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Abstract

Most indic scripts are, what can be termed as phonemic scripts i.e. each char-
acter stands for a particular phoneme of the language it is being used for. A
phoneme is itself, a cover symbol for a collection of sounds (allophones). A
phone is the actual physical sound and allophones are the set of phones coded
by the same phoneme. In Indic scripts, the use of allophones is given by simple
rules, hence the Indic scripts are rather close to the phonetics ( “Study of sound
production”) of their sounds. Also, the alphabet (order) of Indian languages
has a strong phonetic basis.
We have tried to establish a procedure to exploit this unique mapping, to derive
an encoding system based on phonetic properties. The procedure is based on
computing a metric called etic distance [[11]] for all the phones and giving them
a coding such that the hamming distance corresponds closely to the etic distance
and also tries to respect the alphabetic order i.e. the cultural sensibilities, and,
importantly, their phonetic description.
We have collected the standard (or cardinal) phones of Indian scripts ( 9 scripts
used for, at least 13 major Indian laguages). These phones have been pho-
netically classified using the segmental classification method. A mathematical
construction called etic systems [[11]] is then used to compute the metric etic
distance. Then, codes are assigned to each phone to meet the aim stated above.
The last step is an ongoing process, which is intuitive in nature and may not be
fully realised by the time of writing this report.



Chapter 1

Introduction

Most Indic scripts, e.g., Devanagari for Sanskrit and Hindi, have a phonetic
based layout of the alphabet, i.e., the sequence and layout of the standard pre-
sentations of the characters have a relation to their sound and place of origin
in the human vocal system. There is a unique mapping between characters and
sounds. This makes these language alphabets suitable for an encoding map-
ping characters to their phonetic property. More accurately, these scripts are
phonemic in nature i.e. each character is a phoneme rather than a phone. This
simply means that a character may map to a different phone in a different well
defined context. These rules have to be encoded for any particular language
using a particular script.
Most Indic scripts are “post-syllabic” notations (rather than alphabetic), i.e.,
the units of notation are renderings of syllables. A reasonable hypothesis is that
they are complexes of sounds ending in a vowel. This observation applies across
different scripts, and can exploit greater commonality between scripts than can
the ISCII or Unicode proposals.
In this project, we have tried to make one such encoding which exploits the
closeness of Indic scripts to their phonetics shall be proposed. We have estab-
lished a procedure which can be used as a basis for this ambitious work, in later
projects. The following scripts (and languages) have been covered:

1. Devanagari — Sanskrit, Hindi, Nepali, Marathi, Urdu. [[12]]

2. Gurmukhi — Punjabi. [[14]]

3. Gujarati — Gujarati. [[18]]

4. Bengali — Bengali. [[7]]

5. Oriya — Oriya. [[17]]

6. Kannada — Kannada. [[13]]

7. Telegu — Telegu. [[13]]

8. Malayalam — Malayalam. [[19]]

9. Tamil — Tamil. [[22]]
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1.1 Outline

There is a need for a good Hindi (Indian language) encoding at the present
moment. Existing schemes are character or rather glyph oriented, and do not
adequately address significant cultural issues, particularly transcription. A pho-
netic based scheme may fill in the blank.
Among other things such an encoding can be used in text-to-speech conversion
, speech-to-text conversion and other sound based software and hardware.
The voice interface is particularly important in a context of high illiteracy.
The general methodology used was :

1. Learn the general aspects of phonetics and particular aspects of a subset
of Indic languages and their scripts.

2. Collect the total set of Indian phones along with their phonetic description.

3. Find out metrics to determine suitable placements of the character of the
alphabet.

4. On the basis of such metrics and phonetic description of the sounds, work
out an encoding for the alphabet.

Once such an encoding is established, the following issues could also be investi-
gated (maybe in another project):

• Issues regarding compatibility with and conversions to and from existing
encodings (ISCII and Unicode).

• Issues regarding lexicographic orderings and compatibility or otherwise
with respect to existing lexicons.

• Issues related to orthography and linear (left-right) and other renderings
of the glyphs.

1.2 The Science of Linguistics and Phonetics

1.2.1 Physiology of Speech Production

Many muscles take part in the process of speech production. In brief, however,
the sound waves are produced by a complex interaction of

1. An outward flow of air from the lungs,

2. Modifications of the airflow at the larynx ( the Adam’s apple or “Voice
box” in the throat),

3. additional modifications of the airflow by position and movement of the
tongue and other anatomical structures of the vocal tract.

A diagram of the human vocal tract is given in Figure 1.1, taken from [[3]]
. The speech organs and the major sounds occurring from them are given in
Figure 1.2, taken from [[6]].

2



Figure 1.1: Cross Section of the human vocal tract

Figure 1.2: The Human Speech Organs

1.2.2 Some definitions

A useful textbook for beginning study of Linguistics is [[1]]. The following are
some handy definitions taken from this and other sources:

Phonetics Study of how speech sounds are produced (articulated) in the vocal
tract (articulatory phonetics), and the physical properties of the speech
sound waves generated by the vocal tract (acoustic phonetics).

Phonology The subfield of linguistics that studies the structure and systematic
patterning of sounds in human language . Refers to the abstract rules and
principles that govern the distribution of sounds in a language (particular
languages or universal properties of natural language sound systems).

The Representation of Speech sounds

Segmental Table A 2-D representation based on the articulation and the or-
gan of production of the sound. This is the traditional method.

Distinctive feature chart A representation based on the internal structure of
speech sounds (phones and phonemes ) themselves. Popularly proposed by
Morris Halle and Noam Chomsky in their 1968 work, The Sound Pattern
Of English (SPE), building upon the theory given by Halle and Roman
Jakobson.

Consonant A speech sound produced when the speaker either stops or severely
constricts the airflow in the vocal tract.

Voicing Vibration in the vocal chord e.g. z-sound in dogs versus the
s-sound in cats.

Stops Sounds produced when the airflow is completely obstructed during
speech.

plosive A stop sound in whixh the release is sudden (explosive), as op-
posed to an affricate.

Fricatives Sound produced when the airflow is forced through a narrow
opening in the vocal tract so that noise produced by friction is cre-
ated.

Affricates A single but complex sound, beginning as a stop but releasing
secondarily into a fricative.

Nasals Voiced oral stops. The airflow and sound energy are channeled
into the nasal passages, due to the lowering of the velum.

Liquids a ”smooth” sound e.g. /l/ and /r/ .
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Glides Vowel-like articulations that precede and follow true vowels. also
called semivowels e.g. /y/ .

Vowels Sounds produced with a relatively open vocal tract which functions as
a resonating chamber. produced by shapes of the open, resonating vocal
tractand position of several anatomical structures.

• Muscular Tension lax (or short), tense (or long), and reduced
based on muscular tension and duration. reduced vowel are
unstressed vowels e.g. in English, schwa.

• Shape of Tongue The shape of the tongue in the mouth is de-
scribed by the adjectives low, mid, high and front, mid, back.

Diphthong Single vowel sounds beginning in one and ending in another vowel
or glide position.

4



Chapter 2

The cardinal Indian
Language phone set

The Indian language phone set was collected through literature research and
consultations with experts and native speakers of the language. The phones
also had to have proper classification. This involved understanding the science
of Phonetics to be able to study the individual classification. we used the seg-
mental classification as it was simpler to handle and data was avaialable for
most of the languages in it [[10]], [[16]]. There is also scope for investigating
how the Distinctive Feature classification scheme would hold good here. As yet,
Distinctive Feature theory is still undergoing refinement, so much clear data is
not readily available.

Charts from [[9]], collated and scanned are given in Figure 2.1 and Fig-
ure 2.2. These charts were a good pointer to the classification but were not
complete and do not follow the same notations completely. Hence, much work
had to be done to complete the classification.

The final classification we made is given in the charts Figure 2.1 and 2.2 .
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Unrounded Rounded
Short Long Short Long

Low Central a aA O(a) aÄ
High Front i I
High Back u U

Vibrant
High Front ff ”
High Back ru (ff)

Lateral
High Front ‰ ı

Secondary Vowels
Short Long Diphthong

UnRounded
Mid Front e; e ẽ

Rounded
Mid Front ˘e
Mid Back o; ao aO

Table 2.1: Vowel Chart

Voiceless Voiced Nasals
Unaspirated Aspirated Unaspirated Aspirated

Velar k K g G R
Palatal c C j J 
Retroflex V W X Y Z
Dental t T d D n
Labial p P b B m

Sibilants Sonorants (voiced)
Glide Liquid

Palatal f y
Retroflex q r
Dental s ›. l
Labial v

Fricatives
Voiceless Voiced

Unaspirated Aspirated Unaspirated Aspirated
Glottal h ,
Velar * ˛ ¸ J.
Palatal tc )
Retroflex w x
Alveolar r. ˜Z
Dental ›
Labial ’

Table 2.2: Consonant Chart
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Figure 2.1: Indian Writing systems charts-I [[9]]

Figure 2.2: Indian writing Systems-II [[9]]
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Chapter 3

The Mathematics of Etic
Systems

Here we shall follow the description as given in [[11]].
Linguistically, the phones are described in terms of features. This concept can
be explored mathematically. Phonetic systems are sign systems, in the termi-
nology of Charles W. Morris [[20]]. The unique events in the world are denotata
of signs (The occurrence of a phone (= a noise)). Any sign system will reduce
the variety of experience to a few distinct classes; Each such class of denotata to
which a sign corresponds is the designatum of the sign. In Phonetics, the Desig-
natum is the class of noises classed as equivalent by the linguist in transcription.
Finally, the signinficatum of a sign is the set of features which characterize the
occurrences of the sign. In Phonetics, this is the Set of features characterizinf
the class of noises for which the linguist writes the same phone.

Here we shall define an Etic system,.For this, we shall first define a p.d.f.s.

Definition 1 Let F be a finite non-empty set {a1, a2, . . . , an}, the features, and
S another finite non-empty set {s1, s2, . . . , sk} the signs or terms, and let there
be a function θ with domain S and counterdomain 2F . The set θ(x) is the set of
features of x ∈ S or the significatum of x. the triple 〈F, S, θ〉 composed of F ,S,
and θ, is called a preliminary distinctive feature system (p.d.f.s.).

When applied to practical data, the features in p.d.f.s.’s seem to organise
themselves into disjoint subsets of the set of features. The definition of etic
systems, this partition is incorporated.
Therefore, an etic system can be defined as:

Definition 2 An etic system is a p.d.f.s. 〈F, S, θ〉 [Definition 1] whose feature
set F is partitioned by a partition P into disjoint subsets F1, F2, . . . , Fn such
that for each x ∈ S and each k = 1, . . . , n, θ(x)∩Fk is either empty or contains
exactly one element. This etic system constructed upon 〈F, S, θ〉 using partition
P is designated 〈F, S, θ, P 〉. The elements of the partition P can also be called
P − sets.
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In day-to-day application and linguistic study, we often feel some sounds as
closer to each other than others. Thus, there are varying degree of similiarity
between sounds. We need a quantitative measure of this degree of similarity.
This is given by the concept of a distance between signs. This is, in certain ways,
similiar to the distance between two points on a straight line or two points in
space. Thus etic distance can be defined as below:

Definition 3 Suppose 〈F, S, θ, P 〉 is an arbitary etic system where P = F1, F2, . . . , Fk.
Now consider for each pair (x, y) ∈ SXS and i = 1, 2, . . . , k,

Di(x, y) =
{

1 if θ(x) ∩ Fi 6= θ(y) ∩ Fi

0 otherwise

Now let

d(x, y) =
k∑

i=1

Di(x, y) (3.1)

This function d maps SXS into the set of non-negative integers 0,1,2 . . .
and is a measure of the feature-distance between the signs x and y . This func-
tion d(x, y) can be termed as etic distance.

we also have the concept of a metric etic system which is defined as:

Definition 4 An etic system 〈F, S, θ, P 〉 in which d(x, y) = 0 implies x = y for
all x, y in S is a metric etic system .

In phonology, the etic systems are usually metric. The systems we will come
across are also metric.

Our set S is given in figure 3.1.

Figure 3.1: The Set of Phones

S =



a, aA, O, i, I, u, U, ff, ”, ru
‰, ı, ˘e, e; , e, ẽ, aÄ, o;, ao, aO
h, ,, k, K, g, G, R, c, C, j
J, , V, W, X, Y, Z, ˜Z, t, T
d, D, n, p, P, b, B, m, y, r
l, ›. , ›, v, f, q, s, *, ˛, ¸
), J. , tc, w, r. , x, ’,


However, due to the different criterions employed to classify consonants and

vowels, we take them as two seperate etic systems Ev and Ec . Thus, we now
have sets Sc (Figure 3.3) and Sv (Figure 3.2).

