the ex-
plicit relations are simple ASCII text files. Sanskrit words are stored in a roman
transliterated scheme (WX notation)E There are two advantages of storing the
text in WX notation. The first advantage is, it facilitates a lexicographer to use
simple unix tools such as grep, sed, etc. for her day-to-day work of updating the
knowledge-base. Unicode for Devanagari mixes the phonemes with the syllables,
making it un-natural to write the search expressions. The second advantage, of
course, is the size. The size of the tables in UTF-8 for Devanagari is more than
2 times the corresponding files in roman transliteration such as WX notation.

4.1 Structured Lexicon

The main structured lexicon consists of synsets stored in the form of a set of
records. Each record corresponds to a word in the Amarakosa (excluding the
meta-language words). It consists of 5 fields as described below.

Stem. Amarako$a lists words in nominative cases. However, we decided to go
for the nominal stem instead of the nominative case word form. In case of femi-
nine words, this field contains the feminine stem, i.e. the stem after adding the
feminine suffix. In case of nanarthavarga (part of the Amarakosa dealing with
polysemous words), the polysemous word is entered in this field.

The reason for choosing nominal stem over the nominative case form is the
ease in linking the Amarakosa words with the existing computational resources
such as morphological analysers and generators and various e-lexicons, which
typically expect a pratipadikam and not a prathamanta (ending in nominative
case).

Amarakosa index. This field contains a reference to an entry in the Ama-
rakosa, as a 5 tuple of numbers, separated by dots. The 5 numbers in the 5 tuple
refer to the kanda, varga, Sloka, pada and the word number respectively. Table
3 shows a sample entry corresponding to the following sloka,

svaravyayam svarganakatridivatridasalayah |
suraloko dyodivau dve striyam klibe trivistapam || 1.1.6 ||

Lirigam (gender). This field contains the gender of the stem. The gender
of a word in a $loka is decided with the help of meta-language employed by
Amarakosa. These are further cross checked with Devadatta Tiwari’s Devakosa
arthat Amarakosa (Tiwari, 1989) and Colebrooke’s commentary on Amarakosa
(Colebrooke, 1808) when in doubt.

Sanskrit has 3 values for gender viz. masculine, feminine and neuter. Thus
there are 8 possible combinations (an indeclinable is assigned no gender, and

* http://sanskrit.uohyd.ernet.in/~anusaaraka/sanskrit /samsaadhanii /wx.html
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Table 3. Words and references of the svarga-synset

‘Word Reference

svar 1.1.6.1.1
svarga 1.1.6.1.2
naka 1.1.6.1.3

tridiva 1.1.6.1.4
tridasalaya 1.1.6.1.5
suraloka  1.1.6.2.1
dyo 1.1.6.2.2
div 1.1.6.2.3
trivistapa 1.1.6.2.4

the adjectives are the ones which take all the three genders). In addition, Ama-
rakosa also provides information about words that are always plural or dual by
nature. Following combinations of gender, number information were found in the
Amarakosa.

— Indeclinable - (avya.)

— Feminine - (stri.)

— Masculine - (pum.)

— Neuter - (napum.)

— Masculine and Feminine - (stri- pum asanﬁ

— Feminine and Neuter - (stri-napum.) udﬁ

— Feminine dual - (stri-dvi.) [dyavaprth

— Feminine plural - (stri-bahu.) [apsara

— Masculine and Neuter - (pum-napum. dalvatanﬂ
— Masculine dual - (pum-dvi.) [nasatyauld]

— Masculine plural - (pum-bahu.) [gljha]

— Neuter and indeclinable - (napum-avya.) [apadiéa}
— Adjective - (vi.)

Vargah. This field contains the name of the varga, as given in the commentaries
to which the entry belongs.

Head Word. The first four fields cover all the explicit information that can be
easily extracted automatically. The important feature of Amarako$a is that it
provides synonymous words. The marking of synonymous words is obvious only

® aganirdvayoh (1.1.47)

5 tarakapyudu va striyam (1.3.21)

" dyavaprthvyau (2.1.19)

8 striyam bahusvapsarasah (1.1.52)

9 daivatani pumsi va (1.1.9)

10 pasatyavasvinau dasravasvineyau ca tavubhau (1.1.51)
! grhah pumsi ca bhiimnyeva (2.2.5)

12 Klibavyayam tvapadisam (1.3.5)
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through the world knowledge or through the commentaries. To provide a handle
to each set of synonymous words — called as synset, we created a field termed as
Head Word which provides a name to each synset. Thus these Head Words are
unique and act as a reference ID for a synset. The total number of Head Words
give us the total number of synsets in the Amarakosa. We denote the synset
corresponding to a Head Word W by Syn(W).

The choice of Head-Words is mainly guided by the Bhanuji Diksita’s Sudha
commentary on Amarakosa (Pandit, 1915). When a better choice was available in
the Malayalam commentary Triveni (Moosath, 1956) or Paramesvari (Moosath,
1914) or the Hindi commentary Prabha, it was chosen. Table 4 shows an example
of a Sloka 2.5.5 converted to a structured table, and figure 2 shows the search
result of the Amarakosa-jnana-jala for the word $rgala.

4.2 Tables Marking Various Relations

The relations are among various Head Words and are marked as records. Each
record corresponds to one synset ID. The first field of each record consists of
the synset ID, and remaining six fields correspond to the Head Words that
bear a relation of is a part of (avayavavayavi), is a kind of(paraparajati), janya-
janaka-bhava, pati-patni-bhava, sva-svami-bhava, ajiwika with the synset ID in
the first field.

Table 4. Example of Head-Word

Token Reference Gender Varga-name Head-Word
giva 2.5.5.1.1 str1 simhadivargah jambhikah
burimaya  2.5.5.1.2  pum simhadivargah jambhukah
gomayu 2.5.,5.1.3  pum simhadivargah jambhiikah
mrgadirtaka 2.5.5.1.4  pum simhadivargah jambhikah

Srgala 2.5.5.2.1  pum simhadivargah jambhukah
vafijaka 2.5.,5.2.2  pum simhadivargah jambhiikah
krostu 2.5.5.2.3 pum simhadivargah jambhikah
pheru 2.5.5.2.4  pum simhadivargah jambhukah

pherava 2.5.5.2.5  pum simhadivargah jambhukah
jambuka 2.5.5.2.6  pum simhadivargah jambhikah

qTI'fﬂ'ﬂ'ﬁ‘T(Synsets)
AMMet

H: x: T: | T :: Riga: | YRem, gy, Srgw, g, TS, td, Ho, R,
pfm‘ a‘aa’ m wwE, i, vell, 0% - 2.55.1.3,08% : 4.

Fig. 2. Example of a synset
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1. Is a part of (avayavavayavi)
This field marks is a part of relation. Let W be the synset-ID. Then this
field will have an entry W’ if the member of SynW is a part of member of
SynW’ (See Table 5).

For example,

Syn(ratrih) = $arvari, ksanada, ksapa, nisa, nisithini, rajani, ratri, vibhavart,
tamasvini, tamsi, triyama, yamini, naktam, dosa, vasati, Syama.

and

Syn(ratrimadhyah) = ardharatra, nisitha.

Now, ardharatra, nisitha are part of nisa, rajani, ratri, etc.. Hence
ratrimadhyah is marked to be is a part of (avayava of) ratrih

Similarly pradosa, rajanimukha (€  Syn(ratriprarambhah)) are also
part of nisa, rajani, ratri, etc.. Hence ratriprarambhah, where Syn
(ratriprarambhah)= pradosa, rajanimukha

also bears a part of relation with ratrih.

Table 5. Example of is-a-part relation

Head-Word W part (avayava)-of W
ratrimadhyah ratrih
ratriprarambhah ratrih

2. Is a kind of (paraparajati)
This field marks is a kind of relation. The entry contains the Head Word
W’ such that synset ID W bears a relation of is a kind of with W’. The
hypernymy and hyponymy relation can be extracted using this field. Here
are some entries: (see Table 6.)

Table 6. Example of is a kind of relations

Head-Word W kind (parajatih) of W

ganga nadt
yamuna nadt
narmada nadt

3. Janya-janaka-bhava (parent-child relation)
This field marks the relation of parent-child (janya-janaka-bhava). (see
Table 7.) Where Syn (jayantah) = pakasasani, jayanta.
and
Syn (indrah) = indra, bidaujas, maghavan, marutvat, pakasasana, sunasira,
vrddhasravas, purandara, puruhuta, jisnu, lekharsabha, Sakra, Satamanyu,
divaspati, vrsan, vrtrahan, gotrabhid, sutraman, vasava, vajrin, balarati,
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Sacipati, surapati, vastospati, harihaya, jambhabhedin, namucisudana,
svaraj, meghavahana, sankrandana, turasa, duScyavana, akhandala,
rbhuksin, sahasraksa, kausika, ghanaghana, parjanya, hari.

Syn (sanatkumarah) = sanatkumara, vaidhatra

and

Syn (brahma) = atmabha, brahman, caturanana, hiranyagarbha, lokesa,
paramesthin, pitamaha, surajyestha, svayambhu, abjayoni, andaja,
hamsavahana, kamalasana, kamalodbhava, nabhijanman, nidhana, prajapati,
purva, rajomurtin, satycka, sadananda, svastr, vedhas, virinci, visvasry,
vidhatr, vidhi, dhatr, druhina, ka, atman, sambhu.

Table 7. Example of Janya-janaka relation

Head-Word W Child (janya) of W

indrah jayantah
brahma sanatkumarah
sivah ganesah

. Pati-patni-bhava (husband-wife relation)

This field marks the husband-wife relation, as shown below. (see
Table 8.) Where Syn(laksmi) = bhargavi, haripriya, indiraa, kamala,
ksirasagarakanyaka, ksirodatanaya, laksmi, lokajanani, lokamatr, ma,
padma, padmalaya, rama, $ri, vrsakapay.

and

Syn(vispuh) = hrsikesa, keSava, krsna, madhava, narayana, svabhi,
vatkundha, visnu, vistrasravas, damodara, acyuta, garudadhvaja, govinda,
janardana, pitambara, pundarikaksa, Sarngin, wvisvaksena, daityari,
cakrapani, caturbhuja, indravaraja, madhuripu, padmanabha, upendra,
vasudeva, trivikrama, adhoksaja, balidhvamsin, kamsarati, purusottama,
Saurt, sripati, vanamalin, revakinandana, jalasSayin, kaitabhajit, mukunda,
muramardana, narakantaka, puranapurusa, $riwatsalanchana, visvambhara,
visSvarupa, vidhu, yajnapurusae, laksmipati, murari, aja, ajita, avyakta,
vrsakapi, babhru, hari, vedhas.

Table 8. Example of Pati-patni relation

Head-Word W Husband (pati) of W
laksmt visnuh

parvatt $ivah

lopamudra agastyah
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Table 9. Example of Sva-svami relation

Head-Word W master (svami) of W
visnoh mantrih visnuh
visnoh sarathih visnuh
garudah visnuh

5. Sva-svami-bhava (master-possession relation)
This field marks the master-possession or sva-svami-bhava relation as shown
below: (see Table 9.)

6. Ajivika (livelihood)
This field marks the livelihood relation between two syn-sets. For exam-
ple, the synset with Head Word matsya is (andaja, jhasa, matsya, mina,
prthuroman, Sakuli, vaisarina, visara, animisa) denotes objects which act as
a livelihood for the objects expressed through the concept of dhivara, and
hence the livelihood for the objects belonging to the synset dhivara is marked
as a matsya. (see Table 10.)

Table 10. Example of Ajwika relation

Head-Word W Livelihood (Ajivika) of W

dhivarah matsyah
nartaky nrtyam
navikah nauka
sevakah seva

4.3 Quantitative Analysis

For every headword, one or more of the relations as specified above are marked.
As was expected, the hierarchical relations viz. is a kind of and is a part of ap-
pear prominently than the associative relations. The occurrence of various rela-
tions in terms of Head-Words and all the words belonging to the synsets denoted
by these head words is shown in Table 1104,

4.4 Implementation

From the structured lexicon table and the table of relations we build data bases

using the built-in dbm engines of unix and the programes are written in Perl. These

dbm engines use hashing techniques to enable fast retival of the data by key.
Following three hash tables are built from the structured lexicon.

a) Head-word hash
where Key=stem and Value=head-word

13 il 16" April 2010
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Table 11. Relational statistics

No. Relation Headwords Words

1 is a kind of 2239 6807
2 is a part of 560 1654
3 janya-janaka 17 193
4  sva-svami 36 122
5 ajivika 30 106
6 pati-patnt 25 105

b) Synset hash
with Key=head-word and Value=synset

c¢) Word-info hash
generated by Key=stem and Value=word-index and gender

From the table of relations, corresponding to each relation R, we built a hash
table which returns the associates a head-Word W with another head-word W~’,
if W’ is related to W by relation R.

Amarako$a-jriana-jala is presented as a web application developed with ’apache’
web server and 'perl’ for CGI script. User submits a query a word and a relation,
machine produces all the words related to the given word by the chosen relation.
The word here may be either a stem or an inflected word form. In the case of in-
flected word form, machine consults the morphological analyser to get the stem.
Figures in appendix - 1 give sample results of queries for different word-relation
combinations. When a cursor is placed on a word a tool tip shows its word-index
and gender(as shown in Fig. 2.).

5 Conclusion

The study of Amarakosa from a point of view of exploring the relations was
undertaken to reveal the implicit knowledge and make it explicit. The resulting
computational tool helps a Sanskrit reader to get a feel for various kinds of
relations mentioned in the Amarakosa and thereby its richness as a knowledge
source. The hierarchical relations such as is a part of and is a kind of will be of
help in information extraction, while the associative relations help a reader to
get the cultural knowledge.

Sanskrit has a rich tradition of kosas. Most of them are arranged as a list
of words with similar meaning (synonymic) or a list of words indicating various
shades of a given word (polesemic). Namamala, Sabdamtndkam, Sabdacandrika
are a few among the first type and Nanarthasangraha, Anekarthadhvanimanjari,
Visvaprakasa are a few examples of the second type. Amarakosa,
Abhidhanaratnamala and Vaijayantikosa has both kind of entries.
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This implementation may serve as a model to build similar tools for various

other kosas mentioned above.

The Amarakosa is now available with various kinds of search facilities as a

web service at

http://sanskrit.uohyd.ernet.in/ anusaaraka/sanskrit/
samsaadhanii/amarakosha/home.html

References

10.

11.

12.

13.

14.
15.

. Bharati, A., Kulkarni, A., Nair, S.S.: ‘Use of Amarakosha and Hindi WordNet in

Building a Network of Sanskrit Words. In: International Conference On Natural
Language Processing, C-DAC Pune (2008)

. Colebrooke, H.T.: Kosha or Dictionary of the sungskrita language by Umura singha

with an English interpretations and annotations. Serampore (1808)

. Fellbaum, C.: WordNet An Electronic Lexical Database. MIT Press, Massachusetts

(1999)

. Jha, G.N., Chandrashekar, R., Singh, U.K., Jha, V.N., Pandey, S., Singh, S.K.,

Mishra, M.K.: Online Multilingual Amarakosa: The Relational Lexical Database.
In: 5th Global Wordnet Conference, IIT Mumbai (2010)

. Kulkarni, M., Pushpak, B.: Verbal roots in the Sanskrit WordNet. In: 2nd Interna-

tional Sanskrit Computational Linguistics Symposium, Brown University (2008)

. Kulkarni, M., Dangarikar, C., Kulkarni, I., Nanda, A., Bhattacharya, P.: Introduc-

ing Sanskrit Wordnet. In: 5th Global Wordnet Conference, IIT Mumbai (2010)

. Moosath, P.T.C.: Paarameswarii: malayalam commentory of Amarakosha. National

Book Stall, Kottayam (1914)

. Moosath, P.T.C.: Triveni: malayalam commentory of Amarakosha. National Book

Stall, Kottayam (1956)

. Nair, S.S., Swain, P., Kulkarni, A.: Developing network of Sanskrit words across

Part-Of-Speech categories. In: CSATS 2009, Rashtriya Sanskrit Vidhyapeeth, Tiru-
pati (2009)

Oka, K.G.: The Namalinganushasana: Amarakosa of Amarasimha with the com-
mentary (Amarakoshodghaatana) of Ksheraswamin. Upasana prakashan Delhi,
Varanasi (1981)

Online Multilingual Amarakosha: http://sanskrit. jnu.ac.in/amara/index.jsp
Patkar, M.M.: History of Sanskrit Lexicography. Munshiram Manoharlal Publish-
ers Pvt. Ltd., Delhi (1981)

Pandit, S.: Namalinganusasana (Amarakosha) With the commentary of (Vyakhya-~
sudha or Ramasrami) of Bhanuji Dikshit. Tukaram javaji proprietor of the “Nir-
naya Sagar” Press, Bombay (1915)

Tiwari, D.: Devakosah ardhat amarakosah. Nag prakashak, Delhi (1989)

Wood, A.: Knowledge before printing and after — The Indian tradition in changing
Kerala. Oxford University Press, Delhi (1985)


http://sanskrit.jnu.ac.in/amara/index.jsp

188 S.S. Nair and A. Kulkarni

A  Appendix - 1

amsfifaaT

aref: o fiqR: | @ o aIRE: | Pad, T, HieR, et

R ISIIEED)

e o: A | i z: IRG: | SUS, Y, T, M, gURIH, ageft, R, RN,
CISIELS

Fig. 3. Example of ajivika

994t (Holonymy)
g‘
> a7: o argelt | 7 o AT | argell, SR, St
>37ef: o B | I o AT | TR, 91, o, 8, 9
>3 - gt | G q’g'saaﬁ: | 918, 99, TIE, Eik
>37: ::é‘a’: |EF'([ ::ﬁ@ﬂ"(f: | T, ﬂf:lﬂ'\’, HeH, ﬂﬂ'\‘ﬂ%mﬁﬁ DH, :Lﬁ‘ a3,
T, T8, P, I, T, I, G, 8, IR

Fig. 4. Example of avayavi

I9Yq: (Meronymy)

<8
e 1: I | T 2: AISG: | TH, Bolay, Hew, I8N, aqd, I, T, @, 9, 99, 7, <5,
U1, I, I, I, T, &, 3w

KEREI

el ::ﬂﬂ?’l’ﬂ@ﬂ"ﬂﬂﬁ: ::%ﬂ?ﬁﬂm,?{m,ﬁw,ﬁ
37: :: URETAET | ::Eﬂﬂﬁﬂaﬁﬁﬁ

a7 ::ﬂ@?l'fﬂﬁu‘:ufﬁl ::ﬁaﬁwgﬁmgﬁa,ﬁqﬁmﬁ
el ::ﬂﬁﬁfﬂqﬂﬁﬂﬁt ::ﬁ@ﬂ"%ﬂﬂ“l’f@m,ﬁrﬂg

7ef: +: GFAANIITER: | Tl 22 FLIRT: | Poted, Sod
axei:::ga‘f%?@emﬁ:mﬁ:::qamﬁqw,nﬁ

e: :: PIUAUICETARIE: | I :: FISG: | Sigel, Do, el |

Fig. 5. Example of avayava
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RIS (Hypernymy)
g1
>31ef: 1 TFT | W 2 AIRERT: | G, T, Sgea, e, e, sfisrsg, Hoerm, He
>aeh: o A | gz aRe: | A, @R, s, g, P, daferft, wawh, S, aefh,
>372f: o TEFMEA: | & +: AINGA: | STeleR], Felem

Fig. 6. Example of hypernymy

JORTSITRY: (Hyponymy)

S|

SR

mﬁ:::éanﬁ|aﬁ:::wﬁaﬁ:|§?a°ﬁmqarf&ﬁﬁ,m’@,m

el 12 AR AEY | : 1 AD: | daRoit

Rl o T | @ 1 qTE: | R, T, Sgean, e, wpfiveft, ey, Baem, fEey
;o AT | T o ARG | FfA, TR, G, T

e :: ST | T 1: QUNGT: | FEADIDI, T, W@, AT
a@iz::mﬁaﬁafaarﬁaqahaﬁ:::mﬁaﬁ:w@a,ﬁam%ﬁ
aﬁ:::ﬁﬁﬁaﬁmﬁmmmﬁlaﬁ::ﬂrﬁaﬁzlm.m

Fig. 7. Example of hyponymy
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Abstract. Glosses and examples are the essential components of the
computational lexical databases like, Wordnet. These two components of
the lexical database can be used in building domain ontologies, semantic
relations, phrase structure rules etc., and can help automatic or manual
word sense disambiguation tasks. The present paper aims to highlight
the importance of gloss in the process of WSD based on the experiences
from building Sanskrit Wordnet. This paper presents a survey of Sanskrit
Synonymy lexica, use of Navya-Nyaya terminology in developing a gloss
and the kind of patterns evolved that are useful for the computational
purpose of WSD with special reference to Sanskrit.

