On the generalizability of Panini’s
pratyahara-technique to other languages

Wiebke Petersen and Silke Hamann

Heinrich-Heine-Universitéat Diisseldorf
wiebke.petersen@phil.uni-duesseldorf.de
hamann@phil.uni-duesseldorf.de

Abstract. Panini defines the sound classes involved in grammatical
rules by pratyaharas, i.e., a two-letter code based on the order of the
sounds in the Sivasiitras. In the present paper we demonstrate that
Panini’s pratyahara method is generalizable to the description of the
phonological systems of other languages by applying it to the sound
classes and phonological alternations of German. Furthermore, we com-
pare Panini’s pratyahara technique with the technique of describing
phonological classes by phonological features, which is more common in
Western phonology. It turns out that pratyaharas perform better than
features for the description of our sample of German phonological pro-
cesses if one considers the quality criterion for class-description devices
proposed by Kornai (1993) which is based on the ratio of describable to
actual classes.
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1 Introduction

The Astadhyayr — 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 Sivastitras — 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 Sivasttras
determined by the rules in the Astadhyayi? 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
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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
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 Sivastitras 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).

(1)  Hand [hant] ‘hand’ - Hdnde [hendo] ‘hands’

In (1), the vowel [a] in the singular alternates with the vowel [¢] 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 3.2.1 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 in (2) can 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
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shortly present the commonly employed phonological description with features
(2.1) and the description by pratyaharas introduced by Panini for Sanskrit (2.2).

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 (cf. Jakobson et al., 1952). 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 (Whitney, 1889, 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. Kenstowicz, 1994, 216). The disjunct context of the ruki-rule probably
diachronically emerged from the merger of several processes (see the discussion
in Hamann, 2003, chapter 4.3.4).

‘Binary phonological features’ are a relatively modern concept; the first com-
plete set of features has been proposed by Jakobson et al. (1952). However,
the traditional Sik$5s— and Pratisakhyas-literature, which even predates Panini,
already classifies sounds by phonetic criteria that can be interpreted as phono-
logical features (cf. the elaborated varga system of the sparsas as described in
Deshpande, 1995; Staal, 1995). 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 Astadhyayz, is preceded by the 14 stutras
given in Figure 1, which are called Sivasttras. Each single sttra consists of a
sequence of sounds which ends in a consonant. This last consonant of each stutra
is used meta-linguistically as a marker to indicate the end of a sutra. In order
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HEIN Fa® AT YA §IaE AU THSUTH FHT 1)

a-i-un r-lk e-on ai-auc hayavarat lan Namanananam jhabhafi (11)
ghadhadhas jabagadadas khaphachathathacatatav kapay $asasar hal

aiuMy rlMs eoMs aiau My hyvrMs 1 Mg imnnn M7 jhbh Mg (111)
ghdhthg JbgddMlo khphChthtthtMll kpM12 é$SM13 hM14

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

to emphasize the technical nature of the end consonants, they are replaced by
neutral marker elements M; in Figure 1(III). Together the 14 Sivasiitras define a
linear 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
an interval which ends immediately before a marker element.! 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 iMs
in Figure 1 denotes the class [i, u, r, 1]

Concerning the question of how Panini developed the Sivasiitras, it is gen-
erally agreed upon that the order of the sounds in the Sivasiitras 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. Staal, 1962; Misra, 1966; Cardona, 1969; Kiparsky, 1991). Petersen (2004)
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
Astadhyayt, 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 re-
peated and minimize its length. It follows from the proof that the duplication of
the sound [h] in the Sivasiitras is not superfluous and that the number of mark-
ers and thereby the number of Sivasttras cannot be reduced. In Petersen (2008,
2009) it could be shown that there are nearly 12000000 alternative sound lists
interrupted by markers which allow the formation of the required pratyaharas
and which are of the same length as the Sivasttras.

! 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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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
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 [y], for instance, is considered by some phonologists
(e.g. Vennemann, 1970; Wiese, 1996) 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: Chomsky and Halle (1968),
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 Wiese (1996) and Hall (2000) 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 3, respectively (based on Hall, 2000, pp. 31, 62, 68).

In Figure 2, 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

bilabial labio- alveolar post- palatal velar uvular glottal
dental alveolar

plosive pb td kg (?)
nasal m n n
fricative fv S 7 I3 ¢ (x) B h
affricate pf ts tf d3
approximant j
lateral 1

Fig. 2. Consonants of German
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i (i) yz (v) w (u)
e: (e) o1 (9) o: (o)
"

Fig. 3. Vowel triangle with vowels of German

the velar fricative after low and back vowels, as described with the phonological
processes in 3.2.3 and 3.2.5 below. All other sounds in Figure 2 can be considered
phonemes of German.