The feature set Fv is the union of the disjoint partitions Fv1 . . . Fv5 and
the set of sets {Fv1, . . . , Fv5} constitutes a partition of F . Similiarly, for the
feature set Fc. These subsets are given in Figure 3.4 and Figure 3.5
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Sv =

 a, aA, O, i, I, u, U, ff, ”, ru
‰, ı, ˘e, e; , e, ẽ, aÄ, o;, ao, aO


Figure 3.2: Set of Vowels

Sc =


h, ,, k, K, g, G, R, c, C, j
J, , V, W, X, Y, Z, ˜Z, t, T
d, D, n, p, P, b, B, m, y, r
l, ›. , ›, v, f, q, s, *, ˛, ¸
), J. , tc, w, r. , x, ’


Figure 3.3: Set of Consonants

We then define the phones according to their features. It can be easily
verified that both Ev and Ec are etic systems according to Definition 2. The
definition of Vowels is given in the Table 3.1 and consonants in Table 3.2.
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Fv1 = {low, mid, high}
Fv2 = {front, central,back}
Fv3 = {unrounded,rounded}
Fv4 = {Short,Long, Diphthong}
Fv5 = {vibrant,lateral}

Figure 3.4: Partition of Feature Set for Vowel etic system

Fc1 = {stop, fricative, affricate, nasal, liquid, glide}
Fc2 = {glottal, velar, palatal, retroflex, dental, labial}
Fc3 = {unvoiced, voiced}
Fc4 = {unaspirated, aspirated}

Figure 3.5: Partition of Feature Set for Consonant etic system

Phone Description Fv1 Fv2 Fv3 Fv4 Fv5

a DEVANAGARI LETTER A low central unrounded short
aA DEVANAGARI LETTER AA low central unrounded long
O(a) Bengali/Oriya LETTER Rounded A mid central rounded short
i DEVANAGARI LETTER I high front unrounded short
I DEVANAGARI LETTER II high front unrounded long
u DEVANAGARI LETTER U high back rounded short
U DEVANAGARI LETTER UU high back rounded long
ff DEVANAGARI LETTER VOCALIC R high front unrounded short vibrant
” DEVANAGARI LETTER VOCALIC RR high front unrounded long vibrant
ru(ff) Oriya LETTER VOCALIC R high back rounded short vibrant
‰ DEVANAGARI LETTER VOCALIC L high front unrounded shortv lateral
ı DEVANAGARI LETTER VOCALIC LL high front unrounded long lateral
˘e DRAVIDIAN LETTER CANDRA E mid front rounded short
e; DRAVIDIAN LETTER SHORT E mid front unrounded short
e DEVANAGARI LETTER E mid front unrounded long
ẽ DEVANAGARI LETTER AI front unrounded diphthong
aÄ DEVANAGARI LETTER CANDRA O low central rounded short
o; DRAVIDIAN LETTER SHORT O mid back rounded short
ao DEVANAGARI LETTER O mid back rounded long
aO DEVANAGARI LETTER AU back rounded diphthong

Table 3.1: Definition of Indic Vowels as a collection of features
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Table 3.2: Definition of Indic Consonants as a collection of features

Phone Description Fc1 Fc2 Fc3 Fc4

h DEVANAGARI LETTER HA fricative glottal unvoiced aspirated
, DEV LETTER H (Visarga) fricative glottal voiced aspirated
k DEVANAGARI LETTER KA stop velar
K DEVANAGARI LETTER KHA stop velar aspirated
g DEVANAGARI LETTER GA stop velar voiced
G DEVANAGARI LETTER GHA stop velar voiced aspirated
R DEVANAGARI LETTER NGA nasal velar voiced
c DEVANAGARI LETTER CA affricate palatal
C DEVANAGARI LETTER CHA affricate palatal aspirated
j DEVANAGARI LETTER JA affricate palatal voiced
J DEVANAGARI LETTER JHA affricate palatal voiced aspirated
 DEVANAGARI LETTER NYA nasal palatal voiced
V DEVANAGARI LETTER TTA stop retroflex
W DEVANAGARI LETTER TTHA stop retroflex aspirated
X DEVANAGARI LETTER DDA stop retroflex voiced
Y DEVANAGARI LETTER DDHA stop retroflex voiced aspirated
Z DEVANAGARI LETTER NNA nasal retroflex voiced
˜Z DEVANAGARI (Tamil) LETTER NNNA nasal alveolar voiced
t DEVANAGARI LETTER TA stop dental
T DEVANAGARI LETTER THA stop dental aspirated
d DEVANAGARI LETTER DA stop dental voiced
D DEVANAGARI LETTER DHA stop dental voiced aspirated
n DEVANAGARI LETTER NA nasal dental voiced
p DEVANAGARI LETTER PA stop labial
P DEVANAGARI LETTER PHA stop labial aspirated
b DEVANAGARI LETTER BA stop labial voiced
B DEVANAGARI LETTER BHA stop labial voiced aspirated
m DEVANAGARI LETTER MA nasal labial voiced
y DEVANAGARI LETTER YA glide palatal
r DEVANAGARI LETTER RA liquid retroflex
l DEVANAGARI LETTER LA liquid dental
›. DEVANAGARI(Tamil) LLLA glide dental
› DEVANAGARI(Marathi) LETTER LLA fricative dental
v DEVANAGARI LETTER VA glide labial
s DEVANAGARI LETTER SHA fricative palatal
q DEVANAGARI LETTER SSA fricative retroflex
s DEVANAGARI LETTER SA fricative dental
* DEVANAGARI LETTER QA fricative velar unvoiced unaspirated
˛̂ DEVANAGARI LETTER KHHA fricative velar unvoiced aspirated
¸ DEVANAGARI LETTER GHHA fricative velar voiced unaspirated
) DEVANAGARI LETTER ZA fricative palatal voiced unaspirated
J. DRAVIDIAN LETTER JHA fricative palatal voiced aspirated
tc DRAVIDIAN(Telegu) LETTER TC fricative palatal unvoiced unaspirated
w DEVANAGARI LETTER DDDHA fricative retroflex voiced unaspirated
r. DEVANAGARI(Tamil) LETTER RRA fricative alveolar voiced unaspirated
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Table 3.2: Definition of Indic Consonants as a collection of features

Phone Description Fc1 Fc2 Fc3 Fc4

x DEVANAGARI LETTER RHA fricative dental voiced aspirated
’ DEVANAGARI LETTER FA fricative labial unvoiced aspirated

Then, the etic distances are computed according to equation 3.1 and the
tables are obtained.

Table 3.3: Etic Distances of Vowels

a aA O i I u U ff ” ru ‰ ı ˘e e; e ẽ aÄ o; ao aO

a 0 1 2 2 3 3 4 3 4 4 3 4 3 2 3 3 1 3 4 4
aA 1 0 3 3 2 4 3 4 3 5 4 3 4 3 2 3 2 4 3 4
O 2 3 0 3 4 2 3 4 5 3 4 5 1 2 3 4 1 1 2 3
i 2 3 3 0 1 2 3 1 2 3 1 2 2 1 2 2 3 3 4 4
I 3 2 4 1 0 3 2 2 1 4 2 1 3 2 1 2 4 4 3 4
u 3 4 2 2 3 0 1 3 4 1 3 4 2 3 4 4 2 1 2 2
U 4 3 3 3 2 1 0 4 3 2 4 3 3 4 3 4 3 2 1 2
ff 3 4 4 1 2 3 4 0 1 2 1 2 3 2 3 3 4 4 5 5
” 4 3 5 2 1 4 3 1 0 3 2 1 4 3 2 3 5 5 4 5
ru 4 5 3 3 4 1 2 2 3 0 3 4 3 4 5 5 3 2 3 3
‰ 3 4 4 1 2 3 4 1 2 3 0 1 3 2 3 3 4 4 5 5
ı 4 3 5 2 1 4 3 2 1 4 1 0 4 3 2 3 5 5 4 5
˘e 3 4 1 2 3 2 3 3 4 3 3 4 0 1 2 3 2 1 2 3
e; 2 3 2 1 2 3 4 2 3 4 2 3 1 0 1 2 3 2 3 4
e 3 2 3 2 1 4 3 3 2 5 3 2 2 1 0 2 4 3 2 4
ẽ 3 3 4 2 2 4 4 3 3 5 3 3 3 2 2 0 4 4 4 2
aÄ 1 2 1 3 4 2 3 4 5 3 4 5 2 3 4 4 0 2 3 3
o; 3 4 1 3 4 1 2 4 5 2 4 5 1 2 3 4 2 0 1 2
ao 4 3 2 4 3 2 1 5 4 3 5 4 2 3 2 4 3 1 0 2
aO 4 4 3 4 4 2 2 5 5 3 5 5 3 4 4 2 3 2 2 0

Table 3.4: Etic Distances of Consonants-1

h , k K g G R c C j

h 0 1 4 3 4 3 4 4 3 4
, 1 0 4 3 3 2 3 4 3 3
k 4 4 0 1 1 2 2 2 3 3
K 3 3 1 0 2 1 3 3 2 4
g 4 3 1 2 0 1 1 3 4 2
G 3 2 2 1 1 0 2 4 3 3
R 4 3 2 3 1 2 0 3 4 2
c 4 4 2 3 3 4 3 0 1 1
C 3 3 3 2 4 3 4 1 0 2
j 4 3 3 4 2 3 2 1 2 0
J 3 2 4 3 3 2 3 2 1 1
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Table 3.4: Etic Distances of Consonants-1

h , k K g G R c C j

 4 3 3 4 2 3 1 2 3 1
V 4 4 1 2 2 3 3 2 3 3
W 3 3 2 1 3 2 4 3 2 4
X 4 3 2 3 1 2 2 3 4 2
Y 3 2 3 2 2 1 3 4 3 3
Z 4 3 3 4 2 3 1 3 4 2
˜Z 4 3 3 4 2 3 1 3 4 2
t 4 4 1 2 2 3 3 2 3 3
T 3 3 2 1 3 2 4 3 2 4
d 4 3 2 3 1 2 2 3 4 2
D 3 2 3 2 2 1 3 4 3 3
n 4 3 3 4 2 3 1 3 4 2
p 4 4 1 2 2 3 3 2 3 3
P 3 3 2 1 3 2 4 3 2 4
b 4 3 2 3 1 2 2 3 4 2
B 3 2 3 2 2 1 3 4 3 3
m 4 3 3 4 2 3 1 3 4 2
y 4 4 2 3 3 4 3 1 2 2
r 4 4 2 3 3 4 3 2 3 3
l 4 4 2 3 3 4 3 2 3 3
›. 4 4 2 3 3 4 3 2 3 3
› 3 3 2 3 3 4 3 2 3 3
v 4 4 2 3 3 4 3 2 3 3
f 3 4 3 4 3 4 3 2 3 2
q 3 4 3 4 3 4 3 3 4 3
s 3 4 3 4 3 4 3 3 4 3
* 2 3 3 3 3 3 3 4 4 4
˛ 1 2 3 2 3 2 3 4 3 4
¸ 3 2 3 3 2 2 2 4 4 3
) 3 2 4 4 3 3 3 3 3 2
J. 2 1 4 3 3 2 3 3 2 2

tc 2 3 4 4 4 4 4 3 3 3
w 3 2 4 4 3 3 3 4 4 3
r. 3 2 4 4 3 3 3 4 4 3
x 2 1 4 3 3 2 3 4 3 3
’ 1 2 4 3 4 3 4 4 3 4

Table 3.5: Etic Distances of Consonants-2

J  V W X Y Z ˜Z t T

h 3 4 4 3 4 3 4 4 4 3
, 2 3 4 3 3 2 3 3 4 3
k 4 3 1 2 2 3 3 3 1 2
K 3 4 2 1 3 2 4 4 2 1
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Table 3.5: Etic Distances of Consonants-2