Keywords: Sanskrit Wordnet, Wordnet, Word Sense Disambiguation,
Lexical databases, Sanskrit Lexicography.

1 Introduction

Wordnet is a lexical database. Words belonging to four lexical categories, i.e.,
noun, adjective, adverb and verb are stored in this database. Words are grouped
in such a way that their cognitive synonym will form a set and this set will
express a distinct concept. This set of cognitive synonyms is called ‘synset’.
Synsets in a wordnet are interlinked by means of conceptual-semantic and lexical
relations. The resulting network of meaningfully related words and concepts can
be navigated with the browser.

The first wordnet was built in 1985 for English language Then followed
wordnets for European languages: EuroWordNet Since 2000, wordnets for a

! WordNet® as a lexical database for English was developed at Princeton Univer-
sity under the direction of George A. Miller. The word “WordNet” (with capi-
tal N) is a registered trademark of Princeton English WordNet. Therefore, names
of all other wordnets are written without capital N in it. WordNet’s latest ver-
sion is 3.0. As of 2006, the database contains 155,287 words organized in 117,659
synsets for a total of 206,941 word-sense pairs. In a compressed form, Word-
Net database is about 12 megabytes in size. It is available for free online use at
http://wordnetweb.princeton.edu/perl/webwn and can also be downladed from
http://wordnet.princeton.edu/wordnet/download/

2 http://www.illc.uva.nl/EuroWordNet/

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 190 2010.
© Springer-Verlag Berlin Heidelberg 2010
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number of Indian languages are getting built, led by Hindi Wordnet effort at
Indian Institute of Techonlogy Bombay (IITB). All wordnets in the world are
connected through Global Wordnet Association (GWA)E Similar activity started
in India with Hindi Wordnet. It was started in IIT Bombay and is going on for
last eight years. As of now, wordnets are getting created for 16 out of 22 official
languages of Indiall ITndoWordNet group is formed and wordnets for these 16
Indian languages are getting interlinked via Hindi Wordnet [3].

In this paper, we share our experience of building Sanskrit wordnet. Since
it is built following expand model of wordnet creation, Sanskrit lexicographers
create synsets based on base synsets of Hindi Wordnet. While creating synsets,
lexicographers collect synonyms from traditional Sanskrit kosas and modern San-
skrit dictionaries. Kosas like gabdakalpadruma and Vacaspatyam contain San-
skrit glosses. These glosses are very much helpful in creating glosses in Sanskrit.
But the etymology based approach of these traditional lexica can be very harm-
ful in this ontology based lexical structure. Since glosses attached to the synsets
can become helpful in disambiguating polysemous words, Sanskrit lexicographers
take help from already existing wordnets and extract information from them to
make Sanskrit glosses more refined and apt. We also show how glosses, given in
such a way can be helpful in disambiguating Sanskrit words in the context. Our
approach draws a large amount of inputs from the challenegs II'TB researchers
faced while doing wordnet based word sense disambiguation task for Hindi and
Marathi languages. We compare Hindi, Marathi and English glosses to make
Sanskrit glosses more appropriate by adding distinct features of the concept in
the gloss.

2 Importance of Gloss in Wordnet Structure

Synsets are the basic blocks of Wordnet. The member words of a synset per-
form the task of disambiguating the co-occurred words (which have multiple
meanings). These words are helped in this task to a large extent by the glosses
provided of the synsets. These glosses aim to capture the concept for which the
words in the synset stand for. Thus they play a very crucial role from the struc-
ture of the Wordnet in particular and Word Sense Disambiguation (WSD) in
general.

In general we attempt to study the various facets of this aspect of the Wordnet,
namely ‘The Gloss’ on the basis of the experience in building Sanskrit Wordnet
with expansion approach [4]. Further, in future, we aim to concentrate on the
gloss of the verbs as given in the Sanskrit Wordnet and study the implications
from WSD point of view.

3http://www.cfilt.iitb.ac.in/wordnet/webhwn/

4 List of all wordnets can be found at
http://www.globalwordnet.org/gwa/wordnet_table.htm

® These languages are (1) Hindi, (2) Marathi, (3) Konkani, (4) Sanskrit, (5) Nepali,
(6) Kashimiri, (7), Assamese, (8) Tamil, (9) Malyalam, (10) Telugu, (11) Kannad,
(12) Manipuri, (13) Bodo, (14) Bangla, (15) Punjabi and (16) Gujarati.
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2.1 Importance of Gloss in Wordnet from Computational Point of
View

Computationally, the main importance of glosses attached to synsets is Word
Sense Disambiguation. WSD is the problem of identifying the correct sense of the
word given the context in which it appears. Many words have multiple senses.
Humans can identify the correct sense of the word from the context. For example,
when we encounter a sentence like shall we go to the bank for fishing, we are able
to recognize that the meaning of bank is river bank and not financial institution
from the contextual clue word fishing. How can the computer do the same task?
WSD is important for any Natural Language Processing (NLP) application
that involves understanding the meaning of words. These include Machine Trans-
lation (MT), Information Extraction (IE), Information Retrieval (IR), document
summarization, question answering, etc. For example, in IR we can increase the
precision of the retrieved documents by understanding the sense (meaning) of
the words in user queries and retrieving documents pertaining to that sense.
WSD approaches can be divided into two broad categories: knowledge based
and machine learning based. The latter again can be divided into supervised
machine learning and unsupervised machine learning. We will describe the first
approach, viz., knowledge based approach which makes heavy use of glosses.

2.2 Knowledge Based Approach to WSD

Knowledge based approaches such as WSD using Selectional Preferences [§],
Lesk’s algorithm [5], Walker’s algorithm [10], WSD using conceptual density [I]
and WSD using Random Walk Algorithm [6] make use of dictionary definitions
or glosses. They are easy to implement requiring only a lookup of a knowl-
edge resource like a Machine Readable Dictionary (MRD). When the MRD is
the wordnet, this lookup takes the form of consulting or overlapping gloss of
synsets, synsets and recursively for semantically related synsets. Fur-
ther, they do not require any corpus- tagged or untagged.

Illustration of the algorithm. Following Lesk (1986), we give an intersection
similarity based WSD approach for Hindi WSD using Hindi Wordnet [7]@ For
the word to be disambiguated, we call the collection of words from the CON-
TEXT of the word in question the Context Bag and the related words from the
WORDNET as the Semantic Bag. Fig.[dl gives the pictorial view of the approach
and table [T] gives the algorithm used in this approach.

The word ‘bag’ here means a set of words. ‘Context bag’ means the words in
the context of the word that is candidate for disambiguation. Sense bag, on the
other hand, means words which have various lexical and semantic links with the
candidate word, as depicted in the wordnet. This would consist of synonyms,
hypernyms, meronyms, words in gloss and so on.

We have used Intersection similarity to measure the overlap. The idea of
Intersection similarity is to capture the belief that there will be high degree of

S<http://www.cfilt.iitb.ac.in/wordnet/webhwn>
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Hindi Text THind WordNer
Document

Context Bag Semantic Bag
‘ Stemmer
v v
Sense with Maximum
Overlap

Fig. 1. Overlap of the Context Bag (words in the context) and Dictionary Bag (words
of gloss and synsets

Table 1. Lesk like algorithm for WSD

1. For a polysemous word W needing disambiguation, a set of context words in its
surrounding window is collected. Let this collection be C, the contert bag. The
window is the current sentence and the preceeding and the following sentences.

2. For each sense s of W, do the following.

Let B be the bag of words obtained from the
a. Synonyms in the synset.

. Glosses of the synsets.

Example sentences of the synsets.

Hypernyms (recursively up to the roots).

Glosses of Hypernyms.

Example sentences of Hypernyms (recursively up to the leaf).

Glosses of Hyponyms.

Example sentences of Hyponyms.

Meronyms (recursively up to the beginner synset).

Glosses of Meronyms.

Example sentences of Meronyms.

Measure the overlap C and B using intersection similaritym

P PR me o T

overlap between the words in the context and the related words extracted from
the WordNet for a sense, and that sense will be a winner sense.

Evaluation. We perform Hindi WSD experiment on the corpora provided by
Central Institute of Indian Languages (CIIL) , Mysore [9]. The system has been

" The idea of intersection similarity is to capture the belief that there will be high
degree of overlap between words in a context and the related words extracted from
wordnet for a sense, and that sense will be a winner sense [9].
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Accutacy

Ecoram s
Seieres 4 —

EU R A )

Percantags of dccuracy

Fig. 2. Histogram showing the WSD accuracy across domains for Hindi Words

Table 2. WSD accuracy across domains for Hindi Words

Domain Percentage of Accuracy
Agriculture 73.20
Science and Sociology 64.40
Sociology 60.22
Short-Story 42.22
Mass-Media 50.11
Children Literature 40.00
History 44.44
Science 65.00
Economics 40.55

tested on nouns. The domains of the experiment and the accuracy values are
mentioned in the table 2l The histogram of figure 2] shows the WSD accuracy
across domains.

In this paper an attempt is made to study gloss as designed in Sanskrit Word-
net. Thus we try to see if glosses in Sanskrit Wordnet provide us with surface
cues that help get the selectional preferences of different senses of a word.We
describe below the glosses of a polysemous noun “hari” in Sanskrit. Below we
discuss the structure of gloss and application of the algorithm.

Strcture of a Gloss. Verb sense definitions are, in general, infinitive verb
phrases with adverbials (often prepositional phrases) and additional restrictions
on the semantic class of agents and objects [2]. Table Blshows how structures can
be derived from verb sense definition: Similarly, we can form structures using the
Dhatupatha meanings as the class. For example table [ shows the structure in
the gloss of the verbal root cup. In such classification, Navya-Nyaya terminology
can be helpful for Sanskrit Wordnet. Therefore, an attempt is made to construct
verbal glosses using some structures and combining these structures by either
Navya-Nyaya terms or by use of certain cases-endings; like instrumental for
instruments involved in performing that action, locative for the situation or the
condition in which that action takes place.
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Table 3. Structures in verb sense definition (Alshawi, 1987)

launch) (to send (a modern weapon or instrument) into the sky or space by means
of scientific explosive apparatus)

((CLASS SEND)

(OBJECT

((CLASS INSTRUMENT) (OTHER-CLASSES

(WEAPON))

(PROPERTIES (MODERN))))

(ADVERBIAL ((CASE INTO) (FILLER (CLASS SKY))))

Table 4. Structure in the sense definition of the verb cup gatau

((CLASS gati)

((CLASS gats)

(Manner manda)

(AGENT (CLASS ANIMATE))

The motivation behind systematizing glosses came from lexicographer’s ex-
perience of understanding Hindi Wordnet (HWN) glosses in the expansion ap-
proach. Many times, when HWN glosses were not clearly understood, Sanskrit
lexicographers looked for the glosses of the same concept in other wordnets; i.e.,
English WorNet (EWN) and Marathi Wordnet (MWN).

WSD using Sanskrit Wordnet Glosses. Sanskrit wordnet is still a small
database compared to Hindi Wordnet. It contains 5000 synsets. We take following
three cases to show how this database can be used in disambiguating polysemous
words in following three cases.

1. Harih vrksasakham ancati|
2. Bhaktah harim ancati prasannah madhavah tasya istam varam dadati|
3. Harih $asakam bhaksayatil

Here noun hari and verb ancati are polysemous. In the existing Sanskrit Word-
net, noun hari has five senses. These senses are shown in the table [l and their
application in the WSD is shown below.

Table 5. Possible synsets for the word hari in the present Sanskrit Wordnet

Gloss Synset members

1. Vanyapasuh- marjara-jatiyah himsrah simhah, mrgendrah, harih
tatha ca balavan pasuh ...pancasyah ...

2. Devata-visesah- hindudharmanusari: ja- visnuh, narayanah ... keSavah,
gatpalanakarta harih. .. madhavah ... cakrapanih

3. Yaduvamsiyasya wvasudevasya putrah krsnah, devakinandanah, ...harih,
yah visnoh avatarah iti manyate madhavah, ...kamsarih ...

4. Vanyapasuh- yah vrksat vrksam vanarah, kapih, ... harih,
pucchena  utplutya  gacchati wyasca ...tarumrgah
manusyanam purvajatvena khyatah

5. Ubhayacharah prant yah wvarsartauw mandukah, bhekah, plavagah,

jalasayasya samipe drsyate ... dardurah, ...harih
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Sentence 1. Word hari in the sentence 1 can be disambiguated using the Lesk
like algrithm described in the table [l in the following way:

Context Bag C will consist {hari, vrksa-sakha, afic}

— Consider synset 1 as the first candidate for the sentence 1.
The bag B for synset 1 mentioned above will consist {vanya-pasu- marjara-jatiya himsra,
balavat pasu, simha, mrgendra, hari, paficasya, ... }.
Overlap between C and B will be 1 for synset 1 mentioned above.
— Consider synset 2.
The bag B for synset 2 mentioned above will consist {devata-visesa, hindu-dharmanusart
jagat-palana-karta visnu, narayana, kesava, hari madhava, cakrapani ...}
Overlap between C and B will be 1 for synset 2 mentioned above.
— Consider synset 3.
he bag B for synset 3 mentioned above will consist {yadu-vamsiya, vasudeva, putra,
visnu, avatara,man, krsna, devakinandana, hari, kamsari, ...}
Overlap between C and B will be 1 for synset 3 mentioned above.
— Consider synset 4.
The bag B for synset 4 mentioned above will consist {vanya-pasu, vrksa, puccha, utplu,
gam, manusya, purvajatva, khyata vanara, kapi, harih, tarumrga. .. }
Overlap between C and B will be 2 for synset 4 mentioned above.
— Consider synset 5.
The bag B for synset 5 mentioned above will consist {ubhayachara, pranin, varsa-rtu,

jalasaya, samipe drs, mandika, bheka, plavaga, dardura, hari,...}
Overlap between C and B will be 1 for synset 5 mentioned above.

Synset 4 gets the highest overlapping score and therefore it can be considered
as the most appropriate sense for the word hari in the sentence 1.

Sentence 2. If we perform similar analysis on the sentence 2, we find that
Context Bag C consists {bhakta, hari, afic, prasanna, madhava, ista, vara, da}.
We will get overlap score 2 for synsets 2 and 3 as hari, madhava these two
candidates overlap. In this case, words ista, vara in the context bag indicate
that the sense devata should be selected.

Sentence 3. The Context Bag C for the sentence 3 consists {hari, Sadaka,
bhaks}. In this case, information extracted from the relation node of Hypernymy
where the sense simha of the word ‘hari’ is linked with the synset of mamsahari.

3 Conclusion and Future Work

In this paper, we have shown the importance of glosses in WSD in the context
of the noun Hari. Same application can be extended to the verb ’ancati’. In
the same way, at least primarily, same application can be extended across POS
categories polysemous words in Sanskrit. In this task, the use of Navya-Nyaya
terminology and semantic structure of the verb root may play a crucial role. We
reserve to explore this aspect in future. Also in future, we propose to examine
how Gloss in Sanskrit Wordnet becomes useful in the task of WSD across In-
dian languages, in the context of Indo-Wordnet (Wordnet effort connecting all
the available Wordnets of Indian languages). According to us, describing the ap-
plication of the Sanskrit Wordnet glosses for the specific NLP task of WSD for
Sanskrit is the first attempt of its kind. We faced several challenges in building
Sanskrit Wordnet through expansion approach. We also did not get much posi-
tive support from the traditional lexica in creating glosses. However, we tried to
use the traditional §astraic background in creating glosses of verbs (in particu-
lar) and other POS categories to overcome such methodological problems. For
one thing, we are sure at the moment that glosses specially designed in the way
shown in this paper, certainly help WSD for Sanskrit.
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Abstract. Translation divergence at various levels between languages
arises due to the different conventions followed by different languages for
coding the information of grammatical relations. Though Sanskrit and
Hindi belong to the same Indo-Aryan family and structurally as well as
lexically Hindi inherits a lot from Sanskrit, yet divergences are observed
at the level of function words such as vibhaktis. Panini in his Astadhyayt
has assigned a default wvibhakti to karakas alongwith many scopes for
exceptions. He handles these exceptions either by imposing a new karaka
role or by assigning a special vibhakti. However, these methods are not
acceptable in Hindi in toto. Based on the nature of deviation, we propose
seven cases of divergences in this paper.

Keywords: Panini, karaka, vibhakti, semantics, translation divergence.

1 Introduction

Different languages may follow different conventions for coding the information
of grammatical relations. This leads to divergence between languages at vari-
ous levels in translation in general and in Machine Translation(MT) in partic-
ular. Translation divergence patterns have been discussed by Dorr [Dorr,1994],
and based on those patterns considerable work is done for Indian Languages,
viz., English-Sanskrit-Hindi MT [Goyal and Sinha, 2009], English-Sanskrit MT
[Mishra and Mishra, 2008], English-Hindi MT [Dave et al., 2002] to name a few.

Sanskrit and Hindi belong to the same Indo-Aryan family and Hindi inherits a
lot from Sanskrit in terms of structure as well as lexicon. As such, when we look
at the divergences between Sanskrit and Hindi, most of the cases discussed in
Dorr’s divergence turn out to be either of rare occurrence, or do not pose much
problem as far as accessing the source text using machine tools is concerned.
On the contrary divergences are observed at the level of function words such
as vibhaktis. While both Sanskrit and Hindi are inflectional languages, Sanskrit
is synthetic in nature while Hindi is analytic [Dwivedi, 2006]. In Sanskrit both
sup and tin suffixes are termed as vibhakti pmtyayasi 1 Sup suffix is added to
a nominal stem and tin suffix is added to a verbal root. But in Hindi only the
suffix added to the nominal stem is called as a wvibhakti pratyaya. In this paper

! Vibhaktigca (suptinau vibhaktisanjhau stah -S.K.) (P-1.4.104).

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 198 2010.
© Springer-Verlag Berlin Heidelberg 2010
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we discuss the divergences in the use of nominal suffixes (vibhakti pratyayas)
between Sanskrit and Hindi.

2 Classification of Divergences

Panini uses karaka - a syntactico-semantic relation as an intermediary step to
express the semantic relations through vibhaktis. The assignment of karaka to var-
ious semantic categories is not one-to-one. Rama Nath Sharma (2002) observes-

Panini specifies his karaka categories based upon the principle of samanya
‘general’; visesa ‘particular’ and Sesa ‘residual’. The six categories are
identified by general rules formulated based upon linguistic generaliza-
tions. Particular rules form exceptions to them. Usage which cannot be
accounted for by the above two rule types is governed by rules relegated
to the residual category. It is obvious that these exceptions are neces-
sary to capture the peculiarities of usage falling outside the scope of the
general rules.

