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1. Introduction

The importance of man-machine interface has increased over the years and the areais promising a
great potential for widespread use in the coming years. Speech is one of the crucial elements of
man-machine interfaces. The three major areas based on evolving speech technology are Speaker
recognition systems, Speech recognition systems and Speech Synthesis Systems (V oice Response
systems or (Text To Speech (TTS) Systems). (Ssayli, E; 2002)

The most important parameter in the quality of the speech systems is intelligibility. The quality
and naturalness of the utterance produced by the TTS system has a direct effect on the usefulness
of the TTS system. Experiments based on acoustic analysis have shown that the naturalness and
intelligibility of the utterance produced by TTS systems greatly depends upon the prosodic
features duration and intonation. Having correct parameters for duration and intonation, the
naturalness of the speech produced can be greatly improved. Precise information about the

parameters greatly improves the efficiency of the speaker and speech recognition systems.

Recent work done on Urdu speech synthesis has relied on using either foreign language duration
models or using default durations. Using default durations results in a monotone speech with each
speech unit having the same duration in al contexts, whereas using some other languages’
duration model doesn’t sound natural either as each language has its own chemistry when it comes
to assigning durations to its sub segments. This thesis is a step towards modeling the actual
durational phenomenon of Urdu language and hence accurate duration prediction for the speech

systems.

In natural speech, the durations of phonetic segments are strongly dependent on the contextual
and positional factors. For synthetic speech to sound natural, the module for computing segmental
durations (the duration module) must mimic these contextual factors as closely as possible. This
dissertation is focused upon finding the percentage effect of these factors for Urdu, to explore the
durational trends and to make a duration model for Urdu that precisely predicts the duration of a

phone in the particular context.



The two facets of segmental duration that obstruct the construction of a duration system are the
interaction between the factors and the scarcity of training data. In order to study the behavior of a
language in context of duration, the experiment should be set up carefully in order to capture as
much of the data sets as possible, but still the rare occurrences remain uncaptured. In this
dissertation an extensive study of the trends of duration exhibited by Urdu consonants and vowels
under controlled single word environment are studied and presented. A duration prediction model
based on the sum of products model (SOP) is then made based on this durational study. This
thesis starts with a brief introduction to the issues related to duration modeling and how different
duration models cope with them. An overview of the techniques used for modeling segmental

durationsis also included.

2. Duration M odeling

Very little is known about the underlying process responsible for speech timing, and speech
timing can only be predicted up to a point from text. (S¢ayli, E; 2002). Owing to this, duration
prediction for TTS systems remains a challenging area in speech science. For example the FO
peak value depends on several factors like stress, phrasal location, vowel identity etc (Santen, J;
Sproat, R; 1998 ). Identifying these factors and predicting their correct values requires the

following key issues to be considered:

1. Which factors are relevant for the given variable?

2. How do the factors in combination affect the variable?

Thinking of TTS duration component as a black box, inputs to the black box can be described as
discrete vectors, for example the input vector to the TTS duration component can be a vector of

the form
f = </ol, stressed, accented, ..., word final > D
This vector represents the properties of phoneme /o/ with properties stressed, accented and in

word final position. Each component of such a vector is alevel on afactor, where each factor can

be identified as a set . For example the stress and word position factors can be identified as



Stress = { 1 stress, 2 stress, unstressed} 2
Word position = {word-initial, word-middle, word-final} 3

Denoting factorsas F, ...Fy, the set of all vectors S forms afactoria space

S=FxF; x...xFy (4

The task of the duration or timing component isto assign segmental durations to inputs of the type
in equation 1. In other words the duration component maps vectors onto real numbers, R

DUR: S —» R (5)

3. Properties of Segmental duration data

Segmental duration is among the aspects of speech, which atext to speech system must infer from
text. Two challenges are faced when trying to predict ssgmental duration from text. The first
challenge is that the feature space has an extremely uneven frequency distribution. The feature
spaceisthe product of al factorsF1 x . . . x Fn, where afactor F1 is defined as a partition of
mutually exclusive and exhaustive possibilities such as{1_stressed, 2_stressed, unstressed} . The
linguistic space is the subset of vectors that actually occur in the language, and is significantly
smaller than the feature space. Thus as aresult the training samples often include a very small and
uneven subset of the feature space. However it has been shown (Santen .J; 1994) that text samples

as small as few sentences are guaranteed to contain exceptionally rare feature vectors.

The second challenge is that the factors interact. By interaction we mean that magnitude of an
effect is not constant but is affected by other factors. These properties of the segmental duration
data are discussed below:

3.1. Coverage I ssues



Construction of atraining database having an adequate coverage of the linguistic spaceisavery
difficult task. Thisis due to the large number of factors that have major effects on segmental
duration, for example for vowels at least eight factors are known to have a significant impact.
Each of these factors will have several levels, thisleaves us awith alarge feature space for
studying the effect of vowel durations. In order to construct a training database, the to-be-read text
must be generated to cover these feature vectors, but the lopsided of these vectors in text makes it
very difficult to have complete coverage. In (Santen .J; 1992) it has been shown that “even a small
sample of one dozen sentences consisting of afew hundred phonetic segments is amost certain to
contain at least one feature vector that occurs less than once in a million segments. Hence, the
duration system cannot ignore exceptionally rare feature vectors. ” To obtain adequate coverage a
greedy algorithm proposed by J.P.H Van Santen can be used, however it also does not guarantee a
balanced data set.