J  V W X Y Z ˜Z t T

g 3 2 2 3 1 2 2 2 2 3
G 2 3 3 2 2 1 3 3 3 2
R 3 1 3 4 2 3 1 1 3 4
c 2 2 2 3 3 4 3 3 2 3
C 1 3 3 2 4 3 4 4 3 2
j 1 1 3 4 2 3 2 2 3 4
J 0 2 4 3 3 2 3 3 4 3
 2 0 3 4 2 3 1 1 3 4
V 4 3 0 1 1 2 2 3 1 2
W 3 4 1 0 2 1 3 4 2 1
X 3 2 1 2 0 1 1 2 2 3
Y 2 3 2 1 1 0 2 3 3 2
Z 3 1 2 3 1 2 0 1 3 4
˜Z 3 1 3 4 2 3 1 0 3 4
t 4 3 1 2 2 3 3 3 0 1
T 3 4 2 1 3 2 4 4 1 0
d 3 2 2 3 1 2 2 2 1 2
D 2 3 3 2 2 1 3 3 2 1
n 3 1 3 4 2 3 1 1 2 3
p 4 3 1 2 2 3 3 3 1 2
P 3 4 2 1 3 2 4 4 2 1
b 3 2 2 3 1 2 2 2 2 3
B 2 3 3 2 2 1 3 3 3 2
m 3 1 3 4 2 3 1 1 3 4
y 3 2 2 3 3 4 3 3 2 3
r 4 3 1 2 2 3 2 3 2 3
l 4 3 2 3 3 4 3 3 1 2
›. 4 3 2 3 3 4 3 3 1 2
› 4 3 2 3 3 4 3 3 1 2
v 4 3 2 3 3 4 3 3 2 3
f 3 2 3 4 3 4 3 3 3 4
q 4 3 2 3 2 3 2 3 3 4
s 4 3 3 4 3 4 3 3 2 3
* 4 4 4 4 4 4 4 4 4 4
˛ 3 4 4 3 4 3 4 4 4 3
¸ 3 3 4 4 3 3 3 3 4 4
) 2 2 4 4 3 3 3 3 4 4
J. 1 2 4 3 3 2 3 3 4 3

tc 3 3 4 4 4 4 4 4 4 4
w 3 3 3 3 2 2 2 3 4 4
r. 3 3 4 4 3 3 3 2 4 4
x 2 3 4 3 3 2 3 3 3 2
’ 3 4 4 3 4 3 4 4 4 3
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Table 3.6: Etic Distances of Consonants-3

d D n p P b B m y r

h 4 3 4 4 3 4 3 4 4 4
, 3 2 3 4 3 3 2 3 4 4
k 2 3 3 1 2 2 3 3 2 2
K 3 2 4 2 1 3 2 4 3 3
g 1 2 2 2 3 1 2 2 3 3
G 2 1 3 3 2 2 1 3 4 4
R 2 3 1 3 4 2 3 1 3 3
c 3 4 3 2 3 3 4 3 1 2
C 4 3 4 3 2 4 3 4 2 3
j 2 3 2 3 4 2 3 2 2 3
J 3 2 3 4 3 3 2 3 3 4
 2 3 1 3 4 2 3 1 2 3
V 2 3 3 1 2 2 3 3 2 1
W 3 2 4 2 1 3 2 4 3 2
X 1 2 2 2 3 1 2 2 3 2
Y 2 1 3 3 2 2 1 3 4 3
Z 2 3 1 3 4 2 3 1 3 2
˜Z 2 3 1 3 4 2 3 1 3 3
t 1 2 2 1 2 2 3 3 2 2
T 2 1 3 2 1 3 2 4 3 3
d 0 1 1 2 3 1 2 2 3 3
D 1 0 2 3 2 2 1 3 4 4
n 1 2 0 3 4 2 3 1 3 3
p 2 3 3 0 1 1 2 2 2 2
P 3 2 4 1 0 2 1 3 3 3
b 1 2 2 1 2 0 1 1 3 3
B 2 1 3 2 1 1 0 2 4 4
m 2 3 1 2 3 1 2 0 3 3
y 3 4 3 2 3 3 4 3 0 1
r 3 4 3 2 3 3 4 3 1 0
l 2 3 2 2 3 3 4 3 1 1
›. 2 3 2 2 3 3 4 3 1 1
› 2 3 2 2 3 3 4 3 2 2
v 3 4 3 1 2 2 3 2 1 1
f 3 4 3 3 4 3 4 3 2 3
q 3 4 3 3 4 3 4 3 3 2
s 2 3 2 3 4 3 4 3 3 3
* 4 4 4 4 4 4 4 4 4 4
˛ 4 3 4 4 3 4 3 4 4 4
¸ 3 3 3 4 4 3 3 3 4 4
) 3 3 3 4 4 3 3 3 3 4
J. 3 2 3 4 3 3 2 3 3 4

tc 4 4 4 4 4 4 4 4 3 4
w 3 3 3 4 4 3 3 3 4 3
r. 3 3 3 4 4 3 3 3 4 4
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Table 3.6: Etic Distances of Consonants-3

d D n p P b B m y r

x 2 1 2 4 3 3 2 3 4 4
’ 4 3 4 3 2 3 2 3 4 4

Table 3.7: Etic Distances of Consonants-4

l ›. › v f q s * ˛ ¸

h 4 4 3 4 3 3 3 2 1 3
, 4 4 3 4 4 4 4 3 2 2
k 2 2 2 2 3 3 3 3 3 3
K 3 3 3 3 4 4 4 3 2 3
g 3 3 3 3 3 3 3 3 3 2
G 4 4 4 4 4 4 4 3 2 2
R 3 3 3 3 3 3 3 3 3 2
c 2 2 2 2 2 3 3 4 4 4
C 3 3 3 3 3 4 4 4 3 4
j 3 3 3 3 2 3 3 4 4 3
J 4 4 4 4 3 4 4 4 3 3
 3 3 3 3 2 3 3 4 4 3
V 2 2 2 2 3 2 3 4 4 4
W 3 3 3 3 4 3 4 4 3 4
X 3 3 3 3 3 2 3 4 4 3
Y 4 4 4 4 4 3 4 4 3 3
Z 3 3 3 3 3 2 3 4 4 3
˜Z 3 3 3 3 3 3 3 4 4 3
t 1 1 1 2 3 3 2 4 4 4
T 2 2 2 3 4 4 3 4 3 4
d 2 2 2 3 3 3 2 4 4 3
D 3 3 3 4 4 4 3 4 3 3
n 2 2 2 3 3 3 2 4 4 3
p 2 2 2 1 3 3 3 4 4 4
P 3 3 3 2 4 4 4 4 3 4
b 3 3 3 2 3 3 3 4 4 3
B 4 4 4 3 4 4 4 4 3 3
m 3 3 3 2 3 3 3 4 4 3
y 1 1 2 1 2 3 3 4 4 4
r 1 1 2 1 3 2 3 4 4 4
l 0 0 1 1 3 3 2 4 4 4
›. 0 0 1 1 3 3 2 4 4 4
› 1 1 0 2 3 3 2 3 3 3
v 1 1 2 0 3 3 3 4 4 4
f 3 3 3 3 0 1 1 3 3 4
q 3 3 3 3 1 0 1 3 3 4
s 2 2 2 3 1 1 0 3 3 4
* 4 4 3 4 3 3 3 0 1 1
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Table 3.7: Etic Distances of Consonants-4

l ›. › v f q s * ˛ ¸

˛ 4 4 3 4 3 3 3 1 0 2
¸ 4 4 3 4 4 4 4 1 2 0
) 4 4 3 4 3 4 4 2 3 1
J. 4 4 3 4 3 4 4 3 2 2

tc 4 4 3 4 2 3 3 1 2 2
w 4 4 3 4 4 3 4 2 3 1
r. 4 4 3 4 4 4 4 2 3 1
x 3 3 2 4 4 4 3 3 2 2
’ 4 4 3 3 3 3 3 2 1 3

Table 3.8: Etic Distances of Consonants-5

) J. tc w r. x ’

h 3 2 2 3 3 2 1
, 2 1 3 2 2 1 2
k 4 4 4 4 4 4 4
K 4 3 4 4 4 3 3
g 3 3 4 3 3 3 4
G 3 2 4 3 3 2 3
R 3 3 4 3 3 3 4
c 3 3 3 4 4 4 4
C 3 2 3 4 4 3 3
j 2 2 3 3 3 3 4
J 2 1 3 3 3 2 3
 2 2 3 3 3 3 4
V 4 4 4 3 4 4 4
W 4 3 4 3 4 3 3
X 3 3 4 2 3 3 4
Y 3 2 4 2 3 2 3
Z 3 3 4 2 3 3 4
˜Z 3 3 4 3 2 3 4
t 4 4 4 4 4 3 4
T 4 3 4 4 4 2 3
d 3 3 4 3 3 2 4
D 3 2 4 3 3 1 3
n 3 3 4 3 3 2 4
p 4 4 4 4 4 4 3
P 4 3 4 4 4 3 2
b 3 3 4 3 3 3 3
B 3 2 4 3 3 2 2
m 3 3 4 3 3 3 3
y 3 3 3 4 4 4 4
r 4 4 4 3 4 4 4
l 4 4 4 4 4 3 4
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Table 3.8: Etic Distances of Consonants-5

) J. tc w r. x ’

›. 4 4 4 4 4 3 4
› 3 3 3 3 3 2 3
v 4 4 4 4 4 4 3
f 3 3 2 4 4 4 3
q 4 4 3 3 4 4 3
s 4 4 3 4 4 3 3
* 2 3 1 2 2 3 2
˛ 3 2 2 3 3 2 1
¸ 1 2 2 1 1 2 3
) 0 1 1 1 1 2 3
J. 1 0 2 2 2 1 2

tc 1 2 0 2 2 3 2
w 1 2 2 0 1 2 3
r. 1 2 2 1 0 2 3
x 2 1 3 2 2 0 2
’ 3 2 2 3 3 2 0
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Chapter 4

The encoding scheme

An encoding scheme has been worked out keeping in view the stated aims.

4.1 Approaches

There are actually three approaches in the scope:

4.1.1 Feature wise bit encoding (naive)

A pretty straightforward approach would be to assign bits to a feature set i.e.
the sets in Table 3.1 and Table 3.2 e.g. the set Fc2, which has 6 members
would require 3-bits to encode. Then, all the phones can be encoded on basis
of their unique phonetic description. This approach would take at least 9 bits
of encoding (or even more according to the exactness of classification, though it
is possible to fold many rows and columns. Also, as such, it offers nothing new
and ignores our concepts of distances.

4.1.2 The graph embedding

This is the other extreme. The whole problem can be based on matching the etic
distances with hammming distances. This corresponds to the Graph theoretical
problem of Embedding Graphs in Hamming space. This problem can be stated
as given:

Statement 1 A fully connected undirectional graph (=G1) with a large number
of nodes ( 50) , where all the edges are labelled with distances (values) calculated
through a certain method,
is to be transformed
into G2 such that each node is now labelled with a unique address (or Name) and
the distance metric for the label of each edge is now a function of the constituent
nodes
such that
the labels of the new edges correspond with the older labels as closely as possible.

This problem is equivalent to the hard problem of Embedding graphs in euclidean
space (or hamming space). Though theoretically interesting, this approach may
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not offer much from the practical linguistic point of view and is also a difficult
approach.

4.1.3 Our approach

Our approach is a mix of the two approaches above and tries to work out a bal-
ance between the phonetic description, alphabetic sensibilties and the distance
metrics. The features are often combined together across feature sets while
maintaing a logical structure. To simplify, we have considered and compared
the etic and the hamming distances between neighbouring phones in the order
of our alphabetic arrangement.

4.2 The encoding

In our coding scheme,
consider the consonants as pure consonants, not as consonant-vowel clusters, though
in the charts the full character is depicted. i.e. k (ka) is to be understood as k̂ k.

The general scheme is given in Figure 4.1. The coding scheme for vowels is
given in Figure 4.1, and for the consonants in 4.2.

The Comparative charts of etic and hamming distances for the same phone
are given in Tables 4.3, 4.5, 4.6, 4.7, 4.8 and 4.9.

Figure 4.1: The Set of Phones

Referring to the Vowel chart, the order of arrangement of rows is from Low-
Central, to High-front (2 rows, 010 and 101 -complement of 010), High back
(2 rows : notice that 100 is complement of 011), to the secondary vowels m-d-
frontal and mid-back. The last two bits are standing for Rounding of tongue
and length of utterance (short, long).