Each karaka in his system has a default vibhakti. But as is well-known, there
are exceptions and hence there is no one-to-one mapping between the karaka
relations to vibhaktis. Panini handles these deviations by employing two methods:
(a) imposing a karaka role and (b) assigning a special vibhakti. For example
through the satra adharo’dhikaranam (P-1.4.45) a locus is mapped to adhikarana
and then it takes seventh case suffix by default (saptamyadhikarane ca P-2.3.36).
However the locus of the action related to the verbal roots $ui, stha and asa
preceded by the upasarga adhi is termed as karma (adhismsthasam karma P-
1.4.46) and then by the sutra karmani dvitiya (P-2.3.2) this karma takes the
second case suffix. Thus the deviation of the adhikarana taking the second case
suffix instead of seventh is handled by imposing a karma karaka role in place of
adhikarana. Similarly, when the linguistic generalisations cannot be captured, he
treats the cases as exceptional as in rucyarthanam priyamanah (P-1.4.33), where
he assigns a sampradana karaka to the one who desires. In Fig 1, we summarise
Panini’s way of mapping semantic relations to vibhaktis through karakas.

This classification does not hold good as-it-is for Hindi. If a parallel grammar
for Hindi in the Astadhyay1 style were available, it would have been a simple task
to arrive at the divergence cases. In the absence of such a grammar, the grammar
rules corresponding to exceptional cases and cases which can not be captured by
linguistic generalisations, were all checked for corresponding vibhaktis in Hindi.
Leaving aside those cases where vibhakti is the same in Sanskrit and Hindi and
taking up those cases where it diverges, we found that the cases of divergences
may be classified into seven types, such as -

1. Optional Divergence: Vibhaktis optionally found in Sanskrit but absent
in Hindi. For instance, in Sanskrit the karmdd of the verb is expressed by
the default second case suffix and optionally the fourth case suffix (balakah

2 Roughly equivalent to the notion of object in western linguistics.
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Fig. 1. Semantic—Vibhakti Mapping

vidyalayaya/vidyalayam gacchanti) but in Hindi it takes only the default
second case suffix (balaka vidyalaya jate haimh = ‘Boys go to school’).

. Exceptional Divergence: Sanskrit has certain exceptional rules which

block the default suffixes but Hindi uses only the default suffixes. For ex-
ample, in Sanskrit the karma of the verb exceptionally takes the sixth case
suffix (Sakunih Satasya divyati) but in Hindi it takes the default second case
suffix ($akuni sau rupae jitata hai = ‘Shakuni wins hundred rupees’).
Differential Divergence: Sanskrit and Hindi use different nominal suffixes,
for example, in Sanskrit, the person against whom the feeling of hatred druha
is directed takes the fourth case suffix (durjanah sajjanayae druhyanti) while
in Hindi it takes the fifth case suffix (durjana sajjana se droha karte haim
= ‘The wicked hate the good’).

Alternative Divergence: Sanskrit uses more than one vibhaktis but Hindi
takes only few among them. For instance, in Sanskrit alternately the sixth
as well as the seventh case suffix is used after a word in conjunction with
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ayukta (ayuktah haripajane/haripujanasya) but in Hindi only the seventh
case suffix is applicable (hari ki puja mem lina = ‘Deeply absorbed in the
worship of Hari’).

5. Non-karaka Divergence: Divergences at the level of non-karake nomi-
nal suffixes, such as upapada vibhaktis, sambandha vibhaktis, etc. For in-
stance, in Sanskrit the word takes fifth case suffix when governed by the
karmapravachaniya prati (pradyumnah krspat prati asti) while in Hindi it
takes the sixth case suffix (pradyumna krsna ke pratinidhi hai = ‘Pradyumna
is the representative of Krishna’).

6. Verbal Divergence: Divergences due to the special demand of certain
verbs. For example, the karma of the verb a+ruh in Sanskrit (vanarah
vrksam arohati) takes the seventh case suffix in Hindi (bandara pera para
carhata hai = ‘Monkey climbs on the tree’).

7. Complex-Predicate Divergence: This divergence results when a Sanskrit
verb is mapped to a complex predicate in Hindi. For instance, the karma of
the verb anu+sr in Sanskrit (ramam anusarati sita) is expressed by the
genitive case in Hindi (rama ka sita anusarana karatl hai = ‘Sita follows
Rama’).

These cases are elaborated in detail.

2.1 Optional Divergence

When a sutra assigns optionally two different vibhaktis in Sanskrit but Hindi al-
lows only one vibhakti, we term the resulting divergence as Optional Divergence.

Illustration

divah karma ca (sadhakatamam and karake) (P-1.4.43). That karaka
which is supplemental in the accomplishment of the action of the verbal root
diva (to play) is termed as karma, in addition to karana. e.g.,

(1) San: aksan/aksaih divyati
Hin: pasom se khelata hai
gloss: dice with plays
Eng: ‘(He) plays with dice.’

In the above example (1), aksa is the instrument of the verbal root diva ex-
pressed through the third case suffix derived from the general rule sadhakatamam
karapam (P-1.4.42) but due to the optional rule divah karma ca, aksa optionally
takes the second case suffix. Whereas in Hindi this optional rule does not apply
and thus Hindi allows only the third case suffix.

Table 1 lists the sutras which account for an additional optional vibhakti in
Sanskrit either on account of imposed karaka (Nos.1-3) or on account of special
vibhakti assignment. In all these cases Hindi allows only the default karaka and
hence the default vibhakts.
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Table 1. Optional Divergence

Sr.No. Satra Default Optional
karaka Vibhakti karaka Vibhakti
1 1.4.43 divah karma ca karana 3 karma 2
2 1.4.44 parikrayane. karana 3 sampradana 4
3 1.4.53 hrkronyatarasyam karta 3 karma 2
4 2.3.12 gatyarthakarmani. karma 2 - 4
5  2.3.22 safijio’nyatarasyam. karma 2 - 3
6 2.3.31 enapa dvitiya - 6 - 2
7 2.3.59 vibhasopasarge karma 2 - 6
8  2.3.71 krtyanam karttari. karta 3 - 6

2.2 Exceptional Divergence

When sutras give exceptional rules for cases by restricting the general rules but
these rules are not applicable in Hindi, the divergence is termed as Fxceptional
Divergence.

Illustration

adhisiisthasam karma (adharah and karake) (P-1.4.46). That karaka
which is the locus of the verbal roots §mi (to lie down), stha (to stand), asa (to
sit), when preceded by the upasarga adhi is termed as karma. e.g.,

(2) San: balakah paryarikam adhisete
Hin: ladaka palamga para sota hai
gloss: boy bed on sleeps
Eng: ‘Boy sleeps on the bed’.

In this example, the locus paryarnka of the verbal root adhi + s is termed
as karma and thus takes the second case suffix. But this rule does not apply
in Hindi. So paryankae which is the locus and hence adhikarana by the rule
adharo’dhikaranam (P-1.4.45) takes the seventh case suffix. This applies to other
verbs stha and asa with prefix adhi as well.

Table 2 lists the sutras which account for non-default vibhaktis in Sanskrit
by imposing a new karaka (as in Nos.1-3) or by imposing an altogether different
vibhakti for the karaka. In all these cases, Hindi however takes the default karaka
and hence default vibhakti.

2.3 Differential Divergence

All those cases where Panini’s rule assigns a certain wvibhakti either through
karaka or by direct case assignment and Hindi uses altogether different vibhakti
are termed as the case of Differential Divergence.
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Table 2. Exceptional Divergence

Sr.No. Satra Default Exceptional
karaka Vibhakti karaka Vibhakti
1 1.4.46 adhismsthasam karma adhikarana 7 karma 2
2 1.4.47 abhinivisasca adhikarana 7 karma 2
3 1.4.48 upanvadhyanvasah adhikarana 7 karma 2
4 2.3.58 divah tadarthasya karma 2 - 6
5  2.3.61 presyabruvorhaviso  karma 2 - 6
6  2.3.64 krtvo’rthaprayoge adhikarana 7 - 6

Illustration

apavargé trtiya (kaladhvanoh atyantasarnyoge) (P-2.3.6). The third
case-suffix is employed after the words denoting the duration of time or place
(adhvan), when accomplishment (apavarga) of the desired object is meant to be
expressed. e.g.,

(3) San: ahna anuvakah adhitah
Hin: dinabhara mem anuvaka (veda ka eka bhaga) parha liya
gloss: whole day in anuvaka (veda of one part) read
Eng: ‘Anuvaka was perseverely and effectually studied (by him) in one
day’.

In example (3), the person not only studied anuvake but completely under-
stood and memorised them. Attainment of knowledge is the fruitful result and
hence the word ahna which denotes the duration of time takes the third case-
suffix. But in Hindi it takes the seventh case-suffix.

Table 3 lists the sutras which describe cases where Hindi vibhakti differs from
the Sanskrit vibhakti.

2.4 Alternative Divergence

In case of Alternative Divergence Sanskrit allows more than one case suffixes and
Hindi takes only a few of them, and rarely an altogether different case suffix.

Illustration

durantikarthaih sasthyanyatarasyam (paficami) (P-2.3.34). When in
conjunction with dura (distant,far), and antika (near) and their synonyms, the
sixth case suffix is optionally employed and alternately the fifth. e.g.,

(4) San: gramasya/gramat vanam diram asti
Hin: ganva se jangala dura hai
gloss: village from forest far is
Eng: ‘Forest is far from the village’.
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Table 3. Differential Divergence

Sr.No. Sutra Sanskrit Hindi
karaka Vibhakti Vibhakti
1 1.4.34 slaghahnunstha. sampradana 4 2,4,6
2 1.4.35 dhareruttamarnah sampradana 4 6
3 1.4.37 krudhadruhersyastiya. sampradana 4 5,7
4 1.4.38 krudhadruhorupasrsta. karma 2 5,7
5 1.4.39 radhiksyoryasya. sampradana 4 6
6  2.3.6 apavarge trtiya - 3 7
7 2.3.17 manyakarmanyanadare. karma 2,4 6
8  2.3.23 hetau - 3 4
9  2.3.37 yasya ca bhavena. - 7 6
10 2.3.43 sadhunipunabhyam. - 7 4
11  2.3.67 ktasya ca varttamane - 6 3

In example (4), in Sanskrit grama takes optionally the sixth case suffix as well
as the fifth when combined with dura as well as antika but Hindi takes only the

fifth case suffix.

Table 4 lists the sutras where Sanskrit takes more than one vibhaktis but

Hindi takes only a few of them.

Table 4. Alternative Divergence

Sr.No. Statra Sanskrit Hindi
Vibhakti Vibhakti
1 2.3.32 prthagvinanana. 2,3,5 5,6
2 2.3.34 durantikarthaih. 5,6 5
3 2.3.36 saptamyadhikarane ca 2,3,5,7 0
4 2.3.39 svamisvaradhipati. 6,7 6
5 2.3.40 ayuktakusalabhyam. 6,7 7
6  2.3.41 yatasca nirdharanam 6,7 7
7  2.3.44 prasitotsukabhyam. 3,7 2,7
8 2.3.72 tulyarthairatulopamabhyam. 3,6 §
9  2.3.73 caturtht casisyayusya. 4,6 2,6

2.5 Non-karaka Divergence

Certain words known as upapada demand specific vibhaktis called Upapada Vib-
haktis for nouns with which they combine. These are all typically exceptions
to the sasthi Sese (P-2.3.50). In Hindi, however, in most of the cases sixth case

suffix is used.
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Illustration

sahayukte apradhane (trtiya) (P-2.3.19). The word denoting apradhana in
conjunction with saha and its synonyms takes the third case suffix. e.g.,

(5) San: ramena saha sita vanarh gacchati
Hin: rama ke satha sita vana jatl hai
gloss: rama with sita forest goes
Eng: ‘Sita goes to forest with Rama’.

In example (5), in Sanskrit it is seen that sita and vana are directly related
to the verb in the form of karta and karma but rama is not directly related to
the verb and hence is called apradhana. The association of rama with sita is
denoted by the word saha due to which rama takes the third case suffix from
the above rule. But in the case of Hindi, rama in conjunction with saha takes
only the sixth case suffix.

Table 5 lists the sutras where Sanskrit generally takes the second case suffix
barring the sixth case suffix but Hindi does not take this exemption into account
and takes the sixth case suffix.

Table 5. Non-karaka Divergence

Sr.No. Suatra Sanskrit Hindi
Vibhakti Vibhakti

1 1.4.84 trtiyarthe 2 6
2 1.4.85 hine 2 6
3 1.4.87 upo’dhike ca 2 6
4 1.4.89 laksanetthambhita. 2 6
5 1.4.90 abhirabhage 2 6
6  1.4.95 atiratikramane ca 2 5,6
7  2.3.4 antara’ntarenayukte 2 6
8  2.3.5 kaladhvanoratyantasanyoge 2 7
9  2.3.10 paficamyapanparibhih 5 2
10 2.3.11 pratinidhipratidane ca yasmat 5 6
11  2.3.16 namah svastisvaha. 4 2,4,6
12 2.3.19 sahayukte apradhane 3 6
13 2.3.26 anyaraditarartedik. 5 5,6

2.6 Hindi Specific Divergences

All the divergences we covered so far were specific to the Astadhyayt, and some
of them might be attributed to the characteristics of Sanskrit. The default vib-
hakti of karma in Sanskrit is dvitiya. But in Hindi, the karma takes wibhakt:
other than dvitzya. These divergences may be attributed to the nature of Hindi.
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On the face of it divergences may be classified into two classes depending upon
whether the Sanskrit verb maps to a simple Hindi verb or a complex predicate.

(a) Verbal Divergence
Consider the example,

(6) San: vanarah vrksam arohati
Hin: bandara pera para carhata hai
gloss: monkey tree on climbs
Eng: ‘Monkey climbs on the tree’.

Here, the karma of the verbal root @ + ruh is vrksa whereas in Hindi the karma
vrksa takes seventh case suffix. The important question from Hindi grammar
point of view then is - whether vrksa should be termed as a karma as in Sanskrit
or should it be termed as an adhikarana? If we term it as a karma, then the
treatment will be close to Sanskrit but one needs to impose a rule accounting
for the divergence in the suffix. If we term it as an adhikarana, then we deviate
from the Sanskrit grammar but can take an advantage of the default vibhakti
mapping.

There are many such instances, and these should be treated carefully by San-
skrit scholars who know Hindi well, taking insights from how Panini handled
such cases.

(b) Complex Predicate Divergence
If a verb in Sanskrit maps to a complex predicateﬁ in Hindi, then the karma of
the verb takes the sixth case suffix. e.g.,

(7) San: ramam anusarati sita
Hin: rama ka stta anusarana karati hai
gloss: rama of sita follows
Eng: ‘Sita follows Rama’.

Here in example (7), rama which is the karma is expressed with the genitive
case in Hindi. This change is a systematic one which may be explained through
the rule kartrkarmanoh krti (P-2.3.65). In Hindi anu + sr is translated as a
complex predicate anusarana karana where anusarana is the krdanta and karana
is the main verb.

It is necessary to study these divergences in karma vibhakti in detail. Sanskrit
has approximately 2000 verbal roots and many more with the upasargas. Map-
ping the corresponding verb-frames in Sanskrit to the Hindi verb-frames may
give some hints towards these divergences. Though it is a voluminous task, any
MT system requires this study.

3 A complex predicate consists of a noun followed by a light verb such as karand, hona,
etc. e.g. vivaha karana, snana karana, etc.
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3 Conclusion

The cases of divergences may be summarised then as:
(A) Divergences originating from Sanskrit Grammar (as shown below)

Sr.No. Cases Sanskrit Hindi
1 Optional  Sanskrit uses optional vibhakti in Hindi allows only the default
addition to default vibhakti. vibhakti.

2 Exceptional Sanskrit uses different vibhakti Hindi uses the default vibhakti.
than the default (Panini blocks
the default vibhakti by treating
it as an exceptional case).

3 Differential Panini imposes certain karakas Hindi uses different vibhaktis.
or vibhaktis which cannot be
captured through the semantic
generalisations.

4 Alternative Sanskrit uses more than one al- Hindi uses only one of them.
ternative vibhakti.

5  Non-karaka Sanskrit uses more than one al- Hindi uses the sixth vibhakti.
ternative vibhakti.

(B) Divergences due to the idiosyncrasy of Hindi:

1. Special vibhakti expectancy of verbs
2. Complex Predicate

These seven cases of divergence may prove useful in resolving the ambiguities at
the level of nominal suffixes in Machine Translation and may serve as a platform
for looking at vibhakti level divergences between Sanskrit and other Modern
Indian Languages.

Acknowledgements. This work is a part of the Sanskrit Consortium project
entitled ‘Development of Sanskrit computational tools and Sanskrit-Hindi Ma-
chine Translation system’ sponsored by the Government of India. We gratefully
acknowledge Prof. Lakshmi Bai for the discussions at various stages.

References

1. Ramshastri, A.: Samskrta $iksana sarani. Acharya Ramshastri Jaanapitha (Hindi)
(1998)

2. Cardona, G.: Panini and Paniniyas on $esa Relations. Kunjunni Raja Academy of
Indological Research, Kochi (2007)

3. Dorr, B.: Classification of Machine Translation Divergence and a Proposed Solu-
tion. Computational Linguistics 20(4) (1994)

4. Dave, S., Parikh, J., Bhattacharya, P.: Interlingua Based English-Hindi Machine
Translation and Language Divergence. Journal of Machine Translation (JMT) 17
(2002)

5. Dwivedi, K.D.: Bhasa vijhana evam Bhasa sastra. Vi$vavidyalaya Prakasana,
Varanasi (2006)



208

6.

10.

P. Shukla, D. Shukl, and A. Kulkarni

Goyal, P., Sinha, R., Mahesh, K.: Translation Divergence in English-Sanskrit-Hindi
Language Pairs. In: Kulkarni, A., Huet, G. (eds.) SCLS 2009. LNCS (LNAI),
vol. 5406, Springer, Heidelberg (2009)

. Mishra, V., Mishra, R.B.: Study of Example Based English to Sanskrit Machine

Translation. Journal of Research and Development in Comp Sc. And Engg. (37)
(January-June 2008)

. Sharma, R.R., Sharma, M.: Vaiyakarana Siddhanta Kaumudi of Sri Bhattoji

Diksita (Karaka Prakaranam). Bharatiya Vidya Prakashan, Varanasi-Delhi (Hindi)
(1997)

. Sharma, R.N.: The AstadhyayT of Panini, 2nd edn., vol. 1-3. Munshiram Manohar-

lal, Delhi (2002)
Vasu, S.C.: The Siddhanta Kaumudi of Bhattoji Diksita, vol. I. Motilal Banarsi-
dass, Delhi (2003)



Anaphora Resolution Algorithm for Sanskrit

Pravin Pralayankar and Sobha Lalitha Devi

AU-KBC Research Centre, MIT Campus of Anna University,
Chennai, India
sobha®@au-kbc.org

Abstract. This paper presents an algorithm, which identifies different
types of pronominal and its antecedents in Sanskrit, an Indo-European
language. The computational grammar implemented here uses very fa-
miliar concepts such as clause, subject, object etc., which are identified
with the help of morphological information and concepts such as precede
and follow. It is well known that natural languages contain anaphoric
expressions, gaps and elliptical constructions of various kinds and that
understanding of natural languages involves assignment of interpreta-
tions to these elements. Therefore, it is only to be expected that natural
language understanding systems must have the necessary mechanism to
resolve the same. The method we adopt here for resolving the anaphors
is by exploiting the morphological richness of the language. The system
is giving encouraging results when tested with a small corpus.

Keywords: Anaphora resolution, Rule based Technique, Finite State
Automata, Sanskrit.

1 Introduction

Sanskrit, the language of the Indo-European family has very long writing tradi-
tion available in both poetry and prose. It contains many linguistic elements in
its rich grammatical and philosophical tradition but Sanskrit syntax has been
least focused by the modern linguist. Speyer [15] and Hock [4] have looked on
many syntactic aspects of Sanskrit language.

In recent years Sobha et al [T1IT2/13] has looked on anaphora resolution for In-
dian languages including Sanskrit in detail from computational perspective. Jha
et al [56] has discussed about anaphora resolution techniques and the concept
of anaphora in different knowledge tradition of Sanskrit including Vyakarana,
Nyaya, and Mimamsa. Keeping these in mind, this paper discusses about various
types of pronominal constructions in Sanskrit and an algorithm to resolve it.