Once having text with adequate coverage, the speech recordings should be done at a controlled
speech rate. Speakers have a general tendency to talk faster in longer sentences. Multiple
recordings need to be done to cater with this variability of the speaking rate, however deviations
from the average speaking rate still remain. The only way to counter these problemsisto have
multiple data points for each feature vector but this resultsin a significant increase in the amount

of recording.

In practice the data used for duration modeling does not has al the feature vectors but the
distribution is such that they provide durations that are accurate for some vectors, marginally
accurate for alarger number of vectors, and are lacking duration information for a still larger
number of vectors, these are the rare vectors of language that are not easy to capture asiit

drastically increases the duration data.

3.2. Interactions

Interactions among factors pose problems for models to capture the effect of any factor. This

applies to the simplest sum-of-products models, i.e. the additive and multiplicative models.



Factors are said to interact when other factors modulate the effect of one factor. Two types of
factors exist, ordered factors and categorical factors.

Ordered factors are the factors whose effects are aways in the same direction. Interactions
involving ordered factors are normally well behaved in that their effects are amplified by other
factors but not reversed or otherwise. Many factors are ordered for example, in spoken English it
is difficult to imagine that two conditions differing only in syllabic stress and having longer vowel
duration in the unstressed condition than in the stressed condition.

The advantage that these ordered factors give is that they form the basis for interpolation. Assume

for example, that for vowel duration factor the following factors are ordered

e Within-word position (word-final >, other)

e Prevocalic consonant (voiced stops >4 other)

Then vowel duration in “bead” should be longer in duration than “feed”. More generally a set of
factor-wise orders together define a partial order over the feature space. Having so if some feature
vectors are missing in the training data, chances are that at least some of each subset is present,
which can then be used to predict the duration of the missing vectors.

Not al factors that apply to vowel duration are relevant for consonants. Consider the stress factor
for vowels and for intervocalic consonants, obviously the “stress levels of the immediately
surrounding vowels” has a great impact for intervocalic consonants but has no significance for
vowels. So the sum of products model made for vowels is not applicable in this case. In general
there are categorical distinctions in the feature space that cannot be bridged by sum of products
models because either different factors apply, factors require different restrictions, factors have
different effects with respect to categorical distinction. Thus the sums of products models here
have to be different for both the categories. Such factors that belong to different categories are
called categorical factors. A category treeis shown in Figure 1.



OHEETS PHRASE-MEDIAL PHEASE-FINAL
[OONSONANT CLASSES]  [CONSOMANT CLASSES) [COMSOMANT CLASSES)

Figure 1: Categorical distributions made in duration system

4. Duration modeling techniques

4.1. Lookup table

Lookup table is the simplest statistical model used for duration prediction. It consists of assigning
a value to each possible combination of parameters of the descriptor vector (Febrer, A. et. a.).
These values are found using the training data and finding the base average duration for each

feature vector.

This approach however cannot be generalized and requires that the training database should cover
the feature space completely in order to find the average durations for each feature vector. (Sgayli,
E; 2002)



4.2. Additive and multiplicative models

Duration prediction with additive model is done according to the formula (Ssayli, E; 2002):

DUR (f) = Dy (f1) + D> (f2) + ... + Dy (fn) (6)

This mapping is usually done in multiple stages. Thus for each i, first the vector Fi is mapped onto
Ri, and the combinations of these outputs is mapped onto the final output by adding these
numbers. This is the fundamenta concept of the additive model. This process can be represented
as.

Db : F—» R (7)
And the resulting values are combined to get the final duration output asin eq 6:
In the additive model represented by equation 6, each D; is a parameter vector, whose number of
componentsis equal to the number of levels of factor F; . For exampleif F; isthe Stress factor, and
D1 (1 stressed) = 15ms, D; (2 stressed) = 6 ms, and D; (unstressed) = -20ms, then in this case the

effect is that 1 stressed vowels are 35ms longer than unstressed vowels. These parameter values

can be estimated from data and represent the effect of Stress factor in this particular case.

There could be more than one per-factor mapping. For example for i = 1,2,3, in addition to F; we
have E;: F,— R and the combination ruleis given by:

DUR(f) =D, (fl) + D> (f2) + Dq (fl) x D3 (f3) (8)

It is evident that determining the magnitudes is no longer straight forward as now the factors

interact. If the third factor is phone identity then the effects of stress are given by:

StressEffect(/e/) = [ D1(1 stressed) + E; (1 stressed) x D3 (/ef) | -



[ D1 (1 unstressed) + E; (1 unstressed) x D3 (/€f) | 9)

StressEffect(/i/) = [ D1(1 stressed) + E; (1 stressed) x D3 (/i/) ] -
[ D1 (2 unstressed) + E; (1 unstressed) x D3 (/i/) ] (10)

The stress effects will be different for these two vowels, meaning that the stress factor and vowel

identity factor interact.

For interactions in the multiplicative sense the “+” is replaced by “x” and “+”. In multiplicative
interactions, the effects are measured in fractions rather than millisecond amounts (Santen, J;
Sproat, R; 1998).

A big advantage of additive systems is that the needed coverage of feature vectors in training
database is much lower than othersi.e. lookup table models where complete coverage is required.
Additive and multiplicative models are used frequently in TTS systems because of relatively
simple parameter estimation (Ssayli, E; 2002).

4.3. Klatt’s model

The Klatt duration rules are a standard in speech synthesis. Based on a large number of
experiments modifications from a base duration of all the phones are describe by a set of 11
rules.(Girija.P, Sridevi.A) The Klatt model assumes that

e Each phonetic segment type has an inherent duration that is specified as one of its
distinctive properties.
e Eachruletriesto effect a percentage increase or decrease in the duration of the segment

e Segments cannot be compressed shorter than a certain minimum degree.