The vowels of German are given in Figure 3. 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
therefore predictable, and the short tense vowels [i, y, u, e, ¢, o]. These short
tense vowels are allophones of the long tense /iz, y1, uz, er, ¢1, oz/. The latter only
occur in stressed position, while the former only occur in unstressed position,
see the phonological process of vowel shortening in 3.2.4.

In addition to the vowels in Figure 3, German also has three diphthongs; these
are vowels that change their quality during the articulation. The diphthongs of
German are [o1, al, 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 features.
Such a process is for instance the vocalisation of the German /s/ to [e] in
coda position (see e.g. Wiese, 1996, pp. 252ff. for a detailed description). The
following 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. Wiese, 1996, pp. 199ff.). In the example in
(1), the plural Hande [hendo] ‘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 (3).

(3)  /b,d,g,v,z,3/ = [p.t,k £ s, [] / _ word boundary
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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 3, German has more obstruent phonemes than the ones
listed in rule (3). The input to the rule lacks all affricates and the fricatives [c,
B, h]. While the voiceless phonemes [pf, ts, ¢, h] cannot undergo final devoicing
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:

(3)f  [+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 as-
similated to its following context in German. The word /ankwvnft/ ‘arrival’, for
instance, can be realized as [agkunft], and /amfaret/ ‘gateway’ as [aimfaret]. 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/ — ]/ _ [k, d] velar nasal assimilation
(5) /n/ — [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 [i:, yi, ez, ¢1, uz, o], which are
referred to as long and tense vowels, only occur in stressed position. Their short
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counterparts [i, y, e, 8, u, o], on the other hand, only appear in unstressed posi-
tion, and are restricted to loanwords, e.g. the first vowel in [monaeci:] ‘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 (7).

(7) /117 yi, e, o1, ul, 0:/ — [17 Y, €, ¢, 1, 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
[a, a, uz, u, o1, 9, ay]. This process is described in (8).

(8) /¢/ — [x] / [a1, a, ut, u, oz, 0, ay] __

The context vowels for palatal fricative assimilation can be described with the
phonological features [—consonantal, +low] for [az, a], and [—consonantal, +back]
for [w, v, o1, 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 phonological context. This process, called umlaut, changes the vowels /ut,
u, 01, 9, a1, a, ay/ into [y, v, @1, e, €1, €, o1], respectively, when a noun is set in
the plural. The example [hant] — [hendo] ‘hand (sg. — pl.)’ in (1) illustrated this.
Umlaut also occurs for diminutive forms of nouns and the comparative forms of
many adjectives, see e.g. Wiese (1996) (1996: 182f.). A formalization is given in
(9), though the context is not specified because the process is morphologically
conditioned.

(9) Jui, v, 01,0, &1, a, av/ — [yi, Y, 01, ce, €1, €, 0l

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 [u:, u, o1, o] are [—consonant, —low, +back]
and change to [y, v, o1, ce] with the feature specification [—consonant, —low,
+front]. The sound class [a:, a] with the specification [—consonant, +low] changes
to [ez, €] with the specification [—consonant, —low, —high, +front, —tense]. And
lastly, the single segment [ay] changes to [o1].

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
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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.

4 Pratyahara sutras of German

In section 3, 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 Sivasiitras 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 Sivastitras 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 (Kiparsky,
1991).

In Petersen (2008, 2009) the general problem of generating economical pra-
tyahara sutras for given sets of sets has been tackled by applying methods from
Formal Concept Analysis (FCA) (Ganter and Wille, 1999). In what follows we
will apply those former results in order to construct adequate, economical pra-
tyahara sutras for German. A small example helps to clarify the required termi-
nology of FCA:

In Figure 4 (left) an example set of four classes, namely {a, b}, {b, ¢}, {c,d},
and {a,b, c}, 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 bMya Ms (pratyaharas: bMs, cMs, dMy, cMs3)

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

i Aed {b} {a, 0}, {b, ¢}, {e, d}, {a, b, ¢}, {a, b, ¢, d} }.

Figure 4 (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

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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ab
classl|{x x
class2
class3
class4|x x

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

ptkfs[bdgvzzvyeorecwdovaieouyga:riioruy:g:e:aroraye: pf

devoicing input
devoicing output
vowel shortening in.