Anaphora resolution refers to the problem of determining the antecedent of
an anaphora in a document. The most common type of anaphora is pronominal
anaphora and it can be exhibited by personal, possessive or reflexive pronouns.
There are many approaches to solve this problem such as rule based [TI2lf3],
statistical and machine learning based techniques [7I89JT0]. This paper describes
about a rule based pronominal resolution for Sanskrit and its scope is limited
only to the simple prose sentences.

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 209 2010.
© Springer-Verlag Berlin Heidelberg 2010



210 P. Pralayankar and S.L. Devi

2 Sanskrit Anaphora

There are two types of anaphoric construction available in Sanskrit; anaphora
proper and anaphora-like cases [6] . Sobha et al [I3] gives a theoretical description
of anaphora proper and in this paper its computational aspects are presented.

2.1 Classification of Sanskrit Anaphora

The different types of anaphora proper are pronominal, reflexives, and reciprocals
in a context. Below is the list of Sanskrit anaphora. The reflexive (sva and
atman) and reciprocal (parasparam and anyonyam) does not have gender feature
so they do not exhibit the gender agreement with their antecedent.

Table 1. Sanskrit anaphora

Anaphors Sanskrit Anaphor
Pronominal  tat

Demonstrative idam, etat, adas
Reflexive sva, atman

Reciprocal parasparam, anyonyam

Pronominal Anaphors. The major classification in pronominal is the first,
second, and third person pronoun. First and second person are commonly used
as deictic, though they are used in discourse. The third person pronoun is the
most commonly used anaphora in a language. In Sanskrit tat is the third person
pronoun which has the following separate forms in different cases for masculine
and feminine gender

In the following set of examples (1-4), we see the distribution of third person
pronoun tat and its antecedent; a phrase or clause that is referred to by an
anaphoric pronoun. Example (1-3) is grammatical because there is a person,
number and gender (PNG) agreement between the antecedents and pronominal
while (4) is ungrammatical because there is no PNG agreement between them.
In example (1a) antecedent sita is in feminine singular form so its anaphor in
(1b) sa is in feminine singular form. In example (2) antecedent chatrah and the
anaphor te is in masculine plural form while in example (3) antecedent kalidasah
and anaphor sah is in masculine singular form. But in example (4) antecedent
kartikah is in masculine singular form but the anaphor te is in masculine plural
form. This violates the PNG agreement and the sentence is ungrammatical. From
the above we find that there should be PNG agreement between pronominal and
its antecedent.

! Although neuter gender is also available in Sanskrit but we are not giving here
the neuter forms because they are same as masculine except in nominative and
accusative. In nominative and accusative, the forms are tat, te, tani respectively for
singular, dual and plural.
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Table 2. Forms of pronominal tat in different cases

Masculine Gender Feminine Gender
Singular Dual Plural Singular Dual Plural
Nominative sah tau te sa te tah
Accusative tam tau tan tam te tah
Instumental tena tabhyam taih taya tabhyam tabhi
Dative tasmai tabhyam tebhyah tasyai tabhyam tabhyah
Ablative tasmat tabhyam tebhyah tasya  tabhyam tabhyah
Genitive tasya  tayoh  tesam tasyah tayoh  tasam
Locative tasmin tayoh  tesu tasyam tayoh  tasu
[ stta; mama svasa astiiMC
stta.fnom.sg  i.gen.sg sister.f.nom.sg is.prest 3rd sg
[sa; pataliputre nivasati)MC

she.f.nom.sg pataliputra.loc.sg  live.prest.rd pl
‘Sita; is my sister. She; lives in Pataliputra’.

[atra chatrah; nivasanti.] MC
here student.m.nom.pl  live.prest.3rd.pl
[te; adhyayanam kurvanti] MC
he.m.nom.pl  study.m.acc.g do.prest.3rd.pl

‘Students; live here. They; do study.’

[kalidasah; asmakam priya-kavih asti.] MC
kalidasa.m.nom.sg i.gen.pl favourite-poet.m.nom.sg is.prest.3rd sg
sah; meghadutasya praneta asti.] MC
he.m.nom.sg  meghadu:ta.gen.sg write is.prest.3rd sg

‘Kalidasa,; is our favourite poet. He; is the writer of Meghaduta.

*mama bhrata kartikah; asti.] MC
i.gen.sg brother.m.nom.sg  kartika.m.nom.sg is.presr.3rd sg
[te; pataliputre nivasanti] MC

he.m.nom.pl  pataliputra.m.loc.sg live.prest.3rd pl
‘Kartik; is my brother. They; live in Pataliputra.’

The above example shows the distribution of pronominal at the inter-sentential
level. In sentence (1a) sita is in nominative form and it is the subject of the sen-
tence and the pronoun is in the next sentence, (1b) takes sita as the antecedent.
In sentence (2a) and (3a) chatrah and kalidasah having nominative case, are the
subject of the sentence and the pronominals te and sah are in the next sentence.

Demonstrative Pronoun. Demonstrative pronouns idam, etat, adas are other
anaphoric expression in Sanskrit and their uses are often related to the spatial
distance. etat is used for very close objects, while idam is used for distantly
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situated objects and if the object is beyond the eyes then adas is used. In the
classical Sanskrit, the use of idam and etat has hardly any differences. All these
have different declinable forms for masculine, feminine and neuter gender. The
anaphoric distribution of demonstrative pronoun in Sanskrit can be seen in ex-
amples (5-8).

S.a. [ayam asmakam vidyalayah; asti.] MC
this.m.nom.sg i.m.gen.pl school.m.nom.sg is.prest.3rd sg

b. [asya; bhavanam bhavyam asti.] MC
it.m.gen.sg building beautiful is.prest.3rd sg
“This is our school;. Its; building is beautiful.’

6.a. [mama gramah; bihar-prante asti.] MC
i.m.gen.sg village.m.nom.sg bihar-state.m.loc.sg is.prest.3rd sg

b. [ayam; gangayah tate asti.] MC
this.m.nom.sg Ganga.f.gen.sg  bank.m.loc.sg is.prest.3rd sg
‘My village; is in Bihar. This; is situated on the bank of Ganga.’

T.a. [ganga; asmakam pavitra-nadi vartate.] MC
Ganga.f.nom.sg i.m.gen.pl pious-river.f.nom.sg is.prest.3rd sg

b. [iyam; himalayat nihsrtya bangasagare
this.f.nom.sg  himalya.m.abl.sg originate.ppl bay of benga.loc.sg
patati.] MC

fall.prest.3rd.sg
‘The Ganga,; is our pious river. Having originated from Himalaya, this;
falls into bay of bengal.

8.a. samskrta-bhasa; deva-bhasa kathyate.] MC
sanskrit-language.f.nom.sg god-language.fnom.sg say.pst.3rd sg

b. [esa; vidvasya pracinatama-bhasa.] MC
this.f.nom.sg  world.m.gen.sg oldest-language.f.nom.sg

‘Sanskrit language; is called language of God. This; is the oldest
language of the world.

In the sentence (5b) the PNG features of demonstrative pronoun asya (5b)
matches with vidyalayah in (5a), which is the antecedent of asya . Similarly the
demonstrative pronoun ayam in (6b) has antecedent gr(ma( in (6a). Here also
there is PNG agreement between the pronoun and its antecedent. In sentence (7)
ganga is the subject of the sentence and is the antecedent of the demonstrative
pronoun syam of (7b). Sentence (8a) is in passive voice and the antecedent
sanskrit-bhasa is the direct object position. The pronoun es(a is in sentence
(8b) and it has PNG agreement with its antecedent sanskrit- bhasa.

From the above we arrive at the following algorithm:

1. A pronoun P is coreferential with an NP iff the following conditions hold:
(a) P and NP have compatible P, N, G features.
(b) P does not precede NP
(¢) If P is possessive, then NP is the subject of the clause which contains P.
If P is non-possessive, then NP is the subject of the immediate clause
which does not contain P.
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Reflexive Pronoun. sva and atman are reflexive pronoun in Sanskrit. In San-
skrit unlike the above pronominal, the antecedent and the reflexives are bound
and the antecedent is always the subject of the sentence in which the reflexive
occurs. For example, in sentence (9) ramah is the antecedent of the reflexive
pronoun sva and it is the subject of the sentence. In sentence (10) antecedent
patravargaih and reflexive svesu, which is in re-duplicated form is bound to each
other and they are local. Similarly in sentence (11) antecedent esa and reflexive
atmanam are locally bound to each other. But here reflexive is preceding the
antecedent due to relatively free word order and focus function.

9. ramah; sva;-grham gacchati.
ram.m.nom.sg own-house.loc.sg  go.prest.3rd sg
‘Ram is going to his own house
10.  tad ucyatam patravargaih; svesu-svesu;
then tell actor.m.nom.pl own.m.loc.pl-own.loc.pl
pathesu a-samudhaih  bhavitvyam iti
leson.loc.pl not-carefree become SO
‘So let the actors are told to be careful about thir own lessons.’
11.  bhartr-gatayaa cintaya atmanam; api
husband-go contemplation self even
na esa; vibhavayati.
not she conscious.prest.eg

‘Owing to her contemplation regarding her husband, she is not conscious
of even herelf.’

2. A pronoun P is coreferential with an NP iff the following conditions hold:
(a) Reflexive and NP have compatible Number features.
(b) Reflexive does not precede NP
(¢) The NP is the subject of the clause which contains Reflexive.

3 Architecture

3.1 Pre-processing

The position of the noun plays a major role in identifying the antecedent of a
pronoun. From the above examples we could see that the antecedent is mostly
the subject or the direct object and it can be in the same sentence or in the
preceding sentence. Another feature is the position of the noun with respect to
the clause, whether it is in the main clause or subordinate clause. Depending on
this we can identify whether the noun is the antecedent of the pronominal or
not. For this the clause boundaries have to be identified. We use simple linguistic
rules to identify the clause boundaries. In the following paragraphs we discuss
about how we identify the clause boundary and the subject and object.
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Subject/object Identification. We identify subject and direct object using
the morphological markings on the nouns. In this we use that all nominative
nouns are probable candidate for subject hood, all dative nouns if the verb is
a cognitive verb is probable candidate for subject hood and finally possessive
nouns with nominative head or dative head are also possible noun for subject
hood. Nouns inflected for all other cases are considered as direct object.

Clause Identification. yat is the complement marker in Sanskrit. With the
help of yat we identify the main clause and the subordinate clause. In both the
clause there will be a finite verb. For example,

12.  [s1ta avadat)MC [yatcomp tasyah
sita.f.nom.sg say.pst.3rd sg that she.f.gen.sg
svasa delhi-nagare nivasati|SC
sister.f.nom.sg delhi-city.m.loc.sg live.prest 3rd sg

‘Sita aid that her sister lives in Delhi city.’

To mark the conditional clause the, conditional marker yadi is used. The main
clause in this case contains the use of tarhi, which is optional. Both the clause
will have finite verb. For example,

13.  yadi ramah adya agamisyati] COND
if he.m.nom.sg toay come.fut.3rd sg
[(tarhi) sah $vah gamisyati]MC
then he.m.nom.sg tomorrow go.fut.3rd sg

‘If Ram comes today, then he will go tomorrow.’

We use the clause marker for identifying the presence of the clause. The bound-
aries are identified using the yadi as the beginning and tarhi as the end for the
conditional clause. Similarly we use yat as the marker for complement clause and
the finite verb before yat is considered as the end of the main clause and finite
verb after yat as the end of subordinate clause. The beginning of the clause is
identified using the noun nominative immediately following yat as the beginning
of the subordinate clause and the noun nominative before the yat as the begin-
ning of the main clause. We have similar rules for other types of clauses and for
multiple embedding of clauses. Though this does not resolve all the sentences
we got a reasonably good result.

Morphological Analyzer. The anaphora resolution system for Sanskrit is
based on the hypothesis that any noun in Sanskrit is the combination of root
and case suffixes where case suffixes carry information about PNG features. A
morphological generator has been developed using Finite State Automata (FSA)
and paradigm based approach. The FSA is built using all possible suffixes and
the root dictionary is classified based on paradigms [16] . The suffixes, used in
FSA are listed with its grammatical features, is utilized, while giving the output
of the morphological analyzer to give the syntactic features of the morphemes.
The parse for the words from the FSA are validated with morphosyntactic rules.
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3.2 Algorithm for Anaphor Resolution

Hence the algorithm we use for identifying the antecedent NPs is as follows:

Consider all the NPs Preceding the pronoun in sentence (S).
If the clause marker (CM) is present in S

Then, Identify the Main (M) clause and the Subordinate (Sub) clause
of S

Identify the Subject and object of the S.
Consider all the Nouns in the sentence that precede the pronoun.
Identify the Pronoun (P) / Reflexive (R) and the Nouns (N) preceding
the P/R
If P is non-possessive then
Check the PNG of P and N
If PNG agrees, then check for subject or object marker

If N is the subject/object of the clause where P does not occur

Then N is identified as the antecedent

If P is possessive then
Check the PNG of P and N
If PNG agrees, then check for subject or object marker
If N is the subject of the clause where P occur
Then N is the antecedent
If R then
Check the PNG of P and N
If PNG agrees, then check for subject or object marker
If N is the subject of the clause where P occur

Then N is identified as the antecedent
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4 Anaphora Resolution System

The input to the anaphora resolution component is the parsed output which
identifies the subject, object and the clause boundaries (The parser is not a
sophisticated one, we are identifying it using linguistic rules and a small Dictio-
nary). The different types of clauses present in the input sentence are identified
(We are using a rule based approach for identifying the clause boundaries). The
NPs which precede P are identified. The NPs which matches according to the
pronominal algorithm are identified and checked for PNG agreement between
the pronoun and reflexives and the NPs. The NP which matches in PNG and
the algorithm is identified as the antecedent of the Pronoun.

5 Evaluation

We have tested the system using 200 sentences taken from the book titled
Sanskrit Sahacara. It contains simple sentences. The number of pronominal
present in 200 sentences was 40. Among the 40 pronominal only 26 were correctly
identified. The details about the correct and wrong identification are given in
the table [ below.

Table 3. Evaluation result of Sanskrit pronominal

Correct Wrong
No. of Sentences 200
No. of Pronominals 40 26 14

6 Conclusion

This is an algorithm we have developed to identify pronominal in Sanskrit. The
approach outlined here does not exploit the hierarchy, but exploits the nominal
morphology. The work is still in progress and we are reporting an on going work.
Hence the system is evaluated with a very small data. Pronominal resolution is
necessary for any understanding systems such as question answering systems,
information extraction and machine translation.
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Abstract. Ellipsis is a common phenomenon of Classical Sanskrit prose.
No inventory of the forms of ellipsis in Classical Sanskrit has been made.
This paper presents an inventory, based both on a systematic investiga-
tion of one text and on examples based on sundry reading.
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1 Introduction

Most, if not all, Sanskritists would agree that ellipsis is a common feature of
Classical Sanskrit. Yet, what ellipsis is in Classical Sanskrit and which gram-
matical factors determine under which conditions it is permitted are questions
which, to my knowledge, have never been raised in modern studies of Classical
Sanskrit. The aim of this paper is to direct the attention of the community of
Sanskrit scholars to these questions.

Below, I report on the forms of ellipsis which I have found in two corpora
and discuss their bearing on possible answers to the questions raised above.
The two corpora are the prose sentences found in V. S. Apte’s The Student’s
Guide to Sanskrit Composition and the sentences up to the thirty-eighth verse
of the Svarthanumana chapter of Dharmakirti’s Pramanavarttika (PVS). I also
supplement the discussion with cases found in sundry sentences outside of the
corpora.

The term ellipsis is often used broadly and without much care, with the re-
sult that it fails to encompass anything which would be taken by linguists as
a unified phenomenon. To arrive at a linguistically useful characterization, let
us consider the English expression Yajnadatta lentils. This expression is not a
sentence. It seems somehow defective and it fails to express a proposition. Yet,
if it is preceded by the English sentence Devadatta cooked rice, as in (1.1) below,
the expression Yajnadatta lentils no longer appears defective and it conveys a
proposition, namely the one expressed by the sentence Yajnadatta cooked lentils.
It is surely no coincidence that what the defective expression Yajnadatta lentils
conveys when it is immediately preceded by the sentence Devadatta cooked rice is
precisely what is expressed by the sentence which results from inserting the verb
cooked, found in the preceding sentence, into the defective expression Yajnadatta

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 218 2010.
© Springer-Verlag Berlin Heidelberg 2010
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lentils. Moreover, as illustrated by the pair of sentences in (1), what the defective
expression Yajnadatta lentils conveys varies with proposition expressed by the
sentence preceding it.

(1.1) Devadatta cooked rice; Yajhadatta lentils.
(1.2) Devadatta grew rice; Yajnadatta lentils.

Generalizing from this example, I say that an expression contains ellipsis just
in case the expression, by itself, does not form an acceptable constituent, but
which, when supplemented by suitable expressions from its preceding or suc-
ceeding text, or cotex, with little or no modification to it, yields an expression
which forms a constituent and the resulting expression expresses what the un-
supplemented expression conveys, relative, of course, to the given cotext. I call
the point of ellipsis the point in an otherwise defective expression where the
insertion of an expression taken from the cotext turns the defective expression
into one which is not defective and which conveys what the defective expres-
sion conveys relative to the cotext. I call the expressions which are supplied the
antecedent?

The notation I use below is the familiar notation of labelled bracketing. To
enhance readability, I omit all pairs of labelled brackets not essential to the dis-
cussion. To explain uses of the notation specific to this paper, let me begin with
an application of the notation to the first example in (1).

(2) [S Devadatta [V cooked 1] rice |; [S Yajhadatta [V E 1] lentils ]

‘S’ is the label for sentence or clause and ‘V’ is the label for verb. The antecedent
of the point of ellipsis has a numerical index prefixed to its right hand bracket
and the point of ellipsis is marked by a pair of square brackets enclosing ‘E’
and having the same labels as those of its antecedent. Of course, the notation of
labelled brackets was devised for languages such as English in which the linear
order of expressions play a syntactic role. As is well known, linear order plays
a reduced role in Classical Sanskrit prose. The reader, then, should understand
the notation applied to expressions of Classical Sanskrit as indicating solely
constituency. Thus, in terms of this use of the notation, the placement of ‘E’ with
the constituent immediately containing the point of ellipsis is arbitrary. However,
from the cases examined, it appears that the order of the words within the
constituent immediately containing the antecedent of the ellipsis and the order
of the words in the constituent immediately containing the point of ellipsis are
parallel. For that reason, I have placed the ‘E’ in the same linear position relative
to its sister constituents as its antecedent has relative to its sister constituents.
Finally, I have supplemented the usual categorial labels for adjective, noun,

LIt is useful to distinguish between the physical situation, or setting, in which an
expression is uttered and the text, or cotext, which either precedes or succeeds it.
I shall use these technically defined terms, rather than the more common but very
imprecise term context.

2 As is well known, ellipsis and anaphora are very similar phenomena.
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adjective phrase and noun phrase with numerical indices corresponding to the
standard enumeration in Paninian grammar of the cases. To highlight structural
properties of the Sanskrit expressions, I have also taken the liberty of eliminating
sandhi.

There is no exceptionless linguistic regularity. Due to limitations of space
and time, I have not mentioned well known exceptions to generally recognized
linguistic regularities, nor have I considered alternative analyses to the various
examples adduced below.

The predominant forms of ellipsis are those of the ellipsis of the head verb of
a verb phrase and of a head noun of a noun phrase. In addition, I have found
some cases where the point of ellipsis is the point of a complement to a head
verb or a head adjective. I begin by reviewing first the forms of ellipsis within a
verb phrase, second the forms within a noun phrase and third the forms within
an adjective phrase. I end by bringing to the reader’s attention a form of ellipsis
which I call denial ellipsis.