The model is represented by the following formula:

(INDUR - MINDUR) x PRCNT



DUR = MINDUR + (11)
100
Where
INHDUR = inherent duration of the segment
MINDUR = minimum duration of the segment if stressed
PRCNT = percentage shortening determined by applying rules determined from experiments (i.e.
phrase final lengthening, polysyllabic shortening).

This equation can be rewritten as:

DUR(V, C, P) = 511(V) $12(C) S1.5(P) + S2a(V) (12)

Here V denotes the vowel identity factor, C the class of postvocalic consonant (voiced vs.
voiceless), P the phrasal position factor, S;1(V) isthe inherent duration of the vowel, S; 1(V) isthe
net duration defined as the difference between the inherent duration and the minimum duration
and S 2(C) and S, 3(P) are constants tied to the post vocalic consonant and the phrasal position. S

is a parameter vector, each parameter corresponding to alevel on the j-th factor.

The rules presented by the Klatt model are applied successfully starting with initial (or “inherent”
segment duration. The rules proposed by Klatt are:

1 PAUSE INSERTION RULE: Insert a brief pause before each sentence-
internal main clause and at other boundaries delimited by an orthographic
comma (Goldman-Eider, 1968; Cooper et al., 1978).

2. CLAUSE-FINAL LENGTHENING: The vowel or syllabic consonant in
the syllable just before a pause is lengthened (Gaitenby, 1965). Any
consonants in the rhyme (between this vowel and the pause) are aso
lengthened (Oller, 1973; Klatt, 1975a).

3. PHRASE-FINAL LENGTHENING: Syllabic segments (vowels and



syllabic consonants) are lengthened if in a phrase-fina syllable (Klatt,
1975a). Durational increases at the noun-phrase/verb-phrase boundary are
more likely in complex noun phrase or when subject-verb-object order is
violated; durational changes are much less likely for pronouns (Harris et
al., 1981). The lengthening is perceptually important (Lehiste et al., 1976;
Umeda and Quinn, 1981).

NON-WORD-FINAL SHORTENING: Syllabic segments are shortened
dightly if not in aword-final syllable (Oller, 1973). [This rule is disputed
by Umeda (1975).]

POLYSYLLABIC SHORTENING: Syllabic segments in a polysyllabic
word are shortened dlightly (Lehiste, 1975a). [Thisruleis aso disputed by
Umeda (1975).]

NON-INITIAL-CONSONANT SHORTENING: Consonants in non-
word-initial position are shortened (Klatt, 1974; Umeda, 1977).

UNSTRESSED SHORTENING: Unstressed segments are shorter and
more compressible than stressed segments (Fry, 1958; Umeda, 1975,
1977; Lehiste, 1975a).

LENGTHENING FOR EMPHASIS: An emphasized vowe is
significantly lengthened (Bolinger, 1972; Umeda, 1975).

POSTVOCALIC CONTEXT OF VOWELS: The influence of a
postvocalic consonant (in the same word) on the duration of a vowel is
such as to shorten the vowel if the consonant is voiceless (House and
Fairbanks, 1953; Peterson and Lehiste, 1960). The effects are greatest at
phrase and clause boundaries (Klatt, 1975a).



10. SHORTENING IN CLUSTERS: Segments are shortened in consonant-
consonant sequences (disregarding word boundaries, but not across phrase
boundaries) (Klatt, 1973a; Haggard, 1973).

11. LENGTHENING DUE TO PLOSIVE ASPIRATION: A stressed vowel
or sonorant preceded by a voiceless plosive is lengthened (Peterson and
Lehiste, 1960).

When the Klatt model was introduced it was also perceptually evaluated in an experiment. It was
found that durations predicted by the model were of equal naturalness as the original durations
from the reference speaker (Carlson. R).

Klatt model is a sum of products model (explained later) as is evident from equation 12. The
Klatts’ model is arguably the best duration model and has been implemented by MITTalk and also
has been adapted for other languages (Santen .J; 1994).

4.4. Sum of products model

The sum of products model represents the duration for phonemes/context combination described

by the feature vector f as:

DUR(f) = 2icklfjeii S (i) (13)

Here k represents the set of indices, each of which corresponds to a product term. The sum of
products models capture the phenomenon of directional invariance, according to which the effects
of a factor, like stress or prepausal position have always effects on the same direction. It was

observed in an experimental procedure that the mean duration of non-prepausal /O/ is longer than



/ol. That is holding all else constant, the same vowels in prepausal position had longer duration

values.

The effects of sentence position do not effect in the same percentage to all vowels, so neither the
factorial model and nor the additive model can capture these interactions fully. A combination of
sums and products more beautifully captures and reflects the properties of duration, as directional
invariance and interactions. Several sum-of-products models have been proposed which model
either the duration or logarithm of the duration, and all these models give near about the same
results. For vowels the best results are obtained by the following sum-of-products model
(Bonafonte A. et. al.)

D(v,ac,p,t) = Spa(v) +S1(v,a) + S31(V) Ss2(p) Ss3(C) Ssalt) (14)

Here (v) denotes vowel identity, (a) stress, (p) sentence position, (c) class of post vocalic phone
and (t) the manner of articulation of post vocalic phone.

For a given number of factors there are many different sum-of-product models. For example for
two factors there are five possibilities: S;1 X S$12,S11 %X $2 ,S11+ S1x S22 Si2 + S1%x S,
Si1+ $1x S +S32 . The number of possible models increases rapidly with the number of

factors: it is roughly propotional to 2™ —1, where n is the number of factors.