Similiarly, for consonants, the rows try to respect the place of origin of
the phones. The last two bits (i.e. in the columns) stand for voicing and
aspiration respectively. Row 1(1000) is for glottals. Row2(1001) is for velar
stops and fricatives .Row 3(1010) and 4(1011) accomodate Palatals, whose stops
are affricates. Row 5(1100) and 6(1101) are for Retroflex phones. Row 7 (1110)
for Dentals and row8 (1111) for Labial stops, fricatives, liquids and nasals. The
nasals occupy a column (111) all by themselves.
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00 01 10 11
LC 001 a aA O(a) aÄ
HF 010 i I
HB 011 u U

011 HB 100 ru (ff)
010 HF 101 ff ” ‰ ı
MF 110 e; e ˘e ẽ
MB 111 o; ao aO

Table 4.1: Vowel Encoding

000 001 010 011 100 101 110 111
1000 h ,
1001 k K g G * ˛ ¸ R
1010 c C j J f y 
1011 tc ) J. ›.
1100 V W X Y q r Z
1101 w x r. › ˜Z
1110 t T d D s l n
1111 p P b B ’ v m

Table 4.2: Consonant Encoding

Table 4.3: Etic and Hamming Distances of Vowels-I

a aA O i I u U ff ” ru ‰

a 0 0 1 1 2 1 2 2 3 3 3 2 4 3 3 1 4 2 4 3 3 2
aA 1 1 0 0 3 2 3 3 2 2 4 3 3 2 4 2 3 1 5 4 4 3
O 2 1 3 2 0 0 3 3 4 4 2 1 3 2 4 2 5 3 3 2 4 1
i 2 2 3 3 3 3 0 0 1 1 2 2 3 3 1 3 2 4 3 3 1 4
I 3 3 2 2 4 4 1 1 0 0 3 3 2 2 2 4 1 3 4 4 2 5
u 3 2 4 3 2 1 2 2 3 3 0 0 1 1 3 3 4 4 1 3 3 2
U 4 3 3 2 3 2 3 3 2 2 1 1 0 0 4 4 3 3 2 4 4 3
ff 3 1 4 2 4 2 1 3 2 4 3 3 4 4 0 0 1 1 2 2 1 1
” 4 2 3 1 5 3 2 4 1 3 4 4 3 3 1 1 0 0 3 3 2 2
ru 4 3 5 4 3 2 3 3 4 4 1 3 2 4 2 2 3 3 0 0 3 1
‰ 3 2 4 3 4 1 1 4 2 5 3 2 4 3 1 1 2 2 3 1 0 0
ı 4 3 3 2 5 2 2 5 1 4 4 3 3 2 2 2 1 1 4 2 1 1
˘e 3 4 4 5 1 3 2 2 3 3 2 2 3 3 3 3 4 4 3 1 3 2
e; 2 3 3 4 2 4 1 1 2 2 3 3 4 4 2 2 3 3 4 2 2 3
e 3 4 2 3 3 5 2 2 1 1 4 4 3 3 3 3 2 2 5 3 3 4
ẽ 3 5 3 4 4 4 2 3 2 2 4 3 4 2 3 4 3 3 5 2 3 3
aÄ 1 2 2 1 1 1 3 4 4 3 2 2 3 1 4 3 5 2 3 3 4 2
o; 3 2 4 3 1 3 3 2 4 3 1 2 2 3 4 1 5 2 2 3 4 2
ao 4 3 3 2 2 4 4 3 3 2 2 3 1 2 5 2 4 1 3 4 5 3
aO 4 4 4 3 3 3 4 4 4 3 2 2 2 1 5 3 5 2 3 3 5 2

Table 4.4: Etic and Hamming Distances of Vowels-II

‰ ı ˘e e; e ẽ aÄ o; ao aO

a 3 2 4 3 3 4 2 3 3 4 3 5 1 2 3 2 4 3 4 4
aA 4 3 3 2 4 5 3 4 2 3 3 4 2 1 4 3 3 2 4 3
O 4 1 5 2 1 3 2 4 3 5 4 4 1 1 1 3 2 4 3 3
i 1 4 2 5 2 2 1 1 2 2 2 3 3 4 3 2 4 3 4 4
I 2 5 1 4 3 3 2 2 1 1 2 2 4 3 4 3 3 2 4 3
u 3 2 4 3 2 2 3 3 4 4 4 3 2 2 1 2 2 3 2 2
U 4 3 3 2 3 3 4 4 3 3 4 2 3 1 2 3 1 2 2 1
ff 1 1 2 2 3 3 2 2 3 3 3 4 4 3 4 1 5 2 5 3
” 2 2 1 1 4 4 3 3 2 2 3 3 5 2 5 2 4 1 5 2
ru 3 1 4 2 3 1 4 2 5 3 5 2 3 3 2 3 3 4 3 3
‰ 0 0 1 1 3 2 2 3 3 4 3 3 4 2 4 2 5 3 5 2
ı 1 1 0 0 4 3 3 4 2 3 3 2 5 1 5 3 4 2 5 1
˘e 3 2 4 3 0 0 1 1 2 2 3 1 2 4 1 2 2 3 3 2
e; 2 3 3 4 1 1 0 0 1 1 2 2 3 5 2 1 3 2 4 3
e 3 4 2 3 2 2 1 1 0 0 2 1 4 4 3 2 2 1 4 2
ẽ 3 3 3 2 3 1 2 2 2 1 0 0 4 3 4 3 4 2 2 1
aÄ 4 2 5 1 2 4 3 5 4 4 4 3 0 0 2 4 3 3 3 2
o; 4 2 5 3 1 2 2 1 3 2 4 3 2 4 0 0 1 1 2 2
ao 5 3 4 2 2 3 3 2 2 1 4 2 3 3 1 1 0 0 2 1
aO 5 2 5 1 3 2 4 3 4 2 2 1 3 2 2 2 2 1 0 0
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Table 4.5: Etic and Hamming Distances of Consonants-1

h , k K g G R c C j

h 0 0 1 1 4 3 3 2 4 4 3 3 4 2 4 3 3 2 4 4
, 1 1 0 0 4 4 3 3 3 3 2 2 3 1 4 4 3 3 3 3
k 4 3 4 4 0 0 1 1 1 1 2 2 2 3 2 2 3 3 3 3
K 3 2 3 3 1 1 0 0 2 2 1 1 3 2 3 3 2 2 4 4
g 4 4 3 3 1 1 2 2 0 0 1 1 1 2 3 3 4 4 2 2
G 3 3 2 2 2 2 1 1 1 1 0 0 2 1 4 4 3 3 3 3
R 4 2 3 1 2 3 3 2 1 2 2 1 0 0 3 5 4 4 2 4
c 4 3 4 4 2 2 3 3 3 3 4 4 3 5 0 0 1 1 1 1
C 3 2 3 3 3 3 2 2 4 4 3 3 4 4 1 1 0 0 2 2
j 4 4 3 3 3 3 4 4 2 2 3 3 2 4 1 1 2 2 0 0
J 3 3 2 2 4 4 3 3 3 3 2 2 3 3 2 2 1 1 1 1
 4 2 3 1 3 5 4 4 2 4 3 3 1 2 2 3 3 2 1 2
V 4 3 4 4 1 2 2 3 2 3 3 4 3 5 2 2 3 3 3 3
W 3 2 3 3 2 3 1 2 3 4 2 3 4 4 3 3 2 2 4 4
X 4 4 3 3 2 3 3 4 1 2 2 3 2 4 3 3 4 4 2 2
Y 3 3 2 2 3 4 2 3 2 3 1 2 3 3 4 4 3 3 3 3
Z 4 2 3 1 3 5 4 4 2 4 3 3 1 2 3 5 4 4 2 4
˜Z 4 3 3 2 3 4 4 3 2 3 3 2 1 1 3 6 4 5 2 5
t 4 4 4 5 1 3 2 4 2 4 3 5 3 6 2 1 3 2 3 2
T 3 3 3 4 2 4 1 3 3 5 2 4 4 5 3 2 2 1 4 3
d 4 5 3 4 2 4 3 5 1 3 2 4 2 5 3 2 4 3 2 1
D 3 4 2 3 3 5 2 4 2 4 1 3 3 4 4 3 3 2 3 2
n 4 3 3 2 3 6 4 5 2 5 3 4 1 3 3 4 4 3 2 3
p 4 5 4 6 1 2 2 3 2 3 3 4 3 5 2 2 3 3 3 3
P 3 4 3 5 2 3 1 2 3 4 2 3 4 4 3 3 2 2 4 4
b 4 6 3 5 2 3 3 4 1 2 2 3 2 4 3 3 4 4 2 2
B 3 5 2 4 3 4 2 3 2 3 1 2 3 3 4 4 3 3 3 3
m 4 4 3 3 3 5 4 4 2 4 3 3 1 2 3 5 4 4 2 4
y 4 3 4 2 2 4 3 5 3 3 4 4 3 3 1 2 2 3 2 1
r 4 3 4 2 2 4 3 5 3 3 4 4 3 3 2 4 3 5 3 3
l 4 4 4 3 2 5 3 6 3 4 4 5 3 4 2 3 3 4 3 2
›. 4 4 4 3 2 3 3 4 3 2 4 3 3 2 2 3 3 4 3 2
› 3 4 3 3 2 3 3 4 3 2 4 3 3 2 2 5 3 6 3 4
v 4 5 4 4 2 4 3 5 3 3 4 4 3 3 2 4 3 5 3 3
f 3 1 4 2 3 4 4 3 3 5 4 4 3 3 2 2 3 1 2 3
q 3 1 4 2 3 4 4 3 3 5 4 4 3 3 3 4 4 3 3 5
s 3 2 4 3 3 5 4 4 3 6 4 5 3 4 3 3 4 2 3 4
* 2 2 3 3 3 1 3 2 3 2 3 3 3 2 4 3 4 4 4 4
˛ 1 1 2 2 3 2 2 1 3 3 2 2 3 1 4 4 3 3 4 5
¸ 3 3 2 2 3 2 3 3 2 1 2 2 2 1 4 4 4 5 3 3
) 3 5 2 4 4 2 4 3 3 1 3 2 3 3 3 2 3 3 2 1
J. 2 4 1 3 4 3 3 2 3 2 2 1 3 2 3 3 2 2 2 2
tc 2 4 3 5 4 1 4 2 4 2 4 3 4 4 3 1 3 2 3 2
w 3 5 2 4 4 2 4 3 3 1 3 2 3 3 4 4 4 5 3 3
r. 3 3 2 4 4 2 4 3 3 3 3 4 3 3 4 4 4 5 3 5
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Table 4.5: Etic and Hamming Distances of Consonants-1

h , k K g G R c C j

x 2 4 1 3 4 3 3 2 3 2 2 1 3 2 4 5 3 4 3 4
’ 1 3 2 4 4 4 3 3 4 5 3 4 4 3 4 4 3 3 4 5