2 Ellipsis within the Verb Phrase

The most commonly encountered pattern of ellipsis within a verb phrase is the
one where the verb itself is ellipte(ﬁ7 similar to the English case given above. (The
English case is known in the literature as gapping.) Verb head ellipsis may occur
when the ellipted verb occurs in one coordinated clause and the antecedent in
another. Thus, in the example here, the verb wvidhiyeta (can be affirmed) occurs
in the first clause and it serves as the antecedent for the verbless second clause.

(3) PVS 5.10

[S vidhau [S viruddhah va [V vidhiyeta 1] ] [S a-viruddhah va [V E 1] ] ]
When there is an affirmation, either what is incompatible can be affirmed
or what is not incompatible can be affirmed.

Such ellipsis may also occur when the clauses are asyndetically coordinated, that
is, coordinated without a conjunction.

(4) MBh 1.241.7 (cited in Scharf [§] p. 110)

[S loke ca [S ekasmin vrksah iti [V prayufijate 1] | [S dvayoh vrksau iti
[V E 1] ] [S bahusu vrksah iti [V E 1] ] |

In ordinary speech, the word ‘tree’ applies to a single thing, the word
‘tree’ [in the dual] to two things and the word ‘trees’ to many things.

Verb head ellipsis is found when the point of ellipsis occurs in a main clause
and the antecedent in a subordinate one. In the next example, the point of ellipsis
is in the verbless main clause atra tatha viraktah api (now in the same way an
unimpassioned person too). Its antecedent is the verb of the subordinate clause
yatha raktah braviti (as an impassioned person speaks), which precedes the point
of ellipsis.

3 1 follow here the useful coinage of Quirk et al [6], who introduced the verb to ellipt,
corresponding to the noun ellipsis.
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(5) PVS 9.7
[S atra [S yatha raktah [V braviti 1] ] tatha viraktah api [V E 1] ]
Now an unimpassioned person speaks in the same way as an impassioned

one does.

Here is another such case example, this one taken from Sabambh@sya.

(6) SBh (cited in Scharf [8] p. 286)

[S na ca [S yatha dandi-$abdah na dande [V prayuktah 1] ] evam go-
sabdah na akrtau [V E 1] |

And it is not the case that the word ‘cow’ does not apply to the form in
the same way as the word ‘stick possessor’ does not apply to a stick.

Verb head ellipsis may also occur when the antecedent is in a preceding sen-
tence. For example, sadhyate (is established) occurs in the first sentence and
serves as the antecedent for the point of ellipsis of the verbless main clause of
the second sentence.

(7) PVS 5.24

[S tatra kevalam visayT [V sadhyate 1] |

[S asyam api [S yada vyapaka-dharma-anupalabdhya vyapya-abhavam
[V aha 1] ] tada abhavah api [V E 1] iti |

In this case, only intentional activity [pertaining to an absence] is estab-
lished. In this case too, an absence also is established when one states
the absence of a pervadee on the basis of a non-apprehension of [its]
pervader property.

Like ellipsis in other languages which have been well studied, features required
at the point of ellipsis of a word and the features of the antecedent expression
may differ. Thus, in the next sentence, uktau, a past participle being used as a
main verb, is in the neuter dual, whereas the point of ellipsis requires the form
of masculine singular.

(8) PVS 2.13

[S etena anvaya-vyatirekau yathasvam pramanena niscitau [V uktau 1] ]
[S paksa-dharmah ca [V E 1] ]

Concomitance and contra-concomitance, ascertained by [their] respec-
tive means of epistemic cognition, are thereby mentioned. The paksa-
property is also [thereby stated].

Unusual for Sanskritists whose first language is a Western European language
is the fact that the point of ellipsis may precede the antecedent for the point of
ellipsis. Although I have not come across examples in the Svarthanumana chapter
of the Pramanavarttika so far, I have found examples in Karnakagomin’s tika
on Dharmakirti’s text. In the example adduced below, the first two clauses are
verbless and the antecedent for their points of ellipsis is the verb kathyate, which
occurs in the last clause.



222 B.S. Gillon

(9) PVST 108.8

[S atra [S [S [NP3 prathamaya karikaya | [NP1s dharma-kalpana-bijam
] [VE1]][S [NP3 dvitiyaya | [NP1s dharma-kalpa ] [V E 1] ] [S [NP3
trtiyaya | [NP1s pratij na-artha-ekadesata-pariharah | ca [V kathyate 1]
] ] iti samudaya-arthah |

The overall meaning here is this: the seed for the conceptualization of
properties is mentioned by the first verse; the conceptualization of prop-
erties by the second; and the rejection of [an inference’s grounds] forming
part of the state of affairs of [its] conclusion by the third.

This configuration, in which the point of ellipsis precedes its antecedent, does
not appear to be uncommon, as I have come across two examples outside my
two corpora.

(10) SBh (cited in Scharf [8] p. 283)

[S tena atra [S akrtih guna-bhavena [V E 1] | [S vyaktih pradhana-
bhavena [V vivakysate 1] ] iti

Therefore here a form will be accepted as subordinate, the individual as
principal.

(11) Candrakirti on Aryadeva’s Catuhsataka 14.10

[S tatra [S yatha ekasya rupasya ghatatvena avasthanam [V E 1] ] tatha
anyasya api pata-adi-sambandhinah rupasya kasmat ghatatvena avasthanam
na [V isyate 1] ]

Now, why is a material form which is connected with such things as cloth
not accepted as abiding as a pot in the same way as another material
form [is accepted] as abiding as a pot?

The question arises whether or not ellipsis within a verb phrase is confined to
the head verb. I have found three cases where, besides the verb, other material
in the verb phrase is ellipted. In the first case, the verb and the negative adverb
na are required for the point of ellipsis.

(12) PVS 18.5

[S tatha [AC prasiddhe tat-bhave hetu-bhave va | [S anityatva-abhave
krtakatvam [VP [ADV na 1] [V bhavati 2] ] [S dahana-abhave ca dhimah
[VP[ADVE1][VE2]]]]]

In this way, when [either the relation of something] being something or
[the relation of something] being the cause [of something] is established,
neither does artificiality exist in the absence of non-eternality nor does
smoke exist in the absence of fire.

One might wonder whether or not this case of ellipsis might be better described
as the ellipsis of the entire verb phrase. There is some evidence to support
this analysis. Thus, in the next example, the verb phrase of the first sentence
comprises a direct object and the verb, karanam anumapayati (implies a cause).
Both are required for the point of ellipsis in the following sentence.



Linguistic Investigations into Ellipsis in Classical Sanskrit 223

(13) PVS 10.6

[S tasmat nantaryakam eva karyam [NP2 karanam 2] [V anumapayati
3] tat-pratibandhat |

[S na anyat [VP [NP2 E 2] [V E 3] ] vipakse a-darsane api |

Therefore, only an immediate effect implies a cause because of [its] rela-
tion to it [sc., the cause]. No other does, even if there is no observation
[of it] in the vipaksa.

However, it does happen that the head verb and only some, and not all, of its
complements are ellipted. Thus, the first subordinate clause below contains a
verb cintayati (was wondering) and two complements, second case noun phrase
complement kim (what) and a prepositional phrase complement mam antarena
(lit. about me; about him). Yet, the succeeding two clauses omit only the verb
and the prepositonal phrase and repeat the second case noun phrase.

(14) K 178.23-179.2 (as cited in SG 3.1.13)

[S asyam velayam [S [NP2 kim nu | khalu [PP mam antarena 1] [V
cintayati 2] | Vaisarhpayanah | [S [NP2 kim | va [PP E 1] [V E 2] varaki
Patralekha | [S [NP2 kim | va [PP E 1] [V E 2] raja-putra-lokah | iti
cintayan eva sah nidram yayau |

At that moment, he went to sleep just while wondering what Vaisarmpayana
was wondering about him, what poor Patralekha was wondering about
him and what the prince’s retinue was wondering about him.

3 Ellipsis in Noun Phrase

I now turn to ellipsis within the noun phrase. I begin with ellipsis in non-subject
noun phrases, since subject noun phrase present complicating factors whose con-
sideration it is best to put off for the moment. As with verb phrases, so with
noun phrases, the head can be ellipted. The next sentence, discussed above,
contains both the ellipsis of a head verb and the ellipsis of a head noun. Here,
the third case noun phrase prathamaya karikaya (by the first verse) in the first
subordinate clause is reduced to the adjective phrases dvitiyaya (by the second)
and trtwyaya (by the third) in the second and third clauses respectively.

(15) PVST 108.8 (same as (9) above)

[S atra [S [S [NP3 [AP3 prathamaya | [N3 karikaya 2] | [NP1s dharma-
kalpana-bijam | [V E 1] ] [S [NP3 dvitiyaya [N E 2] ] [NP1s dharma-kalpa
] [VE1]][S NP3 trtiyaya [N3 E 2] | [NP1s pratij na-artha-ekadesata-
pariharah ] ca [V kathyate 1] | ] iti samudaya-arthah |

The overall meaning here is this: The seed for the conceptualization
of properties is mentioned by the first verse; the conceptualization of
properties by the second; and the rejection of [an inference’s grounds]
forming part of the state of affairs of [its] conclusion by the third.

What is noticeable about the next case is that the antecedent is the single
noun of an absolute phrase and the point of ellipsis is the position the noun
would occur in in the absolute phrase of the following clause.
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(16) PVS 5.12

[S [NP7 [NP6 a-viruddhasya | [N7 vidhau 1] ] sahabhava-virodha-abhavat
a-pratisedhal ]

[S [NP7 [NP6 viruddhasya [PRT api | | [N7 E 1] | anupalabdhi-abhavena
virodha-a-pratipattih |

When there is an affirmation of what is not incompatible [with any-
thing else], then there is no denial [of anything else], because there is no
incompatibility of [its] co-occurrence [with anything else].

[And] even when there is an affirmation of what is incompatible, without
non-apprehension, there is no awareness of the incompatibility.

Ellipsis also occurs in a predicate noun phrase. In the second sentence of
the example below, predicated of its subject noun phrase akrti-pratyayah (un-
derstanding of a form) is vyakti-pratyayasya (understanding of the particular),
from which nimittam (basis), the head of the predicate noun phrase in the first
sentence, has been ellipted.

(17) SBh (as cited in Scharf [§] p. 285)

tasmat [S [NP1s sabdah | [NP1 [NP6 akrti-pratyayasya | [N1 nimittam
1]

[S [NP1s akrti-pratyayah | [NP1 [NP6 vyakti-pratyayasya ] [N1 E 1] | ]
iti.

Therefore a word is a basis for the understanding of form, the under-
standing of a form for the understanding of the particular.

3.1 Ellipsis in Subject Noun Phrase

I now turn to ellipsis in the subject noun phrase. As is well known, an inde-
pendent clause in Classical Sanskrit does not require a subject noun phrase.
Some cases are clearly not cases of ellipsis, for no antecedent is required for un-
derstanding the subjectless clause. Thus, for example, the following clause has
no subject noun phrase. The agent of the verb aha is Dignaga, but Dignaga is
mentioned no where in the work.

(18) PVS 2.22

[S tatha ca aha [S sarvah eva ayam anumana-anumeya-vyavaharah buddhi-
artidhena dharma-dharmi-bhedena iti | |

And in this way, one [i.e., Dignaga] has said that the entire difference
between grounds for inference and what is to be inferred is due to dif-
ferentiation between property and property-possessor, which falls within
the purview of the intellect.

However, there are cases which satisfy all the usual conditions for ellipsis:
while there is no noun in the nominative case, there is a subordinate constituent
which make sense only relative to a noun in the nominative case; and, in the
preceding cotext, there is a noun in the nominative case whose sense is the sense
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which is relevant the subordinate constituent. Though the following example
contains a case of verb head ellipsis, what is relevant here are the two cases of
head noun ellipsis. The head noun of the subject noun phrase of the first sentence
bhedah (difference) and the head noun bhavanam (of things) of the subordinate
noun phrase bhavanam abhinnanam (of similar things) are both omitted from
the following sentence, whose verb is also to be supplied from the first sentence,
as we saw above.

(20) PVST 108.17

[S na [NP3 [N3 jati-adina 1] tavat | [NP1s [NP6 [N6 bhavanam 2] [AP6
abhinnanam | ] [N1 bhedah 3] ] [VP [V kriyate 4] | ... ]

[S na api [NP3 [N3 E 1] | [NP1s [NP6 [N6 E 2] [AP6 bhinnanam | | [N1
E3]][VP[VE4]]...]

No universal makes similar things different, ..., neither does it make
dissimilar things different, .. ..

The sentences in the next two examples are verbless sentences. In each exam-
ple, the second sentence contains the point of ellipsis associated with which is a
subordinate noun phrase whose proper interpretation requires the head noun of
the subject of the preceding sentence.

(21) PVS 8.5

[S iti tatra api [NP1s atita-eka-kalanam [N1 gatih 1] ] ]

[S na [NP1s [NP6 an-agatanam | [N E 1] | vyabhicarat |

So, in this case, there is knowledge of things contemporaneous and an-
tecedent [to the observation of the ground]. There is no knowledge of
things future, because of deviation [from them].

(22) PVS 23.18

[S katham tarhi idanim [NP1s bhinnat sahakarinah [N1 karya-utpattih
1] ] [S yatha [NP1s caksur-riipa-adeh vijaanasya [N1 E 1] ]] ]

How then now does an effect arise from distinct ancillary causes, as when
there is the arising of awareness from [a variety of ancillary causes such
as] eye and form?

Remarkably, the antecedent for noun ellipsis may be part of a compound.
In the next case, the antecedent is the head pratisedhah (ruling out) of the
compound eka-siddha-pratisedhah (ruling out what is established for one).

(23) PVS 11.3

[S dvayohitieka-siddha-(pratisedhahl) ] [S prasiddha-vacanenasamdigdhayoh
Sesavat-asadharanayoh sapaksa-vipaksayoh api [N1 E 1] |

The expression ‘for both’ rules out anything which is established for
[just] one [of the two interlocutors]. The expression ‘established’ rules out
doubtful properties which are deficient and undistributed with respect

to the sapaksa and vipaksa.
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Such cases are not rare. Next is a case where the required antecedent for the
second sentence is pratipattih (knowing), the head of the compound which is the
head of the subject noun phrase, again, of a verbless sentence.

(24) PVS 9.8

[S [NP1s [NP5 vacana-matrat | a-(pratipattihl) | |

[S na api [NP1s [N1 E 1] [NP5 viSesat | | abhiprayasya durbodhatvat
vyavahara-samkarena sarvesam vyabhicarat |

So, there is no knowing [whether or not someone is impassioned] from
his merely speaking.

Nor is [there any knowing whether or not someone is impassioned] from a
special kind [of speaking], because, [a speaker’s| intentions’ being difficult
to know, [his various forms of] behavior are diverse and so all [forms of
his speaking] are deviant [with respect to whether or not he has passion].

The next example contains head noun ellipsis both in the subject noun phrase
and in the predicate noun phrase of the second sentence.

(25)SBh (as cited in Scharf [§] p. 286)

[S na tu [S [NP1s [N1 go-Sabda-avayavah 1] [AP1 kascit | | [NP1 [NP6
akrteh | [N1 pratyayakah 2] | |

[S [NP1s [N E 1] anyah | [NP1 [NP6 vyakteh | [N1 E 2] ] ]]

But it is not the case that some part of the word ‘cow’ makes one aware
of the form, another of the particular.

To see how subtle the question of whether or not the absence of a subject
noun phrase is a matter of ellipsis or not, let me explain, using an example from
English, an important distinction which can be easily overlooked. There is an
important contrast in English between the pronoun it and the pronoun one, as
seen from considering the following minimally contrasting pair of sentences.

(26.1) Devadatta bought a mango and Yajnadatta too bought it.
(26.2) Devadatta bought a mango and Yajiiadatta too bought one.

For the first sentence to be true, Devadatta and Yajnadatta must have bought
the very same mango. For the second sentence to be true, it is required only
that each bought a mango. The point can be made in another way: should the
pronoun in each sentence in (3) be replaced by its antecedent, the replacement
preserves truth conditions in the second case but not the first.

(27.1) Devadatta bought a mango and Yajiiadatta too bought a mango.
(27.2) Devadatta bought a mango and Yajiiadatta too bought a mango.

The difference between it and one is that the semantic value of it, when it has
an antecedent, must be a unique value of its antecedent, whereas the value of
one is any of several values, all of which are in the extension of the antecedent.

How does this bear on ellipsis? According to the characterization of ellipsis
given at the start, filling a point of ellipsis with its antecedent (modulo gender
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and number) yields an expression which expresses what the expression containing
the ellipsis conveys.
Consider now the next example.

(28) PVS 2.16

[S [NP7 pradesa-visese kva-cit 1] na [NP1s [N1 ghatah 2] ] upalabdhi-
laksana-praptasya anupalabdhel |

[S [S yadi [NP7 E 1] syat [NP1s [N1 E 2] ] ] [NP1s [N1 E 2] ] upalabhya-
sattvah eva syat |

There is no pot in a certain particular place, since [it], satisfying the
conditions for apprehensibility, is not apprehended [there].

If one were to exist [there], [then] it would be precisely that thing whose
presence is to be apprehended.

There are three points of ellipsis in the second sentence, two of them ellipted
subject noun phrases and one of them an ellipted verb complement noun phrase.
The value of the first ellipted subject noun phrase can not be the value of its
antecedent, for the preceding sentence denies the existence of any pot. This
means that the value assigned to it is any value which is in the extension of ghatah
(pot). This is reflected in the translation of the ellipted subject noun phrase by
the English pronoun one. In contrast, the value of the second ellipted subject
noun phrase must be the very value assigned to the first ellipted subject noun
phrase. This is reflected in the translation of that ellipted subject noun phrase
by the English pronoun . Finally, the value of the ellipted verb complement
noun phrase must be the value of its antecedent noun phrase. This is reflected
in the translation of that ellipted noun phrase by the English pronoun there.

4 Ellipsis in Adjective Phrase

Ellipsis in adjective phrases appears to be not so common. The only case found
in the two corpora is a case where the adjective head, itself a compound, serves
as the antecedent for the point of ellipsis in the second sentence.

(30) PVS 3.1

[S bhedah dharma-dharmitaya [A1 buddhi-akara-krtah 1] ]

[S na arthah api [Al E 1] vikalpa-bhedanam svatantranam an-artha-
asrayatvat |

Differentiation [of them| as property and property-possessor is brought
about through an image of the intellect. It is not that a thing too is so
brought about, since conceptual differentiation, being independent [of
things|, does not have a basis.

The only other case I am aware of occurs in the Mahabhasya, where the point
of ellipsis is the complement to an adjective.
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(31) MBh 1.220.22 (cited in Bronkhorst [2] p. 57)

[S [S yatha tarhi ratha-angani vihrtani pratyekam [PP vrajikriyam prati
1] asamarthani bhavanti ] [S tat-samudayah ca rathah [PP E 1] samarthah
] evam ... ]

Just, then, as the parts of a chariot when taken apart are individually
incapable of movement yet the whole of them, the chariot, is capable, so

5 Denial Ellipsis

Let me conclude by drawing attention to what might be still another form of
ellipsis, though this is not so clear, as I think the examples below will show.
What I call denial ellipsis is what occurs when an author wishes to deny an
antecedently made claim. It has the form of the negative adverb na followed by
a fifth case noun phrase which gives the grounds for the denial. Its antecedents
are either clauses or noun phrases.

In the first case below, the first sentence is a verbless clause expressing a
negative existential. The negative existential is within the scope of a seventh
case noun phrase tat-atmatve (having the other for its nature), best taken as
a verbless absolutive. The object of the denial in the second sentence is the
preceding verbless clause, under the scope of the verbless absolutive.

(32) PVS 2.21

[S [NPT7 tat-atmatve ] [NP1s sadhya-sadhana-bheda-abhavah | iti cet ]
[S na E dharma-bheda-parikalpanat |

It might be argued that there is no difference between the establishable
and the establisher when [the one] has the other for its nature. [This is]
not [so], since differentiation among properties is conceptualized.