Many factors are ordered such that their effects are never reversed by other factors but their
magnitudes may be modulated by other factors. This property is known as single factor
independence and a generalized form of it is known as join factor independence, which means that
the order of joint effects of two or more factors stays the same. For example durations of
combinations of vowel identities and syllabic stress values (e.g. [/i/ , O-stressed], [/e/ , 1-stressed)])
have the same order in phrase-final and phrase-medial position. But thisis not true in al cases for
example no such property is exhibited for the combination of vowel identities and postvocalic

consonants. [TTS]



There is a direct mathematical link between the ordinal properties of the data set and the sum-of-
products model: In the data set when the factors are ordered they exhibit regular patterns of joint
independence and amplificatory interactions. The sum-of-products model captures these
properties of the segmental duration data. The key assumption made here is that the ordinal
structure discovered in the training database can be found in the language in general (restricted to
the same speaker and speaking mode). These properties exhibited are the resultant of the stable
properties of the speech production apparatus. For example the non-reversal of the syllabic stress
factor is linked to the supposition that stressed syllables are pronounced with more sub glottal
pressure, increased tension of the vocal chords and larger articulatory excursions than unstressed
gyllables. The changein timing is aresultant of change in these factors.

An example of the usage of the model based on Catalan TTS is predicting the duration for /a/
(always stressed) in prepausal position followed by /p/ (voiceless plosive). The duration predicted
using the values from table 1 is 83.28ms (73.38 + 1.17 * 4.25* 1.99). From the table the effect of
prepausality (Ss2) on the vowel lengthening is very noticeable (this effect is accentuated in
syllable final position, i.e. followed by silence (Sz4) ). The contrastive effect of voicing on Catalan
vowel duration is also evident from the table. (Febrer, A. et. a.)

v S1.1 S2,1 S3.1 p S3,2 Prepausa t S3,4 sil 5.84
| 425 Non- vow 6.17 nas
a 73.38 0.00 1.17 prep 1.00 1.00 vib 2.23

plo 1.99 app 2.

e 41.55 34.79 1.64 66 fri 3.89 lat
[ 58.64 16.4 1.80 ¢ S33 Voiced 2.41 2.05

o] 66.38 0.00 1.47 Voiceless 1.00

u 59.47 16.59 1.09

E 76.59 0.00 1.61

(0] 74.70 0.00 1.43

@50.200.001.21
Table 1: Parametersfor sum-of-productsfor vowelsfor Catalan

The difference in the nature and properties of different consonants motivates the division of the

model for consonantsin a set of subsystems based on the manner of articulation. The capability of



extrapolating and generalizing provided by the sum-of-products model proves more effective
when the set of descriptor vectors is restricted to similar contexts. Possible subsystems to be
analyzed could be the nasals, voiceless plosives, voiced plosives, fricatives and liquids (Bonafonte
A. et. a.). A sum-of-products model for consonants and the results for the Catalan language are
givenin (Febrer, A. et. a.).

Along with the property of interpolation and covering up for the missing data, the duration models
also have the noise suppression property, i.e. even when the data are noisy the durations estimated
by the model are close to true durations.(Santen .J; 1994)

4.5. Classification and Regression trees (CART)

In CART based modeling the feature space is divided to minimize prediction error and constructs
a tree representing the partition of the feature space ( Bat°usek .R ). In CART, in the training
phase, a tree is formed by successively dichotomizing the factors (e.g., the stress factor is split
into 1-stressed, 2-stressed vs. unstressed) to minimize the variance of the durations under the two
newly formed subsets of the speech corpus. For each node of the tree, the observed average
duration of the associated subset of the speech corpusis listed. In other words, CART is a genera
purpose statistical method that imposes little structure on the data. In a way, it is a condensed
lookup table (Ssayli, E; 2002).

Classfication and regression trees (CART) are a statistical modeling technique used to predict a
value of avariabley using the corresponding feature vector f. The following example gives a clear
idea of the prediction process used by CART trees.

The steps followed to predict the duration of a speech segment f described by the feature vector
f=(phid=t_S previd=i, nextid= e,.... ,wordpo s= m) are:

Using the tree shown figure 2 first, we ask the question in the root node: Is f long vowel? Asf is

not a long vowel, we continue asking the question in the right descendant of the root node: Is f



unvoiced plosive, fricative or affricate? We continue asking questions until a terminal node is
reached. A value in the terminal node is the predicted duration (107.7 msfor the sample segment).

phid inf{a: e, o0}

67.3
ppse in {phrase-final} phid in{p,te kt st 8 fs3x}
107.2 4
phid in{az} ppse in{phrase-final} ppse in {phrase-final}
100.4 8B.48 56.5
|( 135.8 T A \I | 122.0 | nextid in  Plos +Fric +Afr =p in {onset} sp in {onsst}
I\ 275 l 03 J | 30 | a4 a5 54
T e
phid inft_s, 1.5} | [ 581 1202 | | phid in fol
ar | Do) Do ][ s
107.7 phid in {p, t,c k} HT 49,2
p—_ 1.8 178

231 103.2

0.0 4.4

Figure 2: Regression treefor predicting segmental duration for Czech.

The tree construction consists of three steps:

e Building atree
e Pruning subtrees and

e Selecting an optimal tree.