Table 4.6: Etic and Hamming Distances of Consonants-2

J  V W X Y Z ˜Z t T

h 3 3 4 2 4 3 3 2 4 4 3 3 4 2 4 3 4 4 3 3
, 2 2 3 1 4 4 3 3 3 3 2 2 3 1 3 2 4 5 3 4
k 4 4 3 5 1 2 2 3 2 3 3 4 3 5 3 4 1 3 2 4
K 3 3 4 4 2 3 1 2 3 4 2 3 4 4 4 3 2 4 1 3
g 3 3 2 4 2 3 3 4 1 2 2 3 2 4 2 3 2 4 3 5
G 2 2 3 3 3 4 2 3 2 3 1 2 3 3 3 2 3 5 2 4
R 3 3 1 2 3 5 4 4 2 4 3 3 1 2 1 1 3 6 4 5
c 2 2 2 3 2 2 3 3 3 3 4 4 3 5 3 6 2 1 3 2
C 1 1 3 2 3 3 2 2 4 4 3 3 4 4 4 5 3 2 2 1
j 1 1 1 2 3 3 4 4 2 2 3 3 2 4 2 5 3 2 4 3
J 0 0 2 1 4 4 3 3 3 3 2 2 3 3 3 4 4 3 3 2
 2 1 0 0 3 5 4 4 2 4 3 3 1 2 1 3 3 4 4 3
V 4 4 3 5 0 0 1 1 1 1 2 2 2 3 3 4 1 1 2 2
W 3 3 4 4 1 1 0 0 2 2 1 1 3 2 4 3 2 2 1 1
X 3 3 2 4 1 1 2 2 0 0 1 1 1 2 2 3 2 2 3 3
Y 2 2 3 3 2 2 1 1 1 1 0 0 2 1 3 2 3 3 2 2
Z 3 3 1 2 2 3 3 2 1 2 2 1 0 0 1 1 3 4 4 3
˜Z 3 4 1 3 3 4 4 3 2 3 3 2 1 1 0 0 3 5 4 4
t 4 3 3 4 1 1 2 2 2 2 3 3 3 4 3 5 0 0 1 1
T 3 2 4 3 2 2 1 1 3 3 2 2 4 3 4 4 1 1 0 0
d 3 2 2 3 2 2 3 3 1 1 2 2 2 3 2 4 1 1 2 2
D 2 1 3 2 3 3 2 2 2 2 1 1 3 2 3 3 2 2 1 1
n 3 2 1 1 3 4 4 3 2 3 3 2 1 1 1 2 2 3 3 2
p 4 4 3 5 1 2 2 3 2 3 3 4 3 5 3 4 1 1 2 2
P 3 3 4 4 2 3 1 2 3 4 2 3 4 4 4 3 2 2 1 1
b 3 3 2 4 2 3 3 4 1 2 2 3 2 4 2 3 2 2 3 3
B 2 2 3 3 3 4 2 3 2 3 1 2 3 3 3 2 3 3 2 2
m 3 3 1 2 3 5 4 4 2 4 3 3 1 2 1 1 3 4 4 3
y 3 2 2 1 2 4 3 5 3 3 4 4 3 3 3 4 2 3 3 4
r 4 4 3 3 1 2 2 3 2 1 3 2 2 1 3 2 2 3 3 4
l 4 3 3 2 2 3 3 4 3 2 4 3 3 2 3 3 1 2 2 3
›. 4 3 3 2 2 5 3 6 3 4 4 5 3 4 3 3 1 4 2 5
› 4 5 3 4 2 3 3 4 3 2 4 3 3 2 3 1 1 4 2 5
v 4 4 3 3 2 4 3 5 3 3 4 4 3 3 3 2 2 3 3 4
f 3 2 2 1 3 4 4 3 3 5 4 4 3 3 3 4 3 3 4 2
q 4 4 3 3 2 2 3 1 2 3 3 2 2 1 3 2 3 3 4 2
s 4 3 3 2 3 3 4 2 3 4 4 3 3 2 3 3 2 2 3 1
* 4 5 4 4 4 3 4 4 4 4 4 5 4 4 4 3 4 4 4 5
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Table 4.6: Etic and Hamming Distances of Consonants-2

J  V W X Y Z ˜Z t T

˛ 3 4 4 3 4 4 3 3 4 5 3 4 4 3 4 2 4 5 3 4
¸ 3 4 3 3 4 4 4 5 3 3 3 4 3 3 3 2 4 5 4 6
) 2 2 2 3 4 4 4 5 3 3 3 4 3 5 3 4 4 3 4 4
J. 1 1 2 2 4 5 3 4 3 4 2 3 3 4 3 3 4 4 3 3
tc 3 3 3 4 4 3 4 4 4 4 4 5 4 6 4 5 4 2 4 3
w 3 4 3 5 3 2 3 3 2 1 2 2 2 3 3 2 4 3 4 4
r. 3 6 3 5 4 2 4 3 3 3 3 4 3 3 2 2 4 3 4 4
x 2 3 3 4 4 3 3 2 3 2 2 1 3 2 3 1 3 4 2 3
’ 3 4 4 3 4 4 3 3 4 5 3 4 4 3 4 2 4 3 3 2

Table 4.7: Etic and Hamming Distances of Consonants-3

d D n p P b B m y r

h 4 5 3 4 4 3 4 5 3 4 4 6 3 5 4 4 4 3 4 3
, 3 4 2 3 3 2 4 6 3 5 3 5 2 4 3 3 4 2 4 2
k 2 4 3 5 3 6 1 2 2 3 2 3 3 4 3 5 2 4 2 4
K 3 5 2 4 4 5 2 3 1 2 3 4 2 3 4 4 3 5 3 5
g 1 3 2 4 2 5 2 3 3 4 1 2 2 3 2 4 3 3 3 3
G 2 4 1 3 3 4 3 4 2 3 2 3 1 2 3 3 4 4 4 4
R 2 5 3 4 1 3 3 5 4 4 2 4 3 3 1 2 3 3 3 3
c 3 2 4 3 3 4 2 2 3 3 3 3 4 4 3 5 1 2 2 4
C 4 3 3 2 4 3 3 3 2 2 4 4 3 3 4 4 2 3 3 5
j 2 1 3 2 2 3 3 3 4 4 2 2 3 3 2 4 2 1 3 3
J 3 2 2 1 3 2 4 4 3 3 3 3 2 2 3 3 3 2 4 4
 2 3 3 2 1 1 3 5 4 4 2 4 3 3 1 2 2 1 3 3
V 2 2 3 3 3 4 1 2 2 3 2 3 3 4 3 5 2 4 1 2
W 3 3 2 2 4 3 2 3 1 2 3 4 2 3 4 4 3 5 2 3
X 1 1 2 2 2 3 2 3 3 4 1 2 2 3 2 4 3 3 2 1
Y 2 2 1 1 3 2 3 4 2 3 2 3 1 2 3 3 4 4 3 2
Z 2 3 3 2 1 1 3 5 4 4 2 4 3 3 1 2 3 3 2 1
˜Z 2 4 3 3 1 2 3 4 4 3 2 3 3 2 1 1 3 4 3 2
t 1 1 2 2 2 3 1 1 2 2 2 2 3 3 3 4 2 3 2 3
T 2 2 1 1 3 2 2 2 1 1 3 3 2 2 4 3 3 4 3 4
d 0 0 1 1 1 2 2 2 3 3 1 1 2 2 2 3 3 2 3 2
D 1 1 0 0 2 1 3 3 2 2 2 2 1 1 3 2 4 3 4 3
n 1 2 2 1 0 0 3 4 4 3 2 3 3 2 1 1 3 2 3 2
p 2 2 3 3 3 4 0 0 1 1 1 1 2 2 2 3 2 4 2 4
P 3 3 2 2 4 3 1 1 0 0 2 2 1 1 3 2 3 5 3 5
b 1 1 2 2 2 3 1 1 2 2 0 0 1 1 1 2 3 3 3 3
B 2 2 1 1 3 2 2 2 1 1 1 1 0 0 2 1 4 4 4 4
m 2 3 3 2 1 1 2 3 3 2 1 2 2 1 0 0 3 3 3 3
y 3 2 4 3 3 2 2 4 3 5 3 3 4 4 3 3 0 0 1 2
r 3 2 4 3 3 2 2 4 3 5 3 3 4 4 3 3 1 2 0 0
l 2 1 3 2 2 1 2 3 3 4 3 2 4 3 3 2 1 1 1 1

25



Table 4.7: Etic and Hamming Distances of Consonants-3

d D n p P b B m y r

›. 2 3 3 4 2 3 2 3 3 4 3 2 4 3 3 2 1 1 1 3
› 2 3 3 4 2 3 2 3 3 4 3 2 4 3 3 2 2 3 2 1
v 3 2 4 3 3 2 1 2 2 3 2 1 3 2 2 1 1 2 1 2
f 3 4 4 3 3 2 3 4 4 3 3 5 4 4 3 3 2 2 3 4
q 3 4 4 3 3 2 3 4 4 3 3 5 4 4 3 3 3 4 2 2
s 2 3 3 2 2 1 3 3 4 2 3 4 4 3 3 2 3 3 3 3
* 4 5 4 6 4 5 4 3 4 4 4 4 4 5 4 4 4 3 4 3
˛ 4 6 3 5 4 4 4 4 3 3 4 5 3 4 4 3 4 4 4 4
¸ 3 4 3 5 3 4 4 4 4 5 3 3 3 4 3 3 4 2 4 2
) 3 2 3 3 3 4 4 2 4 3 3 1 3 2 3 3 3 2 4 4
J. 3 3 2 2 3 3 4 3 3 2 3 2 2 1 3 2 3 3 4 5
tc 4 3 4 4 4 5 4 1 4 2 4 2 4 3 4 4 3 3 4 5
w 3 2 3 3 3 4 4 2 4 3 3 1 3 2 3 3 4 4 3 2
r. 3 4 3 5 3 4 4 2 4 3 3 3 3 4 3 3 4 4 4 2
x 2 3 1 2 2 3 4 3 3 2 3 2 2 1 3 2 4 5 4 3
’ 4 4 3 3 4 2 3 2 2 1 3 3 2 2 3 1 4 4 4 4

Table 4.8: Etic and Hamming Distances of Consonants-4

l ›. › v f q s * ˛ ¸

h 4 4 4 4 3 4 4 5 3 1 3 1 3 2 2 2 1 1 3 3
, 4 3 4 3 3 3 4 4 4 2 4 2 4 3 3 3 2 2 2 2
k 2 5 2 3 2 3 2 4 3 4 3 4 3 5 3 1 3 2 3 2
K 3 6 3 4 3 4 3 5 4 3 4 3 4 4 3 2 2 1 3 3
g 3 4 3 2 3 2 3 3 3 5 3 5 3 6 3 2 3 3 2 1
G 4 5 4 3 4 3 4 4 4 4 4 4 4 5 3 3 2 2 2 2
R 3 4 3 2 3 2 3 3 3 3 3 3 3 4 3 2 3 1 2 1
c 2 3 2 3 2 5 2 4 2 2 3 4 3 3 4 3 4 4 4 4
C 3 4 3 4 3 6 3 5 3 1 4 3 4 2 4 4 3 3 4 5
j 3 2 3 2 3 4 3 3 2 3 3 5 3 4 4 4 4 5 3 3
J 4 3 4 3 4 5 4 4 3 2 4 4 4 3 4 5 3 4 3 4
 3 2 3 2 3 4 3 3 2 1 3 3 3 2 4 4 4 3 3 3
V 2 3 2 5 2 3 2 4 3 4 2 2 3 3 4 3 4 4 4 4
W 3 4 3 6 3 4 3 5 4 3 3 1 4 2 4 4 3 3 4 5
X 3 2 3 4 3 2 3 3 3 5 2 3 3 4 4 4 4 5 3 3
Y 4 3 4 5 4 3 4 4 4 4 3 2 4 3 4 5 3 4 3 4
Z 3 2 3 4 3 2 3 3 3 3 2 1 3 2 4 4 4 3 3 3
˜Z 3 3 3 3 3 1 3 2 3 4 3 2 3 3 4 3 4 2 3 2
t 1 2 1 4 1 4 2 3 3 3 3 3 2 2 4 4 4 5 4 5
T 2 3 2 5 2 5 3 4 4 2 4 2 3 1 4 5 3 4 4 6
d 2 1 2 3 2 3 3 2 3 4 3 4 2 3 4 5 4 6 3 4
D 3 2 3 4 3 4 4 3 4 3 4 3 3 2 4 6 3 5 3 5
n 2 1 2 3 2 3 3 2 3 2 3 2 2 1 4 5 4 4 3 4
p 2 3 2 3 2 3 1 2 3 4 3 4 3 3 4 3 4 4 4 4
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Table 4.8: Etic and Hamming Distances of Consonants-4

l ›. › v f q s * ˛ ¸

P 3 4 3 4 3 4 2 3 4 3 4 3 4 2 4 4 3 3 4 5
b 3 2 3 2 3 2 2 1 3 5 3 5 3 4 4 4 4 5 3 3
B 4 3 4 3 4 3 3 2 4 4 4 4 4 3 4 5 3 4 3 4
m 3 2 3 2 3 2 2 1 3 3 3 3 3 2 4 4 4 3 3 3
y 1 1 1 1 2 3 1 2 2 2 3 4 3 3 4 3 4 4 4 2
r 1 1 1 3 2 1 1 2 3 4 2 2 3 3 4 3 4 4 4 2
l 0 0 0 2 1 2 1 1 3 3 3 3 2 2 4 4 4 5 4 3
›. 0 2 0 0 1 2 1 1 3 3 3 5 2 4 4 2 4 3 4 1
› 1 2 1 2 0 0 2 1 3 5 3 3 2 4 3 2 3 3 3 1
v 1 1 1 1 2 1 0 0 3 4 3 4 3 3 4 3 4 4 4 2
f 3 3 3 3 3 5 3 4 0 0 1 2 1 1 3 3 3 2 4 4
q 3 3 3 5 3 3 3 4 1 2 0 0 1 1 3 3 3 2 4 4
s 2 2 2 4 2 4 3 3 1 1 1 1 0 0 3 4 3 3 4 5
* 4 4 4 2 3 2 4 3 3 3 3 3 3 4 0 0 1 1 1 1
˛ 4 5 4 3 3 3 4 4 3 2 3 2 3 3 1 1 0 0 2 2
¸ 4 3 4 1 3 1 4 2 4 4 4 4 4 5 1 1 2 2 0 0
) 4 3 4 1 3 3 4 2 3 4 4 6 4 5 2 3 3 4 1 2
J. 4 4 4 2 3 4 4 3 3 3 4 5 4 4 3 4 2 3 2 3
tc 4 4 4 2 3 4 4 3 2 3 3 5 3 4 1 2 2 3 2 3
w 4 3 4 3 3 1 4 2 4 6 3 4 4 5 2 3 3 4 1 2
r. 4 3 4 3 3 1 4 2 4 4 4 2 4 3 2 1 3 2 1 2
x 3 4 3 4 2 2 4 3 4 5 4 3 3 4 3 4 2 3 2 3
’ 4 3 4 3 3 3 3 2 3 2 3 2 3 1 2 3 1 2 3 4