In the next case, the antecedent for the point of ellipsis is a fifth case noun
phrase prayojana-abhavat (because of having no point), which, at the point of
ellipsis, must be understood to have propositional content.

(33) PVS 1.12

[S [NP5 prayojana-abhavat | [NP1s an-upacaral | iti cet |

[S na E sarva-dharmi-dharma-pratisedha-artha-tvat |

It might be argued that there is no synecdoche [here] since [it] would have
no point. [This is] not [so], since [it] has the purpose of prohibiting [from
being a ground] a property property-possessors of which are everything
[but the paksa].

6 Conclusion

Above, I have examined a diverse set of examples of ellipsis in Classical Sanskrit.
The preponderance of cases are those in which the antecedent of the point of
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ellipsis is a head verb or a head noun. There is only one case where the antecedent
is a head adjective. The few remaining cases are those in which a complement of
a verb or an immediately subordinate constituent of a noun phrase. The forms of
ellipsis differ in important respects from the forms of ellipsis for English known as
gapping, verb phrase ellipsis and copular complement ellipsis. Also noteworthy
are cases of ellipsis where the antecedent is the head of a compound and cases of
ellipsis where the antecedent comes after the point of ellipsis in spite of the fact
that the antecedent and the point of ellipsis are in coordinated clauses. Both of
these patterns are unknown in English.

The foregoing raises three questions. First, are there other forms of ellipsis
in Classical Sanskrit? Second, under what conditions may one expression serve
as an antecedent to a point of ellipsis? Third, how is the value of a constituent
containing a point of ellipsis determined? To answer these questions satisfacto-
rily, further extensive and careful empirical investigation of prose texts must be
undertaken. This requires that texts of Classical Sanskrit be suitably annotated
so that facts pertaining to ellipsis can be characterized. The annotation must be
fine-grained enough so that the phenomena does not slip through undetected,
but not so fine-grained that it prejudices the possiblity of finding data which
might draw into question working hypotheses regarding the nature of ellipsis.
The preceding presents a first stab at such an annotation.

In closing, let me bring to the reader’s attention an observation well known to
linguists, especially descriptive linguists (Quirk et al. [6] ch. 12.), which will be
useful to bear in mind while pursuing answers to the last two questions. There
is a close parallel between ellipsis, which, as we saw, requires an antecedent, and
anaphora, which comprises a proform with an antecedent. Indeed, it is no coinci-
dence that linguists use the term antecedent in connection with both phenomena.
This is well illustrated by English nominal head ellipsis, where the pronoun one
and a point of ellipsis are in complementary distribution.

Table 1. ABBREVIATIONS

A = Astadhyayr
reference: adhyaya.pada.sutra
K = Kadambari, Peterson (ed) [5].

reference: page.line
MBh = Mahabhasya, Kielhorn (ed) [4].
reference: volume.page.line

PVS = Pramanavarttika, svarthanumana chapter, Gnoli (ed) [3].
reference: page.line

PVST = Pramanavarttikasvarthanumanatika, Sankrtyayana (ed) [7].
reference: page.line (of tika)

SG = Student Guide to Sanskrit Composition, Apte [1].
reference: chapter.exerciseset.example

SBh = Sabarabhasya, Scharf [8].



230 B.S. Gillon

(34.1) The performance by Alex of Bach is better than the *E/one by Bill of
Chopin.
(34.2) Alex’s performance of Bach is better than Bill’s E/*one of Chopin.

Whether the head noun of a noun phrase in which a determiner or a possessive
noun phrase immediately precedes the head noun can be ellipted or replaced by
the pronoun one depends on the choice of determiner or of a possessive noun
phrase. This close parallel between ellipsis and anaphora suggests that investi-
gation into either phenomena should pay attention to the results of investigation
into the other.
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Abstract. Panini’s Astadhyayt can be thought of as an automaton to
generate Sanskrit words and sentences. Astadhyay1 consists of sutras that
are organized in a systematic manner. The words are derived from the
roots and affixes by the application of these sutras that follow a well de-
fined procedure. Therefore, Astadhyay1 is best suited for computational
modeling. A computational model with conflict resolution techniques was
discussed by us (Sridhar et al, 2009)[12]. In continuation with that, this
paper presents, an improvised computational model of Astadhyay1. This
model is further developed based on the principle of asiddhatva. A new
mathematical technique called ‘filter’ is introduced to comprehensively
envisage all usages of asiddhatva in Astadhyayn.

1 Introduction

We (Sridhar et al, 2009)[12] have discussed computational structure and conflict
resolution techniques of Astadhyayi. In the current paper, the computational
model has been restructured and developed further incorporating the principle
of asiddhatva. In the earlier model, asiddha for satva and tuk were not handled.
This model moves closer to the traditional view of Astédhyéyiﬂ

In Astadhyayt the suatras are declared as asiddha in the following instances:

1. parvatrasiddham (8.2.1)
Satras from 8.2.1 to 8.4.68 (tripadi) are asiddha to sutras from 1.1.1 to 8.1.74
(sapadasaptadhyayr). Also, in tripadi the successive sutras are asiddha to
their previous sutras.

2. asiddhavadatrabhat (6.4.22)
The sutras from 6.4.22 to 6.4.175 are deemed as asiddha to each other.

3. satvatukorasiddhah (6.1.86)
The satras 6.1.87 to 6.1.111 are asiddha to satva sutras (8.3.39 to 8.3.119)

and tuk satras (6.1.70 to 6.1.75)

! There were objections from the traditional grammarians on the assumption of linear
application of tripadi sutras in the earlier model. The present model doesn’t have
any such assumption. The environment is visible through filters to sapadasaptadhyayr
even after the application of tripadi sutras.

G.N. Jha (Ed.): Sanskrit Computational Linguistics, LNCS 6465, pp. 231 2010.
© Springer-Verlag Berlin Heidelberg 2010
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The concept of asiddhatva is used in Astadhyayt:

— to prevent the application of sutra on the substitute
— to enable the application of sutra on the substituentd and
— to mandate the order of application of sutra.

When sutra A is declared as asiddha to sutra B, then the transformed state
obtained by application of sutra A is invisible to B. This concept of asiddhatva
finds its application in vidhi satrasf

Vidhi sutras describe context sensitive transformations. It defines the oper-
ation to take effect in a particular context. Each widhi sutra will inspect the
environment to find the context for its application. The environment contains
all the transformations that happened due to application of sutras. Even though
there is only one environment, for sutras, the object of inspection need not
be same as the object of application. It will be same when there is no pre-
vious application of another sutra in the environment that is asiddha to this
sutra. Otherwise, the object of inspection and the object of application will be
different[] The satra inspects the state just before the application of the first
asiddha sutra. But the application will be on the transformed state due to ap-
plication of the most recent sutra. This can be explained in following example:

1. Sas hi
16.4.35
2. $a hi
1 6.4.101
3. $a dhi

Suppose the environment is $as hi then the condition for satras sa hau (6.4.35)
and hughalbhyo herdhih (6.4.101) are satisfied. As only one satra is applicable
at any given point of time, one of them will be selected by the conflict resolver.
Assume that 6.4.35 is applied. Then in the new transformed environment - sa hi
- the condition for 6.4.101 is not satisfied. However, the sutra 6.4.35 is asiddha
to 6.4.101. Therefore, the sutra 6.4.101 inspects the state 1 - Sas hi and finds
the condition satisfied. But, when this sutra is applied, the object of application
will be state 2 - the latest environment resulted after the application of 6.4.35 -
$a hi.

The object of inspection for any given sutra can be obtained using a technique
called Filter. Filter is a mathematical function that gives an inspection environ-
ment for a sutra. The pre-image for the function is the current environment. The
object of inspection is the state that exists prior to the first application of any
sutra that is astddha to the sutra in question.

2 Asiddhavacanam adesalaksanapratisedhartham utsargalaksanabhavartham ca - var-
tika 6.1.86.1.

3 See [12].

4 Vidhi satra is one among the various types of satra discussed in the paper[12].

5 This is similar to the story of matsya yantra bhedana during the svayamvara of
Draupadt in Mahabharata. Here the participant is supposed to look into the reflection
in water of a rotating fish and target the real fish.
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2 Model of Astadhyay1

The principle of asiddhatva discussed above is an important device in the opera-
tion of Astadhyayl. A complete and consistent process to operationalize
AstadhyayT can be visualized as an engine comprising of devices like asiddhatva,
paribhasa etc. This engine generates words from roots and affixes by following a
completely mechanical process.

The core of the engine is built on conventions defined in paribhasa sutras.
These conventions are framed to interpret metadata. The metadata describe
mode of operation, context and the object of operation. The vidhi sutras consist
of data marked with these metadata. Interpreting the metadata, the engine
carries out the operation on the object with the data supplied.

The mechanics of the engine can be summarized as follows: The vidhi sutras
keep inspecting the object(environment) supplied. The satra that finds the con-
dition satisfied, sends a request to the conflict resolver. More than one sutra
may send a request in any particular context. Conflict resolver adopts the res-
olution techniques and unambiguously selects one among them for application.
The selected sutra will be applied to transform the environment.

As described earlier the object of inspection needs to take into account the
principle of asiddhatva. To achieve this filters at various levels are introduced
that are mathematically formulated. The filter f(A, B, «, ) returns the object
of inspection o/ for sutra x in the environment «, where A and B are set of
sutras such that V sutra a € A, every sutra b € B is asiddha. Set C is an ordered
set of sutras that are applied in the environment « arranged in the order of
their application. The filter has the following algorithm to return the object of
inspection:

Ifxe Aand (CNB) #©

then return the state before application of sutra g € «, where g is the
first element € (C N B

else return «

Now, the following sets are defined for usage in specific filter definitions:

1. SA={1.11,1.1.2, ...... , 8.1.140} - sapadasaptadhyayt sutras

2. TP = {8.2.1,8.2.1, ...... , 8.4.68} - tripadi sutras

3. TU = {6.1.70, 6.1.71, ...... , 6.1.75} - tuk sutras

4. AV = {6.4.23,6.4.24, ...... , 6.4.175} - asiddhavat sitras

5. SH = {8.3.39, 8.3.40, ...... , 8.3.48} U {8.3.55,8.3.56, ...... , 8.3.119} - satva
sutras

6. EA = {6.1.87,6.1.88, ...... , 6.1.111} - ekadesa satras and

7. PP = g(x) = { x+1, x+2, ...... , 8.4.68} : x € TP , which is a dynamic set.

Using these set definitions, specific filter functions can be mapped to the asiddha
declarations.

5 C N B is also an ordered set arranged by the order of C.
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SA - Sapadasaptadhyayt
" AV - Asiddhavat satras
| TU - Tuk satras

| TP - Tripadr

| SH - Satva sitras

AF - Asiddhavat Filter
| EF - Ekadesa Filter

| TF - Tripad Filter

PF - Parvamprati Filter

CR - Conflict Resolver
. ENV - Prakriya Environment

Fig. 1. Computational Structure of Astadhyayr with Asiddhatva Principle

Tripadt Filter TF(a,z) = f(SA, TP, «,x) purvatrasiddham (8.2.1)

Asiddhavat Filter AF(a,z) = f(AV, AV o, x) asiddhavadatrabhat (6.4.22)

Ekadesa Filter EF(a,z)=f(SHUTU,EA,a,z) satvatukorasiddhah (6.1.86)

Parvamprati Filter PF( x) =f(TP,PP,a,x) purvatrasiddham (8 2.1)isa
dynamic filter.

These filters as part of the Astadhyayr engine are depicted in figure Il In this
figure, the environment (ENV) contains all the states due to linear application
of all the relavant sutras. Block SA represents the sapadasaptadhyayr sutras, de-
fined as set SA above. All the satras in this block will be inspecting ENV through
the filter TF, as the tripadi sutras are asiddha for the entire sapadasaptadhyayr.
Block AV stands for the asiddhavat section of sapadasaptadhyayi, defined as set
AV earlier. The satras in this block have the filter AF along with filter TF. Block
TU denotes the tuk section of sutras of sapadasaptadhyayi, defined as set TU
previously. In addition to the filter TF this block has an additional filter EF.

Block TP represents tripadi, defined as set TP above. In tripadi for every
sutra the successive sutras are asiddha. Each sutra needs a different form of
filter. Hence, this filter has been defined previously as a dynamic filter varying
as a function of the given sutra. This dynamism has been represented as a group
of multiple filters PF. Block SH denotes the satva section of tripadi, denoted by
set SH earlier. This block has an additional filter EF along with the PF filter.
The filter EF is common for Blocks TU and SH as per sutra Satvatukorasiddhah
(6.1.86)[1

The Block CR represents the Conflict Resolution device which receives re-
quests from all the sutras that are applicable in the context and determines a
satra for application by applying the resolution techniques[12].

" It is to be noted that set EA is asiddha to set SHC SA, which is the converse to the
general rule that TP is asiddha to SA.
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3 Examples

The following examples illustrate the current model of Astadhyayt and the role
of asiddhatva in various scenarios:

Example 1. vanena (vana case 3, number 1)

1. vana ta
17112

2. vana ma
16.1.87

3. vanena

This is a simple example where asiddhatva has no role. Initially the word vana
in case 3, number 1 gets the ta pratyaya from the satra svaujas... (4.1.2) The
satra tanasinasaminatsyah (7.1.12) finds the condition and sends a request to
conflict resolver. The resolver finds no other competing sutra and hence allows
this satra (7.1.12) for application on the environment. It transforms the object of
application by changing ta to ina and pushes to the environment stack. Then the
sutra adgunah 6.1.87 goes through similar process and gets applied. The stage
vanena does not satisfy the condition for any sutra and remains as the final form.

Example 2. sadhi

1. Sas hi
1 6.4.35
2. $a hi
1 6.4.101
3. sa dhi

In this example when the environment is in state 1, two sutras $a hau 6.4.35
and hughalbhyo herdhih 6.4.101 find the condition and request the resolver. There
is no conflict between these two but only one sutra can be applied at a time,
hence resolver chooses one among them and applies it. Let us say it picks 6.4.35.
After the application of this sutra, the state will be moved to state 2 as shown.
The sutras in Block AV will still see state 1, since they are seeing through filter
AF. Even at state 2, both the above mentioned sutras find the condition for
application as they are seeing through the filter AF. However, the sutra 6.4.35 is
not permitted for second applicationﬁ. Therefore the sutra 6.4.101 will request
and is applied on the environment. The object of application will be state 2,
even though the object of inspection is state 1. This application transforms the
environment to state 3. This state does not satisfy the condition for any sutra
and remains as the final form.

8 laksye laksanam sakrdeva pravartate [5]
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Example 3. jahi

1. jan hi
| 6.4.36
2. ja hi

When the environment in state 1, hanter jah 6.4.36 is the only sutra that
finds the condition and is applied on the environment to transform to state 2.
Here the condition is satisfied for the satra ato heh 6.4.105. Because this satra
is in Block AV, it views the environment through filter AF. Hence the object
of inspection for this sutra is state 1 but not state 2. Therefore this sutra is
prevented from application. State 2 remains as the final form.

Example 4. dva atra

1. dvau atra
1 6.1.78

2. dvav atra
1 8.3.19

3. dva atra

The environment is as in state 1, the sutra ecoyavayavah 6.1.78 finds the
condition and is applied. Then environment is transformed to state 2. The sutra
lopah Sakalyasya 8.3.19 will be applied through similar process. Now the trans-
formed environment is state 3. The question is whether the satra akah savarne
dirghah 6.1.101 will be able to find the condition in this state. The answer is
no. The satra 6.1.101 being in block SA it inspects at the environment through
the filter TF. It gets state 2 as the object of inspection, where it does not find
condition. Therefore this sutra cannot be applied and the final form is state 3.

Example 5. kosya

1. ko asya
1 6.1.109
2. kosya

In state 1 the rule ernah padantadati 6.1.109 is applied. Even though in this
state, the sutra inah sah (8.3.39) can find the condition satisfied, but this rule
belongs to set SH and inspect ENV through filter EF. So, the sutra 8.3.39 gets
state 1 as object of inspection, where it does not find the condition satisfied.
Therefore this sutra will not be applied. Hence, state 2 is the final form.

Example 6. pretya

1. pra i ya
1 6.1.87

2. pre ya
16.1.71

3. pretya
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In state 1 the rule aadgunah 6.1.87 is applied. This transforms the environ-
ment to state 2. The rule hrasvasya piti krti tuk (6.1.71) belongs to TU inspects
ENYV through the filter EF, and gets the object of inspection as state 1. Here,
the sutra 6.1.71 finds the condition and applied on the object of application,
that is, state 2. Thus, transforming to state 3. It can be seen that in state 2
the sutra do not find the condition satisfied, but this state is not the object of
inspection. The final form is state 3.

Example 7. manorathah

1. manasrathah
| 8.2.66

2. manarrathah
16.1.114

3. manaurathah
1 6.1.87

4. manorathah

In state 1 the sutra sasajuso ruh (8.2.66) is applied transforming to state 2.
This is a rutva vidhi and is considered as an exception to asiddha declaration
in the Pahinian tradition. Hence hasi ca (6.1.114) should find the object of
inspection as state 2 not state 1. This is handled in the TF definition. In this
context, the sutras 6.1.114 and rori 8.3.14 find the condition. sutra 6.1.114 is
applied instead of 8.3.14 as per resolution technique of siddha sutra precedence.
With this application the context is transformed to state 3. Then sutra aadgunah
(6.1.87) is applied to get the final form. This has been dealt by Cardona|I]]

4 Conclusion

In this paper, the concept of asiddhatva has been mapped to the mathematically
defined new concept called filter. This definition comprehensively envisages all
applications of asiddhatva without deviating from the traditional interpretation.
Further empirical study to validate the current model will throw more light on
apt mathematical representation of asiddhatva.

Cardona[II] has discussed many illustrations that show exceptions to asid-
dhatva principle. He has shown that without these exceptions there will be sutras
that become purposeless as they would have no scope for application. The fea-
sibility of incorporating these exceptions into the current computational model
and filter technique needs a detailed study and further research.
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Abstract. This article proposes a general model based on the common
methodological approach of the ancillary disciplines (Vedarnga) associ-
ated with the Vedas taking examples from S,il@sd, Chandas, Vyakarana
and Pratisakhya texts. It develops and elaborates this model further
to represent the contents and processes of Astadhyayi. Certain key fea-
tures are added to my earlier modelling of Paninian system of Sanskrit
grammar. This includes broader coverage of the Paninian meta-language,
mechanism for automatic application of rules and positioning the gram-
matical system within the procedural complexes of ancillary disciplines.

Keywords: Sanskrit Grammar, Modelling, Astadhyay1, Ancillary Dis-
ciplines, Vedanga, Computer Simulation, Natural Language Processing.

1 The Methodological Approach of the Ancillary
Disciplines

The ancillary disciplines ( Vedarnga) associated with the Vedas exhibit a certain
degree of commonality in their general methodological approach. These disci-
plines were developed with the principal aim of retaining the given vedic phe-
nomena by envisaging a system for its structured and standardized transmission.
The main object of their enquiry are vedic utterances and sacrificial activities
which can be empirically observed and analysed.