To build atree atraining (or learning) set L is needed. Thetraining setisintheform{ (f",y") ; n
=1, 2, ..., N}where f" are feature vectors of corresponding objects and y" values of the dependent
variable. Tree construction starts with the tree consisting only of a root node t; containing all of

the casesin L. The task now isto find the optimal binary split of the data. For real-valued feature



all splits of the form " < 1 are tested. For the M-valued categorical feature i, splits have the form
fi € ® where ® goes through all subsets of the set of al possible values of the feature i. The best
split across al featuresis selected and the data in the root node is splitted and sent into nodestL;
tR. This procedure is applied recursively to all descendants until a stopping condition is ful-filled.

Root mean sguare error is used as a splitting criterion

After the tree construction phase, a relatively large tree Tmax is obtained. Some branches are
pruned and atree sequence Tmax o ... o Tk o...2 TK =t; isconstructed. Among these trees

the best tree is selected using a test sample independent on atraining sample.

The CART-based approach has several advantages. It provides the ssmplicity of interpretation of
the fina classifier and the possibility of combination of categorical and realvalued features (
Bat°usek .R ). However CART based models have no means of dealing with missing feature
vectors other than by pooling whereas the sum-of-products models uses interpolation. If for a
given feature vector there is no case defined in the CART tree, the tree has no way to predict it’s
value and gives an erroneous result, however in case of sum-of-products model interpolation helps
get the accurate value. When data possess an ordered structure, CART-based methods cannot
make use of that structure (Santen .J; 1994).

4.6. Statistical Methods

Aswill be discussed in coverage issues analysis of data other than those where a small number of
factors is carefully counterbalanced and where the remaining factors are kept constant encounters
a serious problem, which is that combinations of factor levels (cells) occur with unequal
frequencies, thus causing confounding between factors. In fact data is so sparse that most cells
either rarely occur or do not occur at al while a few occur quite frequently, this is called factor
confounding (Santen .J; 1992). Due to this factor confounding the durations corresponding to our
factor of interest or the critical factor may be affected by other factors (confounding factors). For
example in study done to study durations of English, in the data bases analyzed, word fina
syllables in polysyllabic words were about five times more likely to be unstressed than stressed,
while non word final syllables were two times more likely to be stressed. As is well known that



word final syllables have longer durations as compared to word medial or word initial ones,
however due to this lopsidedness in data found the word final syllables in the polysyllabic words
were shorter in duration. This was due to the polysyllabic factor confounding with the word final
lengthening factor. So in this case the raw uncorrected means were actually in reverse order from
what they should have been which makes the genera case that without more sophisticated
analysis raw durations can be completely deceptive. These problems become significantly worse
if the data being analyzed has a very small range of textual variations. The techniques used to
deal with such situations the Quasi minimal pairs and sets, piecewise multiplicative correction and
the sum of products model (already discussed).

4.6.1. Quasi-minimal pairsand sets

Even when all observations (vectors) are not found in the data set, there still may be combinations

that occur with al levels of the factor being studied, we may have several observations for

{unstressed, word final, /u/ }
and
{stressed, word final, /u/ }
but not for
{unstressed, word final, /e/ }
{unstressed, non word final, /e/ }

In these pairs, the conditions are matched on position in word and stress factors repectively.Pairs
of conditions such as these are called quasi-minimal-pairs. The difference between the duration
means of the two conditionsin aquasi minimal pair provides a measure of the effects of the factor
being studied since it cannot be attributed to the effects of other factors on which these conditions
match (as they behave as constants here). The concept of a quasi-minimal pair can be extended to
that of a quasi-minimal set, where a combination of levels on confounding factors occurs with
severa levelson the critical factor, not necessarily two.



The analysis of quasi-minimal pairs assumes that there exit no quasi-minimal pairs outside the
database being observed which have values that are in opposite direction to that being observed
inside the database. The belief that no such sets exist rests on the assumption of single factor
independence (already discussed in sum of products models) which says that the direction effects
of afactor is independent of other factors. Meaning that for a factor, its’ effect will always be in
the same direction, we won’t find cases when in one cases stress effect causes an increase in
duration whereas in other it causes a decrease. This assumption istrue for many factors.(Santen .J;
1992)

4.6.2. Piecewise multiplicative correction

“When for a given critical factor not enough quasi-minimal pairs or sets can be found, a different
method can be used that relies on the assumption that the effect of critical factor and the joint
effects of the remaining factors combine multiplicatively. If the the j-th factor is denoted as F;
(where F has levels fj, f'j, T, ...), the critical factor as F1, and DUR (fy,....f,) to be “true”
duration of the cell defined by Fi having level f;, F, having level f,, etc, then piece wise
multiplicativity is defined as

DUR (fy,...,fr) = A(f1) x B(f2,..., fn)

Where A and B represent unknown parameters to be estimated from the data. They reflect the
contributions of the critical factor F; and the corrective factors F,, ..., F, respectively . Here the
additive rule (by using the ‘+’ sign) could also be used, but the multiplicative rule generally better

fits the duration data than the additive rule.

The word piece wise emphasizes that we are not assuming complete multiplicativity, which would

mean that

DUR (fy,...,fn) = A(fy) x B(f2) x B(f3) x...x B(f,)



This means that the term B(f,,..., f,) need not be itself multiplicative, and may in fact involve
arbitrary complex interaction patterns. The strength of the multiplicative combination rule is that
it allows estimating the contribution of the critical factor corrected for the effects of confounding
factors.