Table 4.9: Etic and Hamming Distances of Consonants-5

) J. tc w r. x ’

h 3 5 2 4 2 4 3 5 3 3 2 4 1 3
, 2 4 1 3 3 5 2 4 2 4 1 3 2 4
k 4 2 4 3 4 1 4 2 4 2 4 3 4 4
K 4 3 3 2 4 2 4 3 4 3 3 2 3 3
g 3 1 3 2 4 2 3 1 3 3 3 2 4 5
G 3 2 2 1 4 3 3 2 3 4 2 1 3 4
R 3 3 3 2 4 4 3 3 3 3 3 2 4 3
c 3 2 3 3 3 1 4 4 4 4 4 5 4 4
C 3 3 2 2 3 2 4 5 4 5 3 4 3 3
j 2 1 2 2 3 2 3 3 3 5 3 4 4 5
J 2 2 1 1 3 3 3 4 3 6 2 3 3 4
 2 3 2 2 3 4 3 5 3 5 3 4 4 3
V 4 4 4 5 4 3 3 2 4 2 4 3 4 4
W 4 5 3 4 4 4 3 3 4 3 3 2 3 3
X 3 3 3 4 4 4 2 1 3 3 3 2 4 5
Y 3 4 2 3 4 5 2 2 3 4 2 1 3 4
Z 3 5 3 4 4 6 2 3 3 3 3 2 4 3
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Table 4.9: Etic and Hamming Distances of Consonants-5

) J. tc w r. x ’

˜Z 3 4 3 3 4 5 3 2 2 2 3 1 4 2
t 4 3 4 4 4 2 4 3 4 3 3 4 4 3
T 4 4 3 3 4 3 4 4 4 4 2 3 3 2
d 3 2 3 3 4 3 3 2 3 4 2 3 4 4
D 3 3 2 2 4 4 3 3 3 5 1 2 3 3
n 3 4 3 3 4 5 3 4 3 4 2 3 4 2
p 4 2 4 3 4 1 4 2 4 2 4 3 3 2
P 4 3 3 2 4 2 4 3 4 3 3 2 2 1
b 3 1 3 2 4 2 3 1 3 3 3 2 3 3
B 3 2 2 1 4 3 3 2 3 4 2 1 2 2
m 3 3 3 2 4 4 3 3 3 3 3 2 3 1
y 3 2 3 3 3 3 4 4 4 4 4 5 4 4
r 4 4 4 5 4 5 3 2 4 2 4 3 4 4
l 4 3 4 4 4 4 4 3 4 3 3 4 4 3
›. 4 1 4 2 4 2 4 3 4 3 3 4 4 3
› 3 3 3 4 3 4 3 1 3 1 2 2 3 3
v 4 2 4 3 4 3 4 2 4 2 4 3 3 2
f 3 4 3 3 2 3 4 6 4 4 4 5 3 2
q 4 6 4 5 3 5 3 4 4 2 4 3 3 2
s 4 5 4 4 3 4 4 5 4 3 3 4 3 1
* 2 3 3 4 1 2 2 3 2 1 3 4 2 3
˛ 3 4 2 3 2 3 3 4 3 2 2 3 1 2
¸ 1 2 2 3 2 3 1 2 1 2 2 3 3 4
) 0 0 1 1 1 1 1 2 1 4 2 3 3 4
J. 1 1 0 0 2 2 2 3 2 5 1 2 2 3
tc 1 1 2 2 0 0 2 3 2 3 3 4 2 3
w 1 2 2 3 2 3 0 0 1 2 2 1 3 4
r. 1 4 2 5 2 3 1 2 0 0 2 3 3 2
x 2 3 1 2 3 4 2 1 2 3 0 0 2 3
’ 3 4 2 3 2 3 3 4 3 2 2 3 0 0

zo
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Appendix A

Panini’s grammar for
Sanskrit

The following slokas are taken from [[8]] . I quote from the preface of the book:

The Groundwork of the grammatical literature of the Sanskrit is
comprised in Pán. ini’s eigth Lectures entitled “The Ashtádhyáýı”.
Each of the lectures is divided into a number of sútras, or succint
aphorisms. On these Mr. Colebrooke remarks :- “ The studied
brevity of the Pán. iniyansútras renders them in the highest degree
obscure; even with the knowledge of the key to their interpreta-
tion, the student finds them ambiguous. In the application of them
when understood, he discovers many seeming contradictions; and
with every exertion of practised memory, he must experience the
utmost difficulty in combining rules dispersed in apparent confusion
through different portions of Pán. ini’s eight lectures.”

Quoted below are Pán. ini’s sútras 1, 15 and 16 giving the Pán. inian alphabet
order, classification and origin of Vowels and Consonants respectively:

sútra 1

a i uẐ . 1. ff ık̂ . 2. e aOR̂ . 3. ẽ aOĉ . 4. h v rt̂ . 5.
lẐ . 6.  m R Z nm̂ . 7. J B̂ . 8. G Y Dq̂ . 9. j b g X
df̂ . 10. K P C W T c V tv̂ . 11. k pŷ . 12. f q sr̂ . 13.
hl̂ . 14.
iEt mAh̃ŸrAEZ ścA�yZAEds\âATA‚En .

This sutra gives the Sanskrit alphabet and its arrangement according to
Panini. Interestingly, it differs a lot from our modern arrangement. Actually,
in Indian aesthetics, there were two distinct arrangements called ‘Maalini’ and
‘Maatrika’. ‘Maatrika’ is similiar to our modern phonetic arrangement . Pán. ini’s
arrangement is supposed to be closer to the ‘Maalini’ system. The basis of the
‘Maalini’ system is believed to be lost.

sútra 15

ak̀hEvsj‚nFyAnA\ k�W, . ic̀yfAnA\ tAl̀ . ffV̀rqAZA\ ḿDA‚ .
‰t̀lsAnA\ d˚tA, . uṕp@mAnFyAnAmoďO . mRZnAnA\ nAEskA c
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. ed{to, k�WtAl̀ . aOdOto, k�Woďm̂ . vkAr-y d˚toďm̂ .
Ej§AḿlFy-y Ej§Aḿlm̂ . nAEskAǹ-vAr-y .

This sutra tells about the articulation of Vowels. Consonant articu-
lation is described by the next sutra (sutra 16).
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Appendix B

Source Code for helper
programs

The file defns.h header file contains the definitions used for classifying the
phones, construction of the etic systems and computation of etic distances. The
Program main.c is used for calculating the distances and outputting them as
LATEX code previously used in this text. The program charset.c gives the
Figure 3.1 and from them the Figure 3.3 and Figure 3.2.

/***************************************************************************
defns.h - description

-------------------
begin : Wed Nov 20 2002
copyright : (C) 2002 by Amitabh Trehan
email : amitabhtrehan@softhome.net

***************************************************************************/

/***************************************************************************
* *
* This program is free software; you can redistribute it and/or modify *
* it under the terms of the GNU General Public License as published by *
* the Free Software Foundation; either version 2 of the License, or *
* (at your option) any later version. *
* *
***************************************************************************/

#define NUMPARTS 6
#define NUMVOWELS 20 // Number of Vowels
#define NUMCONS 47 // Number of Consonants
#define MAXP 50 // Max phones assumed

typedef enum {false, true} bool;

// 0 for any feature means no feature is selected from that partition. This is default initialisation
// Vowel Feature sets
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typedef enum { low =1 , mid, high} VF1;
typedef enum { front =1, central, back } VF2;
typedef enum { unrounded =1, rounded } VF3;
typedef enum {shortv =1, longv, diphthong} VF4;
typedef enum {vibrant=1, lateral} VF5;

//Consonant Feature sets

typedef enum {stop =1, fricative, affricate, nasal, sibilant,liquid=10, glide=10} CF1;
typedef enum {glottal = 1, velar, palatal, retroflex, alveolar ,dental, labial } CF2;
typedef enum {unvoiced =1, voiced} CF3;
typedef enum {unaspirated =1, aspirated} CF4;
//typedef enum {derived=1} CF5;

typedef struct
{

char name[4]; //devnag name for DEVANAGARI
char description[41]; //Short description
// TODO: find meaningful names for feature sets below
//
VF1 f1;
VF2 f2;
VF3 f3;
VF4 f4;
VF4 f5;

}voweltype;

typedef struct
{

char name[4]; //devnag name for devanagari
char description[41]; //Short description

// TODO: find meaningful names for feature sets below
//
CF1 f1;
CF2 f2;
CF3 f3;
CF4 f4;

// CF5 f5;

} constype;

typedef struct
{

char name1[4];
char name2[20];

} maptable;

typedef struct
{
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char name1[4];
unsigned short code;

} codetable;

//int totalphones = 0; // Total character set

short unsigned int voweleticd[NUMVOWELS][NUMVOWELS]; //Etic Distances
short unsigned int vowelhammingd[NUMVOWELS][NUMVOWELS]; // Hamming Distances

short unsigned int conseticd[NUMCONS][NUMCONS]; //Etic Distances
short unsigned int conshammingd[NUMCONS][NUMCONS]; // Hamming Distances

bool hamflag=false; // Is hamming distance calculation on?

voweltype vowel[NUMVOWELS] = // All the Vowels
{
{"a","DEVANAGARI LETTER A", low, central, unrounded, shortv,0},
{"A","DEVANAGARI LETTER AA", low, central, unrounded, longv,0},
{")a","Bengali/Oriya LETTER Rounded A", mid,central,rounded, shortv,0},
{"i","DEVANAGARI LETTER I", high, front, unrounded, shortv,0},
{"I","DEVANAGARI LETTER II", high, front, unrounded, longv,0},
{"u","DEVANAGARI LETTER U", high, back,rounded, shortv,0},
{"U","DEVANAGARI LETTER UU", high, back,rounded, longv,0},
{".r","DEVANAGARI LETTER VOCALIC R", high, front,unrounded,shortv,vibrant},
{".R","DEVANAGARI LETTER VOCALIC RR", high, front,unrounded,longv,vibrant},
{".ru","Oriya LETTER VOCALIC R", high, back,rounded,shortv,vibrant},
{".l","DEVANAGARI LETTER VOCALIC L", high, front,unrounded,shortv,lateral},
{".L","DEVANAGARI LETTER VOCALIC LL", high, front,unrounded,longv,lateral},
{")e","DRAVIDIAN LETTER CANDRA E", mid,front,rounded,shortv,0},
{"<e","DRAVIDIAN LETTER SHORT E", mid,front,unrounded,shortv,0},
{"e","DEVANAGARI LETTER E", mid,front,unrounded,longv,0},
{"ai","DEVANAGARI LETTER AI", 0,front,unrounded,diphthong,0},
{")o","DEVANAGARI LETTER CANDRA O", low, central, rounded, shortv,0},
{"<o","DRAVIDIAN LETTER SHORT O", mid,back,rounded,shortv,0},
{"o","DEVANAGARI LETTER O", mid,back,rounded,longv,0},
{"au","DEVANAGARI LETTER AU", 0,back,rounded,diphthong,0},
};