XXX XXX
XXX XXX
XXX X X XX

vowel shortening out. XXX X XXX

umlaut input X X X X XX X
umlaut output X X X X X X X
palatal assimilation X X X X X X X X X

nasal assim. velar
nasal assim. labial
glottal epenthesis

XAXXXAXXAXXXXXXXXXXXX X XXX XX XX

Fig. 5. Formal context for the phonological classes of German (due to space limits,
the segments [d3, tf, ts, ¥, 1, g, n, m, j, 2, h, ¢, x] which belong to no class are left
out)

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 5. Petersen (2004) proves that it is impossible to order the
phonological segments in pratyahara sutras without a single duplication if the
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—

1%

glottal epenthesis

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

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 6.
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 7 we will argue that such
a drawing is impossible.

Figure 7 (top) shows a Hasse diagram with intersecting edges of the concept
lattice of the formal context constituted by the four classes ‘devoicing output’,
‘devoicing input’, ‘nasal assimilation labial’, and ‘nasal assimilation velar’. Ac-
cording to Kuratowski (1930) and Platt (1976), 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 7 (top) can be constructed from the one in Figure 6 by
leaving out some of the edges. The sequence of drawings at the bottom of Fig-
ure 7 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 contracting 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 inter-
secting edges. Hence, the concept lattice of the formal context of our collection
of phonological classes is not planar. It follows that it is impossible to construct
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| devoicing out ‘ | nas. assim. labial | | nas. assim. velar U devoicing in ‘

SN ZAAN

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

pratyahara sutras for the formal context in which each sound segment occurs
only once. Hence, analogously to the Sivasttras 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 5 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
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.



glottal epenthesis

Fig. 8. Concept lattice without top node for the phonological classes of German (key: ¢ = [¢], S = [[], 7 = [?], Z + [3], N = [g], R =
£, Y= [¥],A—=Tle],@— [0],I— [1], E = [€], O [ce], O — [5], U~ [u], 6 — [g], 6: — [g1], al — [a1], OI — [o1], aU — [av], E: —

[ex], tS — [t))
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If in the formal context in Figure 5 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 8).
In the diagram in Figure 8, the top node of the concept lattice, which corresponds
to the empty set, is left out. The boundary graph of the diagram is called the
S-graph of the formal context. In Petersen (2008) 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. Furthermore,
the main theorem on S-sortability (Petersen, 2009, 2008) states that a formal
context can be encoded as pratyahara sutras without duplicated elements if and
only if its concept lattice is planar and its S-graph contains all nodes labeled by
elements. The following procedure quoted from Petersen (2009) allows one to
read off pratyahara sutras 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-
imal 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 8. 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?hexgkMits[fpMopfbvMszzdgMyoe
raigyeiuoaMsuvoavarorur Mgiteryrg: My erorceye Mg

The first stutra 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
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downwards after reaching the node labeled ‘k’; a first marker M; has to be
added to the sequence. The other stitras are constructed analogously. One sound
segment, namely [g] occurs twice in the list of pratyahara suatras, 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 sutras.®> 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.
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 5:

gM;j : Input to velar nasal assimilation

fM3 : Input to labial nasal assimilation

bM, : Input to final devoicing

kMy : Output to final devoicing

ubMg : Context of palatal fricative assimilation
alMg : Input to umlaut

yiMg: Output to umlaut

arM7: Input to vowel shortening

@ 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 3.2. 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
Sivasttras 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

3 As mentioned in section 2.2, there are nearly 12 000 000 pratyahara satras of the same
length for Sanskrit from which Panini has chosen one sample (i.e., the Sivasiitras).
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the input classes corresponds to the reversed order of the sounds in the output
classes. Take for example the rule of final devoicing (rule (3) in section 3.2):

(3  bM,; — kM,/__ word boundary final devoicing

Here, the pratyahara bM, denotes the class [b v 3 z d g] and kM> the class [k t
s [ f p]. Hence, kM> denotes the devoiced counterparts of the elements of bMy
in reversed order. The remaining rules of section 3.2 can be stated in terms of
pratyaharas as follows:

(4 /n/ —[n] /_gM velar nasal assimilation
(5)  /n/ — [m] /_fM; labial nasal assimilation
6y {}—[?] / word boundary __ aMjg glottal stop epenthesis
(1) a:M7 — 0Ms |/ __ unstressed vowel shortening
&) J¢/ = [x] /uMs _ palatal fricative assimilation
(9  aMg — y:Ms umlaut

Hence, all phonological processes of German described in section 3.2 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 lan-
guages. Panini’s aim while constructing his Sivasitras was to allow the for-
mation of a pratyahara for every phonologically motivated class, i.e. for every
class that is needed in the description of the phonological processes of San-
skrit. He did not construct pratyaharas for all phonetically-based classes of
sounds in a fashion that modern phonological features do. In the present ar-
ticle, we applied both methods, namely the description with pratyahara satras
based solely on phonological processes and the description with features based on
phonetic criteria, to a sample of phonological processes of German.* Our phono-
logical system of German consisted of 52 sound segments. This yields a total of
252 = 4503599627 370496 potential sound classes; just 10 of those classes are
actually required for the description of our sample 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