As with the quasi minimal sets method the effects of a factor as estimated with the multiplicative
correction method are likely to vary with different selections of corrective factors. Both of these
methods have difficulties with factors that have many levels. However in the process of analyzing
factors when one discovers which levels on factor make a difference, this knowledge can then be
used to reduce the distinctive levels on these factors. For example the post vocalic consonant
identity factor can be reduced from the whole space to the classes of consonants based on manner
or place. (Santen .J; 1992)



5. Problem Statement

The statement of problem for the thesis work presented is:

“To attain the greatest degree of naturalness in text to speech systems, the values
of the prosodic functions like duration and intonation must be accurately predicted. This thesis
will attempt to predict the duration of Urdu Vowels and Consonants using the Sum of Products
(SOP) model. The SOP is known to predict the values with the greatest accuracy amongst all the
models available.”

A detailed duration study for Urdu Vowels and Consonants will be conducted. These include:
1. TheFind the default durations of all Vowels and Consonants of Urdu.

2. Find the effect of the following factors on the duration of selected Urdu Vowels
and Consonants.

Factorsto be studied for Urdu Vowels;
e Sress

e Influence of adjacent Consonants
o Voicing
0 Aspiration
Position in Word ( final / non final)
Syllable Type (Open / Close)
Number of Syllables

Factorsto be studied for Urdu Consonants:
e Sress

e Positionin Word ( final / non final)
e Positionin Syllable (Onset vs. Coda)
e Syllable Type (Open/ Close)
e Number of Syllables

3. Make the SOP duration prediction model.



6. Duration modeling for Urdu

This section reports the scope and methodology for the intrinsic duration calculation and the
durational study. The section proceeds by reporting few results for a prototypical study done to
find durational patterns for Urdu. This prototypical study was done on only one factor (Position in
word) to have an idea of the trends exhibited. The complete and detailed results of this thesis are

reported in the sections 8 and 9.

6.1. Intrinsic Duration Calculation.

6.1.1. Scope:
Intrinsic durations for the phonemic inventory of Urdu shall be found. These include 16 vowels (7

long vowels, 6 nasalized vowels and 3 short vowels), 13 diphthongs and 37 consonants. These are

listed as follows:

Vowels:
Type Position : Sound
Front/Back High/Low Symbol
Long Front High i
Middle e
Low &
Back High u
High-Middle o
Low-Middle o)
Low a
Short Front High 1
Back High U
Middle Middle o
Nasalized Front High 1
Long Middle g
Low &
Back High u
High-Middle  §




Low a

Diphthongs: 1, 2e, ae, ao, ai, ae, ea, oi, a¢, oe, 31, 10, ail
Consonants:
m’ t) (j) dt.l) n) t) kﬂ gﬂ lj) q) f’ Wﬂ S) j‘) X) h) d39 1) p) th bh mh’ nth§ d’ th’ d

h, k" g%z, ¥, tf, tf*, d3", 1, 1, j, 3

Consonants not being analysed : ", ¢, 1", n".

The complete phonemic inventory of Urdu defined in (Manan.S, et. al. 2001), reports 17 vowels
and 43 consonants. For this study 16 vowels and 37 consonants were chosen. the vowels and

consonants dropped were the ones which are no longer used by the native Urdu speakers.

(Manan.S , et. al. 2001) reports the existence of [e] and concludes that there is high degree of
chance that [] and [¢] are alophones of each other. But the decision is |eft as a controversy, to be

examined in greater depth by further studies. Only one word was reported for this vowel. Thus [€]

is not included in the study of intrinsic durations.

Sonorant aspirates (1", ¢, 1", n") and the glottal stop (?) was removed from the set to be analyzed.
The reason for their elimination was their very rare occurrence in Urdu and the fact many Urdu
speakers no longer use them (these aspirated phonemes are disappearing from Urdu). (Mazhar S
2001)



6.1.1. Methodology:

The context for finding the intrinsic duration was chosen so as to mitigate the effects of factors
which result in a change in duration. Representative words chosen were in the same segmental

context.

For vowels the target vowel was in inter-consonantal, stressed position in CVCV syllable

template. Word media position was chosen for the target vowel. The preceding and following

consonants were voiceless aveolar and velar stops (t, k) (except for two vowels which were in

context of voiceless bilabial and dental stop (p,d ) respectively). The preceding and following

consonants chosen were similar in manner with close places of articulation to diminish the effect

of change in duration due to jaw movements.

For consonants the target consonant was in intervocalic unstressed position in the CVCVC

syllable template. The preceding and following vowels were the long back vowels (u, o, 2, a)

and short vowel (1,u,0) respectively in most of the cases. The constraint of having the consonant

preceded by short vowel was to have the consonant in unstressed position. Words for consonants

were taken from the Urdu lexicon, and wherever possible highly familiar words were sel ected.

Twenty four (24) repetitions of each word were recorded and analyzed to have generalized

duration values. Four repetitions of each word were said by each speaker.

The selected speakers belonged to age group 22-24 and had a Lahori-Urdu accent. A total of six
speakers, three males and three females were chosen. Special care was taken while selecting the
speakers to ensure that their speech was clear and that the inter speaker speaking rate was almost
the same. The overall speaking rate was in range that was typical for connected speech.

The recording was carried out in a noise free environment. Each speaker was made to speak the
selected words within a carrier phrase. The sentences were randomized to ensure the natural

delivery of the words, flash cards were used for this purpose. Every sentence was recorded four



times to remove any discrepancies. The equipment for recording consisted of a high fidelity
microphone and a Teac integrated stereo amplifier.

6.2. Durational Effects Study

6.2.1. Methodology

A review of the available literature on duration models of different languages was done and the
set of factors reported to have significance in duration modeling were chosen. The impact of the
following factors was chosen to be studied. The factors chosen are the ones which are reported to

have the most significant effect on duration by the literature on duration.