constype consonant[NUMCONS]= // All the Consonants
{

{"ha","DEVANAGARI LETTER HA",fricative, glottal,unvoiced,aspirated},
{".h","DEV LETTER H (Visarga)",fricative, glottal,voiced,aspirated},
{"ka","DEVANAGARI LETTER KA",stop, velar,0,0},
{"kha","DEVANAGARI LETTER KHA",stop, velar,0,aspirated},
{"ga","DEVANAGARI LETTER GA",stop, velar,voiced,0},
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{"gha","DEVANAGARI LETTER GHA",stop, velar,voiced,aspirated},
{"nga","DEVANAGARI LETTER NGA",nasal, velar,voiced,0},
{"ca","DEVANAGARI LETTER CA",affricate, palatal,0,0},
{"cha","DEVANAGARI LETTER CHA",affricate, palatal,0,aspirated},
{"ja","DEVANAGARI LETTER JA",affricate, palatal,voiced,0},
{"jha","DEVANAGARI LETTER JHA",affricate, palatal,voiced,aspirated},
{"nya","DEVANAGARI LETTER NYA",nasal, palatal,voiced,0},
{".ta","DEVANAGARI LETTER TTA",stop, retroflex,0,0},
{".tha","DEVANAGARI LETTER TTHA",stop, retroflex,0,aspirated},
{".da","DEVANAGARI LETTER DDA",stop, retroflex,voiced,0},
{".dha","DEVANAGARI LETTER DDHA",stop, retroflex,voiced,aspirated},
{"nna","DEVANAGARI LETTER NNA",nasal, retroflex,voiced,0},
{"nnna","DEVANAGARI (Tamil) LETTER NNNA",nasal, alveolar,voiced,0},
{"ta","DEVANAGARI LETTER TA",stop, dental,0,0},
{"tha","DEVANAGARI LETTER THA",stop, dental,0,aspirated},
{"da","DEVANAGARI LETTER DA",stop, dental,voiced,0},
{"dha","DEVANAGARI LETTER DHA",stop, dental,voiced,aspirated},
{"na","DEVANAGARI LETTER NA",nasal, dental,voiced,0},
{"pa","DEVANAGARI LETTER PA",stop, labial,0,0},
{"pha","DEVANAGARI LETTER PHA",stop, labial,0,aspirated},
{"ba","DEVANAGARI LETTER BA",stop, labial,voiced,0},
{"bha","DEVANAGARI LETTER BHA",stop, labial,voiced,aspirated},
{"ma","DEVANAGARI LETTER MA",nasal, labial,voiced,0},
{"ya","DEVANAGARI LETTER YA",glide, palatal,0,0},
{"ra","DEVANAGARI LETTER RA",liquid, retroflex,0,0},
{"la","DEVANAGARI LETTER LA",liquid, dental,0,0},
{"llla","DEVANAGARI(Tamil) LLLA",glide, dental,0,0},
{"La","DEVANAGARI(Marathi) LETTER LLA",fricative, dental,0,0},
{"va","DEVANAGARI LETTER VA",glide, labial,0,0},
{"sha","DEVANAGARI LETTER SHA",sibilant, palatal,unvoiced,0},
{"Sha","DEVANAGARI LETTER SSA",sibilant, retroflex,unvoiced,0},
{"sa","DEVANAGARI LETTER SA",sibilant, dental,unvoiced,0},
{"qa","DEVANAGARI LETTER QA",fricative, velar,unvoiced,unaspirated},
{"Kha","DEVANAGARI LETTER KHHA",fricative, velar,unvoiced,aspirated },
{"Ga","DEVANAGARI LETTER GHHA",fricative, velar,voiced,unaspirated },
{"za","DEVANAGARI LETTER ZA",fricative, palatal,voiced,unaspirated },
{"Jha","DRAVIDIAN LETTER JHA",fricative, palatal,voiced,aspirated },
{"tc","DRAVIDIAN(Telegu) LETTER TC",fricative, palatal,unvoiced,unaspirated },
{"Ra","DEVANAGARI LETTER DDDHA",fricative, retroflex,voiced,unaspirated },
{"RRa","DEVANAGARI(Tamil) LETTER RRA",fricative, alveolar,voiced,unaspirated },
{"Rha","DEVANAGARI LETTER RHA",fricative, dental,voiced,aspirated },
{"fa","DEVANAGARI LETTER FA",fricative, labial,unvoiced,aspirated },

};

// Vowel Print Table
maptable vTeXtab[NUMVOWELS]=
{

{"a","{\\dn a}"},
{"A","{\\dn A}"},
{")a","\\textipa{O}"},
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{"i","{\\dn i}"},
{"I","{\\dn I}"},
{"u","{ \\dn u}"},
{"U","{\\dn U}"},
{".r","{\\dn .r}"},
{".R","{\\dn .R}"},
{".ru","ru"},
{".l","{\\dn .l}"},
{".L","{\\dn .L}"},
{")e","\\u{{\\dn e}}"},
{"<e","{\\textipa{e;} }"},
{"e","{\\dn e}"},
{"ai","{\\dn ai}"},
{")o","{\\dn ~o}"},
{"<o","{\\textipa{o;}}"},
{"o","{\\dn o}"},
{"au","{\\dn au}"}

};
maptable cTeXtab[NUMCONS]=
{

{"ha","{\\dn ha}"},
{".h","{\\dn .h}"},
{"ka","{\\dn ka}"},
{"kha","{\\dn kha}"},
{"ga","{\\dn ga}"},
{"gha","{\\dn gha}"},
{"nga","{\\dn \"na}"},
{"ca","{\\dn ca}"},
{"cha","{\\dn cha}"},
{"ja","{\\dn ja}"},
{"jha","{\\dn jha}"},
{"nya","{\\dn ~na}"},
{".ta","{\\dn .ta}"},
{".tha","{\\dn .tha}"},
{".da","{\\dn .da}"},
{".dha","{\\dn .dha}"},
{"nna","{\\dn .na}"},
{"nnna","{\\~{ {\\dn .na}}}"},
{"ta","{\\dn ta}"},
{"tha","{\\dn tha}"},
{"da","{\\dn da}"},
{"dha","{\\dn dha}"},
{"na","{\\dn na}"},
{"pa","{\\dn pa}"},
{"pha","{\\dn pha}"},
{"ba","{\\dn ba}"},
{"bha","{\\dn bha}"},
{"ma","{\\dn ma}"},
{"ya","{\\dn ya}"},
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{"ra","{\\dn ra}"},
{"la","{\\dn la}"},
{"llla","{\\d{{\\dn La}}}"},
{"La","{\\dn La}"},
{"va","{\\dn va}"},
{"sha","{\\dn \"sa}",},
{"Sha","{\\dn .sa}"},
{"sa","{\\dn sa}"},
{"qa","{\\dn qa}"},
{"Kha","{\\dn .kha}"},
{"Ga","{\\dn .ga}"},
{"za","{\\dn za}"},
{"Jha","{\\d{{\\dn jha}}}"},
{"tc","{tc}"},
{"Ra","{\\dn Ra}"},
{"RRa","{\\d{{\\dn ra}}}"},
{"Rha","{\\dn Rha}"},
{"fa","{\\dn fa}"}

};

codetable vcodetab[NUMVOWELS]=
{

{"a",0x04},
{"A",0x05},
{")a",0x06},
{"i",0x08},
{"I",0x09},
{"u",0x0e},
{"U",0x0f},
{".r",0x14},
{".R",0x15},
{".ru",0x12},
{".l",0x16},
{".L",0x17},
{")e",0x1a},
{"<e",0x18},
{"e",0x19},
{"ai",0x1b},
{")o",0x07},
{"<o",0x1c},
{"o",0x1d},
{"au",0x1f}

};
codetable ccodetab[NUMCONS]=
{

{"ha",0x45},
{".h",0x47},
{"ka",0x48},
{"kha",0x49},
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{"ga",0x4a},
{"gha",0x4b},
{"nga",0x4f},
{"ca",0x50},
{"cha",0x51},
{"ja",0x52},
{"jha",0x53},
{"nya",0x57},
{".ta",0x60},
{".tha",0x61},
{".da",0x62},
{".dha",0x63},
{"nna",0x67},
{"nnna",0x6f},
{"ta",0x70},
{"tha",0x71},
{"da",0x72},
{"dha",0x73},
{"na",0x77},
{"pa",0x78},
{"pha",0x79},
{"ba",0x7a},
{"bha",0x7b},
{"ma",0x7f},
{"ya",0x56},
{"ra",0x66},
{"la",0x76},
{"llla",0x5e},
{"La",0x6e},
{"va",0x7e},
{"sha",0x55},
{"Sha",0x65},
{"sa",0x75},
{"qa",0x4c},
{"Kha",0x4d},
{"Ga",0x4e},
{"za",0x5a},
{"Jha",0x5b},
{"tc",0x58},
{"Ra",0x6a},
{"RRa",0x6c},
{"Rha",0x6b},
{"fa",0x7d}

};
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/***************************************************************************
main.c - description

-------------------
begin : Thu Nov 14 00:03:01 IST 2002
copyright : (C) 2002 by Amitabh Trehan
email : amitabhtrehan@softhome.net

***************************************************************************/

/***************************************************************************
* *
* This program is free software; you can redistribute it and/or modify *
* it under the terms of the GNU General Public License as published by *
* the Free Software Foundation; either version 2 of the License, or *
* (at your option) any later version. *
* *
***************************************************************************/

#ifdef HAVE_CONFIG_H
#include <config.h>
#endif

#include <stdio.h>
#include <stdlib.h>
#include "defns.h"

#define NCOLS 10 // Vertical divison of consonant tables

FILE *outfptr;

int main(int argc, char *argv[])
{

int ctr, x,y,z ;

//Initialisation

for(x=0; x<NUMVOWELS; x++)
{

for(y=0; y< NUMVOWELS; y++)
{

voweleticd[x][y] = 0;
vowelhammingd[x][y] = 0;

}
}

for(x=0; x<NUMCONS; x++)
{

for(y=0; y< NUMCONS; y++)
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{
conseticd[x][y] = 0;
conshammingd[x][y] = 0;

}
}

// Processing for Vowels

//Calculate the etic distances

for(x=0; x< NUMVOWELS ; x++)
{

for(y=x+1; y< NUMVOWELS; y++)
{

ctr = 0;
if(vowel[x].f1 != vowel[y].f1) ctr++;
if(vowel[x].f2 != vowel[y].f2) ctr++;
if(vowel[x].f3 != vowel[y].f3) ctr++;
if(vowel[x].f4 != vowel[y].f4) ctr++;
if(vowel[x].f5 != vowel[y].f5) ctr++;

// Transfer the value
voweleticd[x][y] = voweleticd[y][x] = ctr;
// Compute hamming disctance

vowelhammingd[x][y] = vowelhammingd[y][x] = hamd(vcodetab[x].code,vcodetab[y].code) ;
}

}

//Processing for consonants

for(x=0; x< NUMCONS ; x++)
{

for(y=x+1; y< NUMCONS; y++)
{

ctr = 0;
if(consonant[x].f1 != consonant[y].f1) ctr++;
if(consonant[x].f2 != consonant[y].f2) ctr++;
if(consonant[x].f3 != consonant[y].f3) ctr++;
if(consonant[x].f4 != consonant[y].f4) ctr++;

// if(consonant[x].f5 != consonant[y].f5) ctr++;

// Transfer the value
conseticd[x][y] = conseticd[y][x] = ctr;

// Compute hamming disctance
conshammingd[x][y] = conshammingd[y][x] = hamd(ccodetab[x].code,ccodetab[y].code) ;

}
}
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printvdists();
printcdists();

//Write into TeX file

//Open Table Output file which is a TeX file

/* if((outfptr = fopen("etictable.dn","w")) == NULL)
{

printf("Cannot open output file for writing \n");
exit(-1);

}
*/

writeTeX();
writehamTeX();

// Close files

}

int writeTeX()
{

int ctr,x,y, ncols, ycount;
//Open Table Output file which is a TeX file

if((outfptr = fopen("etictable.dn","w")) == NULL)
{

printf("Cannot open output file for writing \n");
exit(-1);

}

fprintf(outfptr, "\\documentclass{article} \n");
fprintf(outfptr, "\\usepackage{dev} \n");
fprintf(outfptr, "\\usepackage{tipa} \n");
fprintf(outfptr, "\\usepackage{longtable} \n");

// fprintf(outfptr, "@tabs \n");
fprintf(outfptr, "\\begin{document}\n { \n");

//Write Vowel Table

fprintf(outfptr, "\\begin{longtable}{|");
for(ctr=0;ctr<=NUMVOWELS;ctr++)
{
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fprintf(outfptr, "l|");
}
fprintf(outfptr, "}\n");
fprintf(outfptr, "\\caption{Etic Distances of Vowels \\label{voweleticd}}\\\\ \\hline\\hline \n");