% Petersen (2004) 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 specifications for the vowels into pratyaharas. It turned out that this
demanded the duplication of disproportionately many sounds.
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dztftsclgnmj?he¢xgk M; 15x8

tsf[fp M; 5x7
pfb v Ms 3%X6
3zdg My 4 x5
orvrarigyeiuoa Ms 11 x4
U 0 ay ar or ur Mg 6 x3
irery: g1 My 4 %2
erorcey e Mg 5x1

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

classes constitutes a quality criterion for class-description devices (Kornai, 1993).
Considering our example of German phonology, we get the following results: The
pratyaharas for the 10 required classes are given in section 4, but how many pra-
tyaharas can be formed with our pratyahara sutras? Figure 9 lists the pratyahara
sutras for German and calculates for each single sutra the number of pratyaha-
ras 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.® 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 3 we used a total of
16 features to describe the phonological processes under consideration. But 16
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 features. Such a description would be minimal since none of the features would
be reducible to other features. 10 features still yield a total of 219 = 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 Astadhyayr. The main reason for this is that German exhibits far less
Sandhi phenomena than Sanskrit. Furthermore, there is no standard description

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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of the complete phonological system of German comparable to the Astadhyayi.
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 descrip-
tion 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., sutra 3.1.8)
or their elements are simply listed (e.g., sutra 1.1.24). In contrast to Panini we
restricted ourselves to the pratyahara-method.



Bibliography

Cardona, G. (1969). Studies in Indian grammarians I: The method of descrip-
tion reflected in the Siva-Siitras. Transactions of the American Philosophical
Society, 59(1):3-48.

Chomsky, N. and Halle, M. (1968). The Sound Pattern of English. Harper and
Row, New York.

Deshpande, M. M. (1995). Ancient Indian phonetics. In Koerner, E. F. K.
and Asher, R. E., editors, Concise History of the Language Sciences: From
the Sumerians to the Cognitivists, pages 72-77. Elsevier, Oxford, New York,
Tokyo.

Ganter, B. and Wille, R. (1999). Formal Concept Analysis. Mathematical Foun-
dations. Berlin.

Hall, T. A. (2000). Phonologie: Eine Einfiihrung. Walter de Gruyter, Berlin.

Hamann, S. (2003). The Phonetics and Phonology of Retroflezes. PhD thesis,
Utrecht Institute of Linguistics.

Jakobson, R., Fant, G., and Halle, M. (1952). Preliminaries to Speech Analysis:
The Distinctive Features and their Correlates. MIT Press, Cambridge (Mass.).

Kenstowicz, M. (1994). Phonology in Generative Grammar. Blackwell, Cam-
bridge.

Kiparsky, P. (1991). Economy and the construction of the Sivastitras. In Desh-
pande, M. M. and Bhate, S., editors, Paninian Studies. Ann Arbor, Michigan.

Kornai, A. (1993). The generative power of feature geometry. Annals of Math-
ematics and Artificial Intelligence, (8):37-46.

Kuratowski, K. (1930). Sur le probleme des courbes gauches en topologie. Fun-
damenta Mathematicae, 15:271-283.

Misra, V. N. (1966). The Descriptive Technique of Panini. An Introduction.
Mouton & Co., The Hague, Paris.

Petersen, W. (2004). A mathematical analysis of Panini’s Sivastras. Journal
of Logic, Language, and Information, 13(4):471-489.

Petersen, W. (2008). Zur Minimalitat von Papinis Sivasutras — Fine Unter-
suchung mit Methoden der Formalen Begriffsanalyse. PhD thesis, University
of Diisseldorf.

Petersen, W. (2009). On the construction of Sivastitras-alphabets. In Kulkarni,
A. and Huet, G., editors, Sanskrit Computational Linguistics, volume 5406 of
Lecture Notes in Computer Science, pages 78-97, Berlin, Heidelberg. Springer.

Platt, C. R. (1976). Planar lattices and planar graphs. Journal of Combinatorial
Theory (B), 21:30-39.

Staal, F. J. (1962). A method of linguistic description. Language, 38:1-10.

Staal, F. J. (1995). The Sanskrit of science. Journal of Indian Philosophy,
23(1):73-127.

Vennemann, T. (1970). The German velar nasal: a case for abstract phonology.
Phonetica, 22(65-81).



20 Wiebke Petersen and Silke Hamann

Whitney, W. D. (1889). Sanskrit Grammar. Harvard University Press, Cam-
bridge.
Wiese, R. (1996). Phonology of German. Oxford University Press, Oxford.