Factors to be studied for Urdu VVowels:
e Siress

Influence of adjacent Consonants
o Voicing
0 Aspiration
Position in Word ( final / non final)
Syllable Type (Open / Close)
Number of Syllables

Factors to be studied for Urdu Consonants:

o Slress

e Position in Word ( final / non final)
e Positionin Syllable (Onset vs. Coda)
e Syllable Type (Open / Close)

e Number of Syllables

Word level analysis was chosen for the initial study, future plans include enhancing this analysis
to sentence level using standard text and speech corpora. As discussed in the duration analysis

part there are various positions where durations are expected to differ, these positions are word



final position, syllable boundary, phrase boundary, sentence ending position, and word initial
position. In an analysis done on Telugu language (Girija.P, Sridevi.A), the levels considered for
the “position in word” factor are word initial, word medial and word final positions , however in
general most of the analysis done for different languages differentiated on the basis of word final,
non word final basis only. The same i.e. the study of word final lengthening was chosen as the
initial goal for this study.

Having decided the factorsto study, for each vowel we had a vector

{ Stress, Preceding consonant, Following consonant, Syllable type, Position in word}

and for each consonant a vector,

{ Stress, Position in word, Position in syllable, Syllable type, No of Syllables}

with each factor having the levels as:

Stress = { stressed, unstressed}

Preceding consonant = { voiced, unvoiced, voiced aspirated, unvoiced aspirated}
Following consonant = { voiced, unvoiced}

Syllable type = { open, closed}

Position in word = {word final, non word final}

Position in syllable = { onset, coda}

No of Syllables={1, 2, 3}

In case of “Following consonant” the aspiration effect was not counted as having as any effect
since aspiration occurs after the burst of any stop (in general it appears after the phoneme itself)
and is assumed to have no effect on the duration of the preceding vowel.

A matrix of these factors was made. As expected there were many repetitions and many cases

which were not applicable to Urdu language. For example according to the stress assignment rule



in Urdu (Hussain, S. 1997) , the feature vector {stressed, ..., open, word final} can never exist.
All such cases were removed by careful analysis based on linguistic knowledge of Urdu. For each
vowel and consonant being studied representative words were found. For example in case of the
prototypical study on word fina lengthening representative words were found with the vowel
occurring in word initial and the word final position, having all other factors which effect duration

as constant. The words chosen for the prototypical study are shown in Table2.

6.2.2. Selection of Vowels and Consonants

Vowels chosen for this duration study are the four cardinal long vowels /a/, v/, /i/ and /=/, the

three short vowels /o/, /u/ and /1/, the nasalized long vowel /d/ and the diphthong /a&/. The idea

was to find the trend followed then interpolate them over to the other vowels in the vowel

guadrilateral. Thus the vowels chosen are the following:

For the selection of consonants, the objective was to cover almost al the manners of articulation,
so for this purpose the place of articulation was fixed at alveolar and all the alveolar sound were
chosen. The reason for fixing the place of articulation was also to avoid the effect of factor place
of articulation. The manners of articulation chosen are Stops (aspirated and unaspirated),
fricatives, affricates, trill, flap and lateral. For the sake of completeness of the study, the two

nasals stops /m/ and /n/ were also included. Thus the consonants chosen are the following:

NI EIPIE NN

6.2.3. Selection of words

The context for finding the words was chosen so as to mitigate the effects of factors which result
in a change in duration. In case of vowels, place of articulation for the preceding and following
consonant was fixed at aveolar, velar and bilabial. The manner of articulation for all the



consonants was stops, only one manner was chosen so as to avoid the effects of manner of
articulation and to have exact results. All words were of two syllables; however no restriction on
syllable structure was imposed so as to have a reasonable range of words for the study. In case of

consonants words of three syllables were also chosen.

An electronic lexicon was used for the purpose of word finding. Due to the strict context (place
and manner of preceding and following consonant) in which to find the words, not all the
categories (descriptor vectors) could be filled in. Also certain categories had words for some
vowels but not all. For example for the diphthong /a&/ only words of template 5S> (o S
were found, which was obviously owing to the fact that the Urdu language did not had much
words in which diphthong /a&/ existed in any context other than word final. For example this

word doesn’t conform to the context decided for the prototypical study, also no pair was found

relevant to study the “position in word” factor.

6.2.4. Selection of speakers

For the acoustic analysis the selected words were recorded as spoken by different speakers. The
selected speakers belonged to age group 22-24 and had a Lahori-Urdu accent. A total of six
speakers, three males and three females were chosen. Special care was taken while selecting the
speakers to ensure that their speech was clear and that the inter speaker speaking rate was almost

the same. The overall speaking rate was in range that was typical for connected speech.

6.2.5. Recordings

The recording was carried out in a noise free environment. Each speaker was made to speak the
selected words within a carrier phrase. There are two types of speech corpus. In one carefully
designed sentences are recorded to minimize the effects of factor confounding. However this does
not capture actual durations as the sentences or the words are recorded in a carrier sentence and

the repetitive use of the carrier sentence may undermine how naturally the text is read. The other



approach is to use naturally occurring meaningful sentences. This has the advantage of a more
natural reading style but the disadvantage of creating confounding. The later approach was used
for this study.

The sentences were randomized to ensure the natural delivery of the words, flash cards were used
for this purpose. Every sentence was recorded four times to remove any discrepancies. The
equipment for recording consisted of a high fidelity microphone and a Teac integrated stereo

amplifier.