// An empty slot
fprintf(outfptr," & ");
for(x=0;x< NUMVOWELS-1;x++)
{
fprintf(outfptr,"%s& ",vTeXtab[x].name2);
}
// Last element
fprintf(outfptr,"%s \\\\ \\hline \\hline ",vTeXtab[x].name2);
fprintf(outfptr,"\n");
fprintf(outfptr," \\endhead \\");
fprintf(outfptr,"\n");

for(x=0;x< NUMVOWELS;x++)
{
fprintf(outfptr,"%s& ",vTeXtab[x].name2);
for(y=0;y< NUMVOWELS-1;y++)
{

fprintf(outfptr,"%d & ",voweleticd[x][y]);
}
// Last element

fprintf(outfptr,"%d ",voweleticd[x][y]);
fprintf(outfptr,"\\\\ \\hline");
fprintf(outfptr,"\n");

}
fprintf(outfptr,"\\hline");

fprintf(outfptr, "\\end{longtable}");
fprintf(outfptr,"\n");

//Write Consonant Tables

// Table1 (Consonants 1-15)

//Calculate columns
ncols=NCOLS; // At least 15 consonants
ctr=0; // Set counter for first run

while(1)
{

// fprintf(outfptr, "\n \\pagebreak \n");
fprintf(outfptr, "\\begin{longtable}{|");
x=ycount=ctr;
for(;ctr<=ncols;ctr++)
{
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fprintf(outfptr, "l|");
}
ctr--; // Set counter correctly
fprintf(outfptr, "}\n");
fprintf(outfptr, "\\caption{Etic Distances of Consonants-%d \\label{C%deticd}}\\\\ \\hline\\hline \n",(ncols+8)/NCOLS,(ncols+8)/NCOLS);

// An empty slot
fprintf(outfptr,"{ } & ");
for(;x< ncols-1;x++)
{
fprintf(outfptr,"%s& ",cTeXtab[x].name2);
}
// Last element
fprintf(outfptr,"%s \\\\ \\hline \\hline ",cTeXtab[x].name2);
fprintf(outfptr,"\n");
fprintf(outfptr," \\endhead \\");
fprintf(outfptr,"\n");

for(x=0;x< NUMCONS;x++)
{
fprintf(outfptr,"%s& ",cTeXtab[x].name2);
for(y=ycount;y< ncols-1;y++)
{

fprintf(outfptr,"%d & ",conseticd[x][y]);
}
// Last element

fprintf(outfptr,"%d ",conseticd[x][y]);
fprintf(outfptr,"\\\\ \\hline");
fprintf(outfptr,"\n");

}
fprintf(outfptr,"\\hline");
fprintf(outfptr,"\n");

fprintf(outfptr, "\\end{longtable}");
fprintf(outfptr,"\n");

if(ncols == NUMCONS) break;
ncols = (ncols+NCOLS) > NUMCONS ? NUMCONS : ncols+10 ;
}

// Close devnag TeX Document

fprintf(outfptr, "\\end{document}");

fclose(outfptr);

}

int writehamTeX()
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{
int ctr,x,y, ncols, ycount;
FILE *hfptr;

//Open Table Output file which is a TeX file

if((hfptr = fopen("hamtable.dn","w")) == NULL)
{

printf("Cannot open output file for writing \n");
exit(-1);

}

//Write Vowel Tables

fprintf(hfptr, "\\begin{longtable}{|l|");
for(ctr=0;ctr<=10;ctr++)
{
fprintf(hfptr, "l|l|");
}
fprintf(hfptr, "}\n");
fprintf(hfptr, "\\caption{Etic and Hamming Distances of Vowels-I \\label{voweleticd}}\\\\ \\hline\\hline \n");

// An empty slot
fprintf(hfptr," & ");

for(x=0;x<=10;x++)
{
fprintf(hfptr,"\\multicolumn{2}{c|}{%s}& ",vTeXtab[x].name2);
}
// Last element

// fprintf(hfptr,"\\multicolumn{2}{c|}{%s} \\\\ \\hline \\hline ",vTeXtab[x].name2);
fprintf(hfptr," \\\\ \\hline \\hline ");
fprintf(hfptr,"\n");
fprintf(hfptr," \\endhead \n");

for(x=0;x< NUMVOWELS;x++)
{
fprintf(hfptr,"%s& ",vTeXtab[x].name2);
for(y=0;y<10;y++)
{

fprintf(hfptr,"%d & ",voweleticd[x][y]);
fprintf(hfptr,"%d & ",vowelhammingd[x][y]);

}
// Last element

fprintf(hfptr,"%d & ",voweleticd[x][y]);
fprintf(hfptr,"%d",vowelhammingd[x][y]);

fprintf(hfptr,"\\\\ \\hline");
fprintf(hfptr,"\n");
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}
fprintf(hfptr,"\\hline");

fprintf(hfptr, "\\end{longtable}");
fprintf(hfptr,"\n");

fprintf(hfptr, "\\begin{longtable}{|l|");
for(;ctr<=NUMVOWELS;ctr++)
{
fprintf(hfptr, "l|l|");
}
fprintf(hfptr, "}\n");
fprintf(hfptr, "\\caption{Etic and Hamming Distances of Vowels-II \\label{voweleticd}}\\\\ \\hline\\hline \n");

// An empty slot
fprintf(hfptr," & ");
for(x=10;x< NUMVOWELS-1;x++)
{
fprintf(hfptr,"\\multicolumn{2}{c|}{%s}& ",vTeXtab[x].name2);
}
// Last element
fprintf(hfptr,"\\multicolumn{2}{c|}{%s} \\\\ \\hline \\hline ",vTeXtab[x].name2);
//fprintf(hfptr," \\\\ \\hline \\hline ");
fprintf(hfptr,"\n");
fprintf(hfptr," \\endhead \n");

for(x=0;x< NUMVOWELS;x++)
{
fprintf(hfptr,"%s& ",vTeXtab[x].name2);
for(y=10;y< NUMVOWELS-1;y++)
{

fprintf(hfptr,"%d & ",voweleticd[x][y]);
fprintf(hfptr,"%d & ",vowelhammingd[x][y]);

}
// Last element

fprintf(hfptr,"%d & ",voweleticd[x][y]);
fprintf(hfptr,"%d",vowelhammingd[x][y]);

fprintf(hfptr,"\\\\ \\hline");
fprintf(hfptr,"\n");

}
fprintf(hfptr,"\\hline");

fprintf(hfptr, "\\end{longtable}");
fprintf(hfptr,"\n");

//Write Consonant Tables

// Table1 (Consonants 1-10)

//Calculate columns
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ncols=NCOLS; // At least 10 consonants
ctr=0; // Set counter for first run

while(1)
{

// fprintf(hfptr, "\n \\pagebreak \n");
fprintf(hfptr, "\\begin{longtable}{|");
x=ycount=ctr;
for(;ctr<=ncols;ctr++)
{
fprintf(hfptr, "l|l|");
}
ctr--; // Set counter correctly
fprintf(hfptr, "}\n");
fprintf(hfptr, "\\caption{Etic and Hamming Distances of Consonants-%d \\label{C%deticd}}\\\\ \\hline\\hline \n",(ncols+8)/NCOLS,(ncols+8)/NCOLS);

// An empty slot
fprintf(hfptr,"{ } & ");
for(;x< ncols-1;x++)
{
fprintf(hfptr,"\\multicolumn{2}{c|}{%s}& ",cTeXtab[x].name2);
}
// Last element
fprintf(hfptr,"\\multicolumn{2}{c|}{%s} \\\\ \\hline \\hline ",cTeXtab[x].name2);
fprintf(hfptr,"\n");
fprintf(hfptr," \\endhead \n");

for(x=0;x< NUMCONS;x++)
{
fprintf(hfptr,"%s& ",cTeXtab[x].name2);
for(y=ycount;y< ncols-1;y++)
{

fprintf(hfptr,"%d & ",conseticd[x][y]);
fprintf(hfptr,"\\textit{%d} & ",conshammingd[x][y]);

}
// Last element

fprintf(hfptr,"%d & ",conseticd[x][y]);
fprintf(hfptr,"\\textit{%d} ",conshammingd[x][y]);

fprintf(hfptr,"\\\\ \\hline");
fprintf(hfptr,"\n");

}
fprintf(hfptr,"\\hline");
fprintf(hfptr,"\n");

fprintf(hfptr, "\\end{longtable}");
fprintf(hfptr,"\n");

if(ncols == NUMCONS) break;
ncols = (ncols+NCOLS) > NUMCONS ? NUMCONS : ncols+10 ;
}
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// Close file
//
fclose(hfptr);

}

int printvdists()
{

int x,y;
printf("\n Vowel Distances\n");
printf(" ");

for(x=0;x< NUMVOWELS;x++)
{

printf("%3s ",vowel[x].name);

}
printf("\n");

for(x=0;x< NUMVOWELS;x++)
{

printf("%3s ",vowel[x].name);
for(y=0;y< NUMVOWELS;y++)
{

printf("%d ",voweleticd[x][y]);
printf("%d ",vowelhammingd[x][y]);

}
printf("\n");

}

}

int printcdists()
{

int x,y;
printf("\n Consonant Distances\n");
printf(" ");

for(x=0;x< NUMCONS;x++)
{

printf("%3s ",consonant[x].name);
}

printf("\n");

for(x=0;x< NUMCONS;x++)
{

printf("%3s ",consonant[x].name);

46



for(y=0;y< NUMCONS;y++)
{

printf("%d ",conseticd[x][y]);
}
printf("\n");

}

}

unsigned short int hamd(short unsigned int a, short unsigned int b)
{

// Hamming distance for first 8 bits

short unsigned int r, ctr, d;
r = a ^ b; //compute exclusive-OR
d=0;
for(ctr=0;ctr<8;ctr++)
{

if(r%2 != 0) d++;
r >>= 1; // Shift right by 1 bit (div. by 2)

}
return d;

}
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/***************************************************************************
charset.c - description

-------------------
begin : Sat Dec 14 20:30:01 IST 2002
copyright : (C) 2002 by Amitabh Trehan
email : amitabhtrehan@softhome.net

***************************************************************************/

/***************************************************************************
* *
* This program is free software; you can redistribute it and/or modify *
* it under the terms of the GNU General Public License as published by *
* the Free Software Foundation; either version 2 of the License, or *
* (at your option) any later version. *
* *
***************************************************************************/

#include <stdio.h>
#include <stdlib.h>
#include "defns.h"

#define NCOLS 10 // Number of Chars in a row

FILE *outfptr;

int main(int argc, char *argv[])
{

int ctr, x,y,z ;

if( (outfptr = fopen( "charset.dn","w")) == NULL)
{
printf("cannot open for writing \n");
exit(0);
}

fprintf(outfptr,"\\[ \n S = \\left\\{\n \\begin{array}{l}\\\\ \n");
for(ctr=0;ctr<NUMVOWELS;ctr++)
{

if((ctr+1)%NCOLS == 0)
{
fprintf(outfptr,"%s} \\\\ \n",vTeXtab[ctr].name2);
}
else
{if((ctr+1)%NCOLS == 1)

fprintf(outfptr,"\\mbox{");
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fprintf(outfptr,"%s, ",vTeXtab[ctr].name2);
}

}
if((ctr)%NCOLS != 0)
{
fprintf(outfptr,"\b\b } \\\\ \n");
}

for(ctr=0;ctr<NUMCONS;ctr++)
{
if((ctr+1)%NCOLS == 0)
{
fprintf(outfptr,"%s } \\\\ \n",cTeXtab[ctr].name2);
}
else
{ if((ctr+1)%NCOLS == 1)

fprintf(outfptr,"\\mbox{");
fprintf(outfptr,"%s, ", cTeXtab[ctr].name2);
}

}
if((ctr)%NCOLS != 0)
{
fprintf(outfptr," } \\\\ \n");

// fprintf(outfptr,"\b\b } \\\\ \n");
}

fprintf(outfptr,"\\end{array}\n");
fprintf(outfptr,"\\right\\}\n\\]\n");

fclose(outfptr);
}
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Appendix C

The International Phonetic
Alphabet

I.P.A. stands for International Phonetic Association. It tries to standardise the
representation and classification of sounds from all the World’s languages.

Figure C.1: IPA chart courtesy: [[5]].
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Appendix D

System and development
platorm Details

Hardware AMD-Duron 833 MHZ, 128 MB RAM.

O.S. RedHat Linux 7.3

Integrated development Environment Kdevelop 2.1 (support for cvs, html
documentation etc.)

Editor Gvim ver 6.1

Report Typesetting LATEX (TEXLive7 installation) with packages devnag (for
devanagari support), tipa for special diacritics.
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