These disciplines were regarded as empirical sciences (apara-vidya) in con-
tradistinction to the knowledge of the Absolute (para-vidya). For example, in
MUNDAKOPANISAD it is stated that “Those who know brahman say that there
are two sciences which should be known—the spiritual (para) and the empir-
ical (apara). The empirical sciences are (the mastering of) Rgveda, Yajurveda,
Samaveda, Atharvaveda (and the ancillary disciplines) Siksa (phonetics), Kalpa
(ritual sciences), Vyakarana (grammar), Nirukta (etymology) and Jyotisa
(astrology). The spiritual knowledge, however, is the one through which that
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Absolute is realized.”[] According to Saflkarécérya the word ‘Veda’ here (as else-
where in this context) means the collection of vedic utterances  The upanisadic
approach is to know that, which is beyond and behind the given and their effort
is not to return back to the given but to cross it. Similarly, the emphasis of the
Yoga as well as the buddhist tradition is to get rid of the given. It is heya, that
which is to be avoided, for which the cause (hetu) must be realized, a solution
(hana) is to be found and the corresponding prescription (ha@nopaya) must be
instructed

The general procedure employed by the ancillary disciplines can be perceived
as consisting of observing a given phenomenon, recording of the observed facts
and comprehending the given through these observed facts. The main effort of
the authors of the texts belonging to these disciplines is to develop a system-
atic framework for the description of a given phenomenon. Such a descriptive
framework provides

— constituent units associated with a given phenomenon,

— their characterizing features or attributes and

— such statements which interconnect these units and attributes with a view
to correlate the description with the original.

In the following, we take up some of the texts of the ancillary disciplines in order
to represent them in this framework.

1.1 Pratisakhya

The given phenomena in this case are the utterances of samhita-patha. The
constituent padas are units that convey some meaninﬂ and these are collected
in the pada-pathas associated with a particular samhita-patha. The main aim of
Pratisakhya texts is to synthesize vedic utterances contained in samhita-patha
out of constituent units, namely, the padas. In this way the constituent padas
are correlated with the original samhita-patha.

It may be objected that Pratisakhya texts consider samhita-patha to be a
modification of the pada-patha as, for example, the statement samhita pada-
prakrtih in RGVEDA-PRATISAKHYA (2.1). Commenting on this, Uvata ([22]) says
that samhita, whose constituents are padas, is here a modification of the con-
stituting padas. For example, the modifications satva or natva occur in samhita
only. Because they are the constituents, therefore, the padas are established
original formsf Yaska in his NIrukTA ([18]) also states that samhita is the one

! dve vidye veditavye iti ha sma yadbrahmavido vadanti parad caivapara ca.

tatraparargvedo yajurvedah samavedo’tharvavedah siksa kalpo vyakaranam nirukto

chando jyotisamiti. atha para yaya tadaksaramadhigamyate (Mu. 1.4-5).

veda-$abdena tu sarvatra Sabdarasirvivaksitah (Mu. Bha. 1.5).

3 For an analysis of this caturvyiha approach see [29].

* arthah padam (Va. Pra. 3.2).

5 padani prakrtibhiitani yasyah samhitayah sa padaprakrtih samhitatra vikarah. tatha
hisatvanatvadayo vikarah samhitaya eva bhavanti. prakrtibhtitatvacca padanam sid-
dhatvam. (Uv. 2.1).

2
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having padas as its constituent and all the branches of the Veda consider it to
be sold Commenting upon this, Durgacarya takes up the question in a detailed
manner and puts forward two possible cases:

1. That, which is the cause of padas, that (samhita) is padaprakrti. Why? Padas
are formed out of samhita. Therefore, some consider samhita to be the orig-
inal form (prakrti) and padas to be their modifications (vikara).

2. Others, however, understand the statement padaprakrtih samhita to be sam-
hita, whose cause are the padas. Why? Because samhita is gained out of
the combinations of padas only. Therefore, padas are the original form and
samhita is their modiﬁcationﬁr

He further raises the question, which option is better: to consider padas to be
the original form and the samhita to be their modification or wvice versa and
decides for the latter giving several justifications based on the earlier usage of
samhitd-pdﬁhaﬁ

The original phenomena in this case are the given set of vedic utterances,
the samhita-patha. The set of constituent units consists of the padas as well as
the basic speech-sounds of vedic utterances (varna) and syllables (aksara) etc.
The rules of Pratisakhya now characterize and combine these constituent units
with the aim of correlating them to the original utterances. In this way, they
describe the given set and provide a mechanism to retain the original by means
of constituents and rules prescribed in a systematic framework. As an example,
let us take the following statement:

visva sahabhuvapusavasusu (Va. Pra. 3.101).
The last vowel /a/ of visva becomes long (dirgha) in case saha, bhuva,
pusa or vasu follow. For instance: gandharvastva visvavasuh (Su. Yaj. 2.3).

This rule operates on constituents like /a/, visva, pusa etc. with the help of
attributes like dirgha, svara etc. and statements like ‘add the attribute dirgha to
the last svara of wvisva if the unit vasu follows’ are meant to connect the word
visva with the original utterances of the Veda. Without this rule one would have
combined visva with vasu but would not have changed the concerned vowel long.
This would have led the formation of *visvavasuh which is not to be found in
the original utterances.

5 padaprakrtih samhita. padaprakrtini sarvacarananam parsadani. (Ni. 1.17).

" padanam ya prakrtih seyam padaprakrtih. kim karanam? samhitato hi padani
prakriyante. tasmatsamhitaiva prakrtirvikarah padanityevameke manyante. apare
punah padapraokrtih samhiteti padani prakrtiryasyah seyam padaprakrtiriti. kim
karanam? padanyeva hi samhanyamanani samhita bhavati. tasmat padanyeva hi
prakrtirvikarah samhiteti. (Durga. 1.17 [2§]).

8 @ha. kim punaratra sadhlyah padanam prakrtitvam samhitaya vikaratvamuta
va vikaratvam padanam prakrtitvam samhitaya iti? ucyate samhitayah
prakrtitvam jyayah. aha. kim karanam? ucyate. mantro hyabhivyajyamanah
purvamrsermantradréah samhitayaivabhivyajyate na padaih. (Durga. 1.17 [28]).
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1.2 Siksa

The Siksa texts, e.g. the VYASA-SIKSA [12] or NARADIYA-SIksA [I] undertake
a detailed enquiry into the sound units, attach a number of attributes like svara,
vyangjana, sparsa etc. and also make a number of statements as to the combina-
tions of these units and/or their attributes For example:

ikaram yatra pasSyeyurikarenaiva samyutam |
udattamanudattena praslistam tam nibodhata | | (Na. Si. 2.1.6).
Where a short udatta /i/ is seen to join a short anudatta /i/
the resulting svarita should be known as praslista ([1] p. 109).

Here again a statement is made as to the characterization of a constituent which
is the result of some other operation, which in turn is conditioned in terms of
certain constituents like /i/ and attributes like udatta and anudatta sounds.

1.3 Chandas

The texts concerned with metrical systems (chandas) also function in a similar
manner. The given phenomena here are the vedic and secular (laukika) Sanskrit
expressions. The constituent units in this case are the fundamental sound units
(varna). It is this much smaller set with which the science of prosody works.
The attributes are assigned either to a single sound unit or to syllables (aksara)
which are certain specific sequences of basic sound units. The statements or rules
specify which attribute should be assigned to which particular unit or to which
specific sequence. An example from the CHANDAHSASTRA of Pingala [4]:

gayatrya vasavah | (Cha. Sa. 3.3).
A verse quarter (pada) containing eight (vasu) syllables (aksara)
is called gayatri.

The most important unit in case of CHANDAHSASTRA is an aksara or syllable.
This unit has two basic attributes, namely light (laghu) and heavy (guru). A
verse or linguistic expression is seen as a sequence of syllables. Depending upon
the number and distribution of syllables in a verse, different verse names or char-
acterizing attributes are assigned to that sequence. The conditions are expressed
using one or more of the following considerations:

Number of syllables in a sequence

Sum of the weights (matra) of the syllables in a sequence
Distribution of syllables in a sequence

Number of sub-sequences (padas)

Syllable at which a pada or word starts

Syllable after which a pause is to be made

R o o

9 For an exhaustive list of the topics covered in the VY/SSA—SIKSK see [12] pp. 5-16.
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The only operation here is that of attribute assignment. The entire field of oper-
ation is considerably simple and straight forward compared, for example, to the
operations of ASTADHYAYT. CHANDAHSASTRA deals primarily with numbers. It
uses various names for numbers and provides groupings based on numerical val-
ues. Since, there are two basic attributes laghu and guru which a syllable can
take, it is akin to the binary sequences of 0 and 1. The conditions are such, that
the numerical characteristics are to be exploited.

Methodologically, however, the process can again be seen as follows: Given
a linguistic expression, it is first analyzed into constituent units. In this case
the units are syllables and the process of analysis can also be automatic and
rule-based. The units are characterized by using the two basic attributes (laghu
and guru) which sometimes depend on the neighboring units as well. Now the
combination of these units in that sequence provides conditions for assigning
the verse characterizing attributes to that linguistic expression. In this man-
ner, the expression gets a prosodical identity. This assures the reproduction of
that expression according to its standard rendering. This way, the prosodical
characteristics of a given expression are retained.

1.4 Vyakarana

The given phenomena which the grammarians like Panini are representing are
vedic utterances as well as the correct Sanskrit expressions according to the stan-
dard usage prevalent among the cultivated people during their time['d Given a
collection of such linguistic expressions, ASTADHYAYT provides a description in
terms of constituent units out of which they are composed. It characterizes these
units by attaching a number of attributes to them and provides for their appro-
priate combinations. A process of synthesis is specified which forms the given
linguistic expressions from these building blocks. The grammar, thus, connects
the basic units with the original expressions. The constituent units and the rules
of synthesis together provide a systematic structure to represent the standard
usage. In this way, grammar provides a description of the object set and helps
in retaining and upholding the given. This is one of the main purposes of its
composition (See Sect. B).

The brief account of the basic methodological approach of some of the Vedarnga
texts is to illustrate the possibility to read them from the perspective of the
framework mentioned above. This involves recognizing and identifying the com-
ponents, scrutinizing their character and detecting the relationships between
these components. A model which may account for a broader coverage of the
processes of ancillary disciplines ( Vedarga) should first and foremost concentrate
on these core processes. A particular system can then be modelled as a special
instance of this general model. We now turn our attention to propose a general
model first.

10 The question as to what exactly is the content of this object set is of no direct
relevance to the model presented in this chapter. What is necessary is to acknowledge
that some object set is being analyzed and described. For a discussion about the
nature of this set see [3] pp. 183-206.
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2 A Model for the General Methodology of Vedanga

2.1 Phenomenon, Description and Its Model

The general effort which is evident in the ancillary texts is towards observing and
describing a set of some given phenomena. An instance can be the collection of
utterances (samhita-patha) in the SUKLA-YAJURVEDA or the collection of correct
and standard Sanskrit expressions. Yet another example may be even the rituals
performed during a vedic sacrifice. Let us say, we represent this set of given
phenomena by the symbol (2. The object set {2, therefore, is the collection of
given phenomena which is to be analysed and described.

{2 : a set of given phenomena (1)

Let us now represent by the symbol A the description of the object set 2. This
is what the different ancillary disciplines provide.

A : a description of 2 (2)

We can now specify the relationship between the object set (£2) and the descrip-
tion (A) as follows:
N=~A (3)

This description A represents the works like the CHANDAHSASTRA of Pingala,
the ASTADHYAYT of Panini or the VAJASANEYT-PRATISAKHYA. A model M for
this description A is what we seek. Let the symbol M 4 represent this model.

Ma :amodel of A (4)
We specify this relationship as follows:
A~ Mp (5)

Now let us say that A, represents the descriptions as mentioned in the VAja-
SANEYI-PRATISAKHYA. Then M 4, is the corresponding model of this descrip-
tion. Similarly, if A. represents the description which the CHANDAHSASTRA
provide and A, represents the description which the ASTADHYAYT gives, then
the corresponding models would be given by M, and M a, respectively.

The hypothesis is that the models Ma,, Ma, and M, can be generalized
to a general model M s which corresponds to the core structure and processes
common to all the descriptions In the following, we specify a general model

' Owing to the constraints of space, only the above mentioned three descriptions are
dealt with. The hypothesis can include descriptions coming from S,ik_sd, Nirukta,
Kalpa and Jyotisa texts as well. Apart from the linguistic aspects which these texts
contain, the other facets, e.g. the performances of sacrificial rituals as contained in
the GRHYA-SUTRA also exhibit a similar approach. The structural analysis of rituals
is one of the prime foci of the ongoing special research area “The Dynamics of
Rituals (Ritualdynamik)” at the University of Heidelberg (www.ritualdynamik.de).
Ritual experts (Staal [25], Oppitz [19], Michaels [13] [14], Houben [10]) acknowledge
the compositional character of rituals. Mishra [I7] connects it with the grammatical
process of ASTADHYAYT.
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of this methodological approach and then show that the descriptive techniques
employed by the ASTADHYAYT of Panini can be modelled within this general
framework.

2.2 Towards a General Model for the Ancillary Disciplines

First let us look into the description A. What does A look like? For that, we
first consider the descriptions as provided by

A, : the VAJASANEYI-PRATISAKHYA
A, : the CHANDAHSASTRA of Pingala and
A, : the ASTADHYAYT of Panini.

Three basic categories are evident here with which the descriptive technique
works. These are:

U : the constituent units of a given phenomenon

A : the nature, characteristics or attributes of these constituent units

S : statements about constituent units, attributes and about the statements
themselves.

Constituent Units. If we look into the corpus of these texts, a big collection of
constituent units can be identified: speech-sounds or phonemes like a, i, u etc.,
morphemes like bha, I(a)(t), ($)a(p), ti(p) etc. and words like sarva, ananta etc.

Attributes. The constituent units possess a number of attributes that reflect
their physical, linguistic or structural peculiarities. We use the general term at-
tribute to represent a broader category of designations (samjna) or expressions
that encode some information — be it the system internal or the system ex-
ternal — and associate it with the appropriate unit. For example, the technical
term guru is an attribute carrying information that is gained from the distribu-
tion of sound units in a string. On the other hand, belongingness to a particular
group of literature is an attribute that carries system external information [

Statements. The Vedariga texts enunciate constituent units together with their
attributes. Further, they correlates them. For this purpose, a number of state-
ments are made. Given units and attributes, the statements tell us which at-
tributes are associated with which units or how are two units connected with
each other. Many of them tell us the consequences when certain units come closer
or are present adjacent to each other. Some statements also inform us about the

12 These external world information can be of different sorts: phonetic peculiarities,
concepts, meanings, pragmatic considerations, some special occasion, opinions, social
conventions, a particular group of texts, special geographical regions etc. See, for ex-
ample alamkhalvoh pratisedhayoh pracam ktva (A. 3.4.018), udicam mano vyatihare
(A. 3.4.019), linasisi (A. 3.4.116), chandasyubhayatha (A. 3.4.117) and a number of
such rules.
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working of the system, the meta-level information for proper interpretation and
application of other rules. By providing the combinational possibilities of units,
statements constitute a connecting link between these units and the original or
given linguistic expression.

The description A as provided in texts like ASTADHYAYT can be modelled on
the basis of these three categories We propose:

Proposition 1 (A General Model M, for A). Given a description A of
some object set 2. A general model M a of this description consists of a triplet
(U, A, S), where U is the set of constituent units, A the set of attributes and S
the set of statements.

Ma = (U, 4,5) (6)
To sum up, our hypothesis is as follows:

1. There is a methodological similarity in the approach of ancillary disciplines
(Vedariga).

2. They start with observing a set of given phenomena ({2).

3. They provide a description (A) of the given phenomena (2.

4. This description is achieved by providing the constituent units U, assigning
them attributes A and making a number of statements S. We represent this
through the symbol M x.

5. M4 finally connects the constituent units to the original or the given phe-
nomenon.

Symbolically, the methodological approach can be represented as:
N A~Ma=(U,A,S) (7)

Before we make some observations on this hypothesis (in Sect. Bl and M), a few
examples are needed to elucidate the model and to indicate its feasibility.

2.3 Enunciating the Units, Specifying Attributes and Operations

The authors of Vedarnga texts can be seen as constantly and consistently forming
groups and sub-groups of units they enunciate. The purpose of group formation
is to club together necessary constituents which undergo some similar operation.
This way higher degree of generalization is possible. This is the core philosophy
of laghava: to reduce the load by specifying some statement for all the units
which share the relevant characteristics and do not handle them individually.

Every element of a group shares a common characteristic: this is the char-
acteristic that it is a part of that group. This characteristic can be expressed
in terms of an attribute. The name of the subset is the attribute defined and
each element of that subset is assigned that attribute. Grouping together related
units is one way of assigning an attribute to them.

13 For the purpose of computer modelling an appropriate data structure is required

(see Sect. [33).
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Example 1. Consider the subset a(c) formed in StvastTRAs{]
a(c) ={a, i, u, 1, I, € o, ai, au

This is equivalent to the statement that the units {a, i, u, 1, I, e, 0, ai, au} are
assigned the attribute a(c).

a-a(c), i-a(c), u-a(c) etc.

Every set of units can be seen as unit-attribute pair and conversely unit-attribute
pairs can be seen as constituting a set. Looking from this perspective, the
pratyahara, for example, are nothing but attributes.

Example 2. Let us now look at the enunciation of the basic speech-sounds
in VAJASANEYI-PRATISAKHYA['Y Here there is a very clear grouping of the
listed speech-sounds in different sets like varna, svara, sandhyaksara, vyanjana,
kavarga, sparsa etc.

svara = {a, a, a3, i, 4, i3, ..., au, aud}
sandhyaksara = {e, €3, ai, ai3, o, 03, au, aud}

This again can be seen as assigning the attribute svara or sandhyaksara to
each element of the corresponding set. In other words, the units like a get the
attributes like svara. Symbolically, a-svara, e-{svara, sandhyaksara}.

Example 3. Consider the rule A. 1.1.001: vrddhiradaic [Assign vrddhi to units
having a(t) or ai(c)].

This rule performs the operation of attaching an attribute to certain specific
units. The condition is that the units to which this attribute can be attached
must possess either the attribute a(t) or ai(c). Let us say, we have a unit u; with
either a(t) or ai(c):

u-{a(t), ai(c)}

Then the present rule stipulates that the attribute vrddhi is to be assigned to
that unit:

wi-{a(t), ai(c)} = wi-{vrddhi)l1

The conditions are expressed here in terms of attributes and the operation per-
formed is assignment of an attribute.

YWaium)|rl(k)|eo(n)]|aiau(c)|...h ()| (Sivasitra 1-14).

!5 The sub-sets are formed using the it-markers and the rule A. 1.1.071: ddirantyena
saheta [The first sound and the last it sound includes the units occuring in between
the sequence].

16 athato varnasamamnayam vyakhyasyamah | tatra svarah prathamam | a iti @ iti a3
iti ... 13 iti | atha sandhyaksarani | e iti e8 iti ai iti a8 iti o iti 03 iti au iti au iti |
iti svarah | ... ete pancasastivarna brahmarasiratmavacah | (Va. Pra. 8.1-25).

7 Notation: A = B: State B results from state A after the application of a rule.
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Example 4. Let us take another example of attribute addition. The groupings
in the DHATU-PATHA can be seen as assigning the attributes like bhvadi, curadi
etc. to respective units. The rule bhavadayo dhatavah (A. 1.3.001) assigns the
attribute dhatu to certain units grouped in a collection. So a unit like bhu gets
this attribute. The condition here is expressed not in terms of attributes but
in terms of certain units like bha, ad(a), hu etc. If there is a unit w; which is
identified as bhu, then that unit gets the attribute dhatu:

ui-{bha} = u;-{dhatu}

Example 5. The rule halo nantarah samyogah (A. 1.1.007) assigns the attribute
to two units sharing the attribute hfa/(l) if they occur consecutively[d This
condition is based on the phonetic characteristics as well as their positional (or
structural) relatedness.

Example 6. The assignment of the attribute samprasarana in the rule igyanah
samprasaranam (A. 1.1.045) is based not only upon the attribute i(k) but also
upon the process of vocalization [t So, an operation or a statement can also be
a condition for another operation or statement.

Example 7. Let us now take an example for combination of units. The rule
guptijkidbhyah san (A. 3.1.005) stipulates the combination of units gup(a), tij(a)
and kit(a) with the unit sa(n). Now, the units gup(a), tij(a) and kit(a) get the
attribute dhatu by the rule bhavadayo dhatavah (A. 1.3.001). The rule pratyayah
(A. 3.1.001) assigns the attribute pratyaya to the unit sa(n). Now, the rule
parasca (A. 3.1.002) says that those units, which are having pratyaya as attribute
must be attached after the units having the attribute dhatu. In the light of all
this information, it can be said that sa(n)-pratyaya is added after gup(a)-dhatu
etc.

ui-{gup(a), tij(a), kit(a)} = w; < uj—sa(nE
us-dhatu < uj-pratyaya

Example 8. The statement vartamane lat (A. 3.2.123) facilitates the addition
of the unit I(a)(t) after a unit having the attribute dhatu. The condition for
introduction is told in terms of a semantic attribute vartamana. It can be seen
as a statement which says that the unit /(a)(t) can be introduced after a dhatu
if the semantic attribute vartamana is present

These few examples are to illustrate the possibility to read these texts from
the perspective of the model mentioned above. This framework needs to be

'8 Anantaram samyogah (Va. Pra. 1.48).

19 Vocalization is mentioned in the ASTADHYAYI from syarniah samprasaranam
putrapatyostatpuruse (A. 6.1.013) to vibhasa pareh (A. 6.1.044).

20 Notation: z < y represents ‘y follows z’.

21 The question as to how the semantic attributes like vartamana be made available is
an important aspect for computer implementation of the rules. See Sect. 3.4l
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tested further for its applicability. One way of testing it is to develop a computer
implementation of the same. Next, we mention the main features of the computer
implementation of the general model and then its special instance in case of the
ASTADHYAYT.

3 Computer Implementation of M A

In Sect. we proposed a model M for representing the description A of
some phenomena (2. The description A here denotes the texts like ASTADHYAYT
corresponding to the set {2 of linguistic expressions. This model M 4 consists of
a set of constituent units U, attributes A which characterize them and a number
of statements S which tell us which unit gets which attribute and how the units
can be modified. All three — units, attributes and statements — can appear as a
condition for some operation. Within the context of a particular description, e.g.
the ASTADHYAYT 4A,, there are many conventions which make the description
understandable, explicit and precise.

A computer implementation of this model has two concurrent goals: firstly, it
serves as a tool to check the suitability of the proposed model for representing the
ancillary disciplines; and secondly, it explores the possibility of rendering these
texts in a programmed manner, thus underlying their structured composition as
well as bringing to surface the structures of the objects of these description.

3.1 Some Pre-suppositions

There are certain assumptions regarding the nature of the grammatical system of
Panini that shape the overall architecture of its computer implementation. With-
out entering into the discussions associated with some of these pre-suppositions
(sometimes spanning over more than two millenia) for the sake of presenting a
clear picture of the architecture, I think it is appropriate to mention them

I see ASTADHYAYT within the overall context of the nature of enquiry as con-
tained in the ancillary disciplines (Vedariga) and the methodological approach
adopted by them. There are striking similarities (see Sect. [I). The main ob-
jective of these disciplines is to retain and carry the given (vedic phenomena)
and use it correctly. In the PASPASAHNIKA, while enunciating the purpose of
grammar, Vartikakara mentions preservation or retention to be the first goal
This is possible only when an exact description of the essential characteristics of
the original is composed. It is desired that this description be shorter than the
original. Only then can it facilitate a feasible retention of the original. This is

22 There is, for example, a difference of opinion as to how exactly the Paninian process
works: whether it is an automatic device to generate correct Sanskrit sentences,
starting from meaning and providing at the end valid linguistic expressions or rather
it is a reconstitutive or cyclical process beginning with provisional statements and
resulting in perfected (samskrta) expressions [9]. For a recent update in some of the
important, but still unresolved issues, see [24].

2 raksohagamalaghvasamdehah prayojanam (Pas. Va. 2).
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sought to be achieved by identifying those units which appear recurrently in the
original. For reproducing the original, the units need to be combined. For this
purpose rules are to be formulated. These rules of synthesis are the connecting
threads which connect the description with the original. Securing this connec-
tion is of utmost importance. A description that is not properly related with the
original is not authoritative. This, for example, is what the Pratisakhyas seek to
achieve: to connect the pada-patha with the original samhita-patha. And this is
what a grammarian does by formulating the rules of grammar: connecting the
constituents with the original.

A grammarian, however, crystallizes two substantial new steps. Firstly, he opens
the object set for expressions which do not necessarily and exclusively belong to
vedic expressions Secondly, he increasingly employs non-real (kalpanika) con-
stituent units which do not have any correspondence in the real or given world.
Nagesabhatta in his VAIYAKARANA-SIDDHANTA-PARAMA-LAGHU-MANJUSA
remarks the imaginary nature of the constituent units that are improvised by the
teachers and employed only within the grammatical system For example, units
like I(a)(t) or jhi are not to be found in the world, but are stipulated by the gram-
marian. This implies, now it is all the more incumbent to provide the connection
with the original through the formulation of precise rules. Through his grammar
Panini, so to say, converts the imaginary constituent units into real utterances —a
kind of satyakrz'yd Evidently, there is a direct proportionality between the num-
ber of imaginary units in a system and the number of rules as well as the complexity
of their interdependence. The number of rules to handle the interconnections be-
tween abstract units increases with the increase in abstract units.

Why should new imaginary units be introduced at all? For the sake of a
compact and concise formulation of the description. Each imaginary unit carries
with it the potential to evolve into a much larger number of finished forms.
Brevity (laghava), therefore, is not only a feature of the meta-language of Panini,
but the main idea behind this style of description, namely, to represent an object
set through a description set which is less voluminous than the original. This
becomes a necessity as the object set expands immensily once opened up for
non-vedic expressions as well

24 Patafijali, right in the beginning of the PASPASAHNIKA, mentions first the non-vedic
expressions and then the vedic ones, which are sought to be instructed. kesam sabdanam
(anusasanam)? laukikanam vaidikanam ca | ... vaidikah khalvapi | (Pas. Bha. 2-3).

25 tatra prativakyam samketagrahasambhavad vakyanvakhyanasya laghfipayena
asakyatvacca kalpanaya padani pravibhajya pade prakrtipratyayabhagan pravibha-
jyva kalpitabhyam anvayavyatirekabhyam tattadarthavibhagam sastramatravisayam
parikalpayantismacaryah (V. L. [2I] p. 7).

26 Thieme suggested this to be the purpose of grammar, although his idea behind this
suggestion was that grammar is a device having magical effect which ‘works the truth’
of the special nature of Sanskrit, samskrtasya samskrtatvam [26]. Houben differs [9],
but Scharfe suggests that this direction deserves to be explored further [24] p.87.

27 raksohagamalaghvasamdehah prayojanam | (Pas. Va. 2). laghvartham cadhyeyam
vyakaranam | (Pas. Bha. 20) laghavena Sabdajrianamasya prayojanam | (Pradipa on
Pas. Bha. 20).



Modelling Astadhyayt 251

This also explains the generative potential inherent in the process of synthesis
in the ASTADHYAYT. This process of synthesis presupposes an analytical phase.
The process of analysis itself is not recorded in the grammatical corpus, but
only its results [5]. The process of synthesis from constituent units to the final
linguistic expressions is provided in terms of a number of rules allowing certain
combinations of units and restricting others. It is this process which the following
computer application aims to implement.

3.2 Architecture and Implementation

A brief sketch of the overall architecture of the computer implementation of the
entire process is provided in [I6] pp. 53-54. Two basic modules are mentioned
there: an Analyzer and a Synthesizer. In the following, I mention a few im-
provements undertaken since then, especially within the Synthesizer module.
These improvements are aimed towards incorporating the following features:

1. The modelling for the process of synthesis as implemented in the Synthesizer
module now reflects the general model for representing the core processes of
ancillary disciplines. It thus percieves ASTADHYAYT in the general context
of the methodology of Vedarnga. This accounts better for the evolution and
development of ASTADHYAYT.

2. While the basic data structure is kept as in [I5], a modification in the
ProcessStrips is implemented to facilitate a better capability for check-
ing conditions for applicability of operations.

3. A key improvement is now towards automatic application of rules. For this
several strategies are incorporated (see below).

4. There is now a possibility to ask the user for information in case it is not
available within the system.

We now provide a brief account of the main features of the computer implemen-
tation of the structure and processes of ASTADHYAYT.

3.3 Basic Data Structure

Language Components and Sound Sets. The core data structure is de-
signed with a view to facilitate the execution of grammatical operations. At any
stage of processing, there is string of speech-sounds which gets modified. Certain
speech-sounds get added and others get replaced or deleted. This changing string
of speech-sounds is represented through a LanguageComponent which is a list of
sets.

LanguageComponent = [{},{},{},.. ] (8)

Each set of this list (called SoundSet) represents a speech-sound or a phoneme. It
contains attributes which this speech-sound possesses. Moreover, it also contains
attributes of units to which it is a part.

bha = [{bh, dhatu, ...}, {u, a(c), dirgha, dhatu, . . .}] (9)
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Sound Sets Lang. Comp.

Fig. 1. Sound Sets and Language Components

The LanguageComponent represents linguistic units at all levels: phonemes,
morphemes, words, compounds, sentences etc. On the one hand there is no rigid
boundary between two units, allowing them to conjoin at ease, and on the other
hand, individual units can be identified on the basis of the characterizing at-
tributes. Another advantage is that it allows, for example, changes at the level
of a phoneme, conditioned upon semantic or syntactic attributes. In fact, there
is no categorization in terms of phonology, morphology, syntax and semantics;
there are only constituent units and attributes. Attributes reflect these charac-
ters, e.g. a(c) is an attribute reflecting phonetic characteristics, dhatu a morpho-
logical one, apadana a syntactic one and vartamana has semantic nature. But
in the LanguageComponent they all occur as an attribute of the corresponding
units. The units are, so to say, marked up with the attributes and the appropriate
sub-string which corresponds to some attribute can be obtained by performing
simple set intersections. For example, consider the following LanguageComponent
at some stage of derivation:

[{bh, bhu, dhatu, . ..}, {u, bha, a(c), dirgha, dhatu, . . .} (10)

Here, the vowel phoneme can be obtained by intersecting the sound sets with
the set {a(c)} and the morpheme denoting a verbal root can be gained by noting
the SoundSets which intersect with the set {dhatu}.

Basic Operations. An operation brings about some change in the Language-
Component. This can be of two types: either an attribute is added to one or more
SoundSets or the LanguageComponent gets extended at some index. The opera-
tions of ASTADHYAYT can be implemented on the basis of these two fundamental
operations.

Representing operational stages. The basic data structures and operations
reflect the state of the LanguageComponent at a particular stage in the process
of synthesis. This is not enough for the application of many rules, where the
conditions include information like how the current rule being applied is related
to the rule applied in the previous step. In other words, the successful advance-
ment of the process is not just dependent upon a particular stage but sometimes
on previous stages as well. The system must, therefore, be aware of not just a
particular stage, but the entire process itself. The entire process is now modelled
as a chain of Slices with each Slice representing a given stage in the process
of derivationPd

28 This and the following features are new improvements from the previous versions
mentioned in [15] and [16].
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Slices correspond to those operational statements which bring about some modi-
fication in the LanguageComponent. It consists of an InitialLanguageComponent
and a FinalLanguageComponent; the latter one is obtained after the application
of an operational rule.

Initial Final
LangComp LangComp

(coo ] (ococoo0 )

Fig. 2. A Slice

ConditionCodes is a dictionary which stores the necessary information about
the specific operation which is executed at a particular stage. The information is
gathered by applying the conditionsCheck functions. These functions check the
applicability of an operation at a given stage. In case the function is applicable,
they set the corresponding parameters. ConditionCodes associated with each
Slice make it possible to trace back the operational steps, thus allowing e.g.
the application of rules from tripadz section.

Ancillary Strip. There is an AncillaryStrip now which is the place to assign
static attributes to a unit which is to be added. Static attributes are those
attributes which are inherently associated with a unit and do not change once
assigned, e.g. the attribute a(c) or h[a](l) From the point of view of data
structure, it is similar to the ProcessStrips.

Process Strip now is a list of Slices. This data structure reflects the en-
tire process of synthesis. During the process of synthesis ProcessStrip gets
extended, one Slice is added at each operational step. We now present a trace
of the important procedural steps.

—> ——> >

Fig. 3. Ancillary Strip / Process Strip

3.4 Procedural Steps

The process of synthesis is carried on the ProcessStrip which carries with it
the necessary information about the current and previous stages of development.

29 For more information, see [16].
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Step 1. The first step is to look at the last Slice of the given ProcessStrip,
take the FinalLanguageComponent and initialize the next Slice by adding it
as the InitialLanguageComponent.

000 [—]OOOO

Fig. 4. Step 1: Initializing a new Slice

Step 2. The ProcessStrip is sent to ConditionsCheck module. At this stage
conditions are verified as to which rules can be applied at the current status of the
ProcessStrip. It results in a set of ConditionCodes corresponding to applicable
rules. For the sake of checking the conditions, certain dynamic attributes (e.g.
samyoga, ti etc.) are assigned if required.

Conditions Check

/—\
COOOOO0 OO0

Applicable Rules

Fig. 5. Step 2: Condition Check

Step 3. The next major step is to select one rule from among the set of applica-
ble rules. This is done in a Selector module. The main function of this module
takes the set of applicable ConditionCodes and makes it a singelton set.

Here, there are different kinds of selection which are to be accounted for.

1. Selection on the basis of semantic conditions / attributes: Even if there is
only one rule available for application, there is sometimes a need to select
the right unit. For example the rule: tip tas jhi sip thas tha mip vas mas ta
atam jha thas atham dhvam it vahi mahin (A. 3.4.078). If the condition is
fulfilled (e.g. the presence of a lakara) still a selection process is required.
This is facilitated by rules like tinias trini trini prathama madhyama uttamah
(A.1.4.101) and tani ekavacana dvivacana bahuvacanani ekasah (A. 1.4.102).
The attributes prathama, ekavacana etc. are needed to decide with the help
of these rules, which suffix is to be chosen. From an operational perspective,
it is not enough to define prathama, ekavacana etc. It is required to know
whether this attribute is acceptable to the ProcessStrip. There are two
ways to determine this: (i) either from the analyzedSet gained from the
Analyzer module (see [I6]) or (ii) from the user.



Modelling Astadhyayt 255

Applicable Rules > O O @

Fig. 6. Step 3: Selecting one rule from the set of applicable rules

2. Selection when two applicable operations have two completely unrelated
sthanins: Here it is required to select between two operations, which are
both applicable at a given stage, but have completely unrelated place of ap-
plication within the ProcessStrip. This can happen e.g. in cases when more
than one word is to be processed simultaneously in a linguistic expression.
This issue needs more attention in the future development of the system.

3. Conflict Resolution: This is the case when given two applicable rules r; and
ro a definite order, say first 1 then 79, must be followed. Otherwise, it leads
to wrong results. Here we use primarily the siddha principle [7], [§], which
involves copying the current ProcessStrip, applying both the rules and
checking whether one destroys the nimitta for the other (see [L6]).

4. There is a mechanism to test the mutual rule ordering between two rules
which come closer during the process of synthesis. It is effected by noticing
the mutual order in their ConditionCodes. This may later result in a kind
of rule dependency graph of ASTADHYAYT.

The selected ConditionCode becomes now a part of the Slice.

Step 4. The entire ProcessStrip now enters the Operations module where,
depending upon the values in ConditionCode, an operation is performed. It
modifies the LanguageComponent, adds it as the FinalLanguageComponent to
the Slice and returns the ProcessStrip.

Modification of the LanguageComponent is undertaken in the following steps:
If a new unit is to be added, then it is passed through a sub-module named
StaticAttributes. Here a unit is rendered in the form of a LanguageComponent
and one after another the rules for addition of static attributes (like a(¢), hfa/(l)
etc.) are assigned. In this module the order of applicability is linear and the at-
tributes which are used as condition for other rules are assigned before that rule.
There is no conflict resolution here as it is not needed. Not all the attributes
but only the static ones are assigned. This is to improve the performance of
the system. ProcessStrip is extended as long as there is some rule which is
available for application. During the applicability check, it is taken care of that
the rules do not get applied infinitely. This is achieved in that the condition
is so formulated that the application of some rule makes its further applica-
tion at the same location (sthanin) on same conditions (nimitta) impossible.
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Static
Attributes

Operations

Fig. 7. Step 4: Applying the selected rule

For example, once l(a)(t) is introduced after a dhatu, it is not introduced again.
So the condition check includes checking for the already presence of I(a)(1).

4 Some Observations

The model presented above and the corresponding implementational design is
aimed to facilitate the representation of the content, structure and operations of
the methodological enquiry of ancillary disciplines ( Vedariga) in general and the
ASTADHYAYT of Panini in particular.

The entire framework is based on a minimal set of categories (Units, Attributes,
Statements). The scheme of the general architecture and the core data structures
is such as to allow to represent the functionalities of interpretative procedures
(e.g. paribhasas, siddha-principle [7]) and additional amendments (e.g. Vartika).

The system is not guided by any fixed external organization, for example,
the division of the grammatical corpus in Siva-sutra, sutra-patha, dhatu-patha,
gana-patha, unadi-sutra etc. or any reorganization of these under categories of
modern linguistics (see e.g. [23] p. 97), but focuses on the core methodology.
There is, however, a possibility to make the system aware of these divisions. The
approach is to identify the constituent units and assign a number of attributes
to them and then on the basis of these represent the external structures.

Table 1. Abbreviations

A. ASTADHYAYT

Uv. UVATA-BHASYA on RGVEDA-PRATISAKHYA
Cha. Sa. CHANDA-SASTRA of Pingala

Ni. NIRUKTA

Pas. PASPASAHNIKA

Pas. Ba. PASPASAHNIKA BHASYA
Pas. Va. PASPASAHNIKA VARTIKA

Mu. MUNDAKOPANISAD
Mu. Bha. MUNDAKOPANISAD SANKARA-BHASYA
V. L. VAIYAKARANA-SIDDHANTA-PARAMA-LAGHU-MANJUSA

Va. Pra. VAJASANEYI-PRATISAKHYA
Su. Yaj. SUKLA-YAJURVEDA
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The system allows for the representation of the content, structures and pro-

cesses of other ancillary disciplines (e.g. gik$d, Chandas, Nirukta, Pratisakhya
etc.) thus facilitating a more comprehensive and comparative study of these sci-
ences. The possibility of system external (human) input during the process of
synthesis is now taken into account.
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	Hierarchical Bracket Parsing
	Application at Discourse Level
	Concluding Remarks and Future Work
	References

	Citation Matching in Sanskrit Corpora Using Local Alignment
	Introduction
	Related Work
	Problem Definition
	Sorting
	Exact Matching
	Approximate Matching
	Smith-Waterman-Gotoh Algorithm
	Algorithm

	Conclusions
	References

	RDBMS Based Lexical Resource for Indian Heritage: The Case of Mah¯abh¯arata
	Introduction
	Why Is Indexing System Necessary for MBh?
	Uses of the Indexing System

	Previous Work
	Distinction of Present System over Previous Ones

	Methodology for the MBh Indexer
	Development of the MBh Indexer
	Process Flow of the System
	Front-End of the MBh Indexer
	The Back-End of the System
	Database Connectivity

	Limitations of the System
	References

	Evaluating Tagsets for Sanskrit
	Introduction
	Characteristics of the Sanskrit Language
	Evaluation Discussion of Tagsets
	ILMT Tagset (IIIT-Hyderabad)
	JNU-Sanskrit Tagset (JPOS)
	LDCIL Tagset
	IL-POSTS Sanskrit Tagset
	Sanskrit Consortium Tagset (CPOS)

	Conclusion and Further Research
	References

	Performance of a Lexical and POS Tagger for Sanskrit
	Overview and Previous Research
	Testing the SanskritTagger
	The Test Design
	Results and Evaluation

	Conclusions and Future Developments
	References

	The Knowledge Structure in Amarako\`{s}a
	Introduction
	Amarako\`{s}a
	Organisation of Synsets within a Varga
	Example 1: Viṣṇuḥ
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