Twenty four (24) repetitions of each word were recorded and analyzed to have generalized

duration values. Four repetitions of each word were said by each speaker.

6.2.6. Duration finding

Analysis of the speech was carried out using Praat 4.2. and spectrograms were read to study the
duration of the vowels. The analysis was done by 1 graduate and 2 undergraduate students. All
were well equipped with spectrogram reading knowledge and had been in active dealing with
spectrogram reading for almost 8 months (Reading and splitting spectrograms for speech
synthesis applications). In general the vowel onset was measured from the first peak or trough at
which the formant characteristics of the vowel became visible. A variation of one to two peaks
(approximately 10 ms) was catered for. Vowel offset was determined similarly. In case of
aspiration of the preceding consonant, the aspiration part was not included in the vowel duration.

6.2.7. Analyzing Durations

Even when all observations (vectors) are not found in the data set, there still may be combinations
that occur with all levels of the factor being studied, we may have several observations for
{unstressed, word final, /u/ }
and
{ stressed, word final, /u/ }



but not for
{unstressed, word final, /e/ }
{unstressed, non word final, /e/ }

In these pairs, the conditions are matched on position in word and stress factors respectively. Pairs
of conditions such as these are called quasi-minimal-pairs (Santen .J; 1994).The difference between
the duration means of the two conditionsin aquasi minimal pair provides a measure of the effects
of the factor being studied since it cannot be attributed to the effects of other factors on which
these conditions match (as they behave as constants here). The quas minimal pairs for the
prototypical study are given in Table 2. Percentage difference between these pairs gives us the

change in duration exhibited in these contexts.

Table 2: Quasi minimal pairs of words

{ stressed, unvoiced, unvoiced, closed, non word final, /u/ } ¢ [
{ stressed, unvoiced, unvoiced, closed, word final, /u/ } i /
{ stressed, unvoiced, unvoiced, closed, non word final, /a/ } 4
{ stressed, unvoiced, unvoiced, closed, word final, /a/ } =Ky
{ stressed, unvoiced, unvoiced, closed, non word final, /a/ } @é
{ stressed, unvoiced, unvoiced, closed, word fina, /a/ } J%
{stressed, voiced, unvoiced aspirated, closed, non word fina, /1/ } /4
{ stressed, voiced, unvoiced, closed, non word final, /1/ } c/j
{ stressed, voiced, unvoiced, closed, non word final, /u/ } o 4




{ stressed, unvoiced, unvoiced, closed, word final, /u/ } B ‘

The words selected and recorded were used to build a duration model using the Festival speech
synthesis system.The Festival TTS system was developed in CSTR at the University of Edinburgh
by Alan Black and Paul Taylor and in co-operation with CHATR, Japan. Festival is multi-lingual
system. Currently English, British, American, Spanish and Welsh are being used though English
is the most advanced. As a University program the system is available free for educational,
research, and individual use. Festival provides a number of different duration prediction modules
with varying levels of sophistication. The duration prediction methods that festival provides are
default durations, average durations, Klatt durations, and CART durations.

For this prototypical study a CART duration tree was built using the wagon utility provided by the
system. Incorporation of the duration model improved the quality of synthesized sound produced
by the system. The sound produced by using the trained duration model sounded more natural
than that produced without using the duration model. The results for word final lengthening case

using the synthesized sounds produced by using our duration model are shown in Table 4.

6.2.8. Resultsfor the prototypical study

All the vowels exhibited a significant increase in duration when they occurred in word final
position. Individual durations for each vowel in the context and the average increase are shown in
Table 3.

The results of synthesized sounds produced by the festival speech synthesis system are shown in
Table 3.Word final lengthening is obvious, however the percentage increase (40.89%) is greater
than in the case of recorded words (34.83%).

Table 3: Durations and per centage change in duration of vowels using recordings



Target )
Vowd Context Duration % Increase
u Non word final 102.97 34.60
Word fina 138.59
a Non word final 129.04 32.59
Word fina 171.09
e} Non word final 49.05 59.94
Word fina 78.44
I Non word final 49.20 28.78
Word final 63.36
U Non word final 47.66 1823
Word final 56.35

Table 4: Durations and per centage change in duration of vowels using duration model

Target . %
Context Duration
Vowsel Increase
u Non word final 126.36 38.33
Word fina 174.8
a Non word final 137.32 60.74

Word fina 220.73

9 Non word final 71.31 43.46
Word final 102.3

I Non word final 62.43 42.58
Word final 89.01

U Non word final 57.97 19.35

Word fina 69.19




6.2.9. Discussion
All the vowels exhibited an increase in duration when they occurred at the word final position.

The general trend followed was that /o/ showed the greatest increase in duration, i.e. 59.94%,

followed by /u/ (34.60%), /a/ (32.59%), /1/ (28.78%) and /u/ (11.71%).These results are shown in
Table 2.

The quasi minimal pairs found for the word final case were for the two long vowels /A/ and /v/
and the three short vowels /o/ /1/ /u/, which represent almost 63% of the data set to be analyzed.
24 repetitions of each word were used (4 repetitions by each speaker). The trends exhibited by the

analysis were that the long vowels exhibited an average increase of 33.60% in duration whereas

the short vowels exhibited an average increase of 35.65% when they occurred in word final

position with respect to non word final position. The general trend exhibited was/a/ >/u/>/a/l

>/1/> vl

The synthesized sounds produced after implementing the duration model in Festival also exhibited
significant lengthening when the vowel occurred at the word boundary (word final).The trend

followed in duration change by the synthesized sounds was however different with /a /

exhibiting the most change (60.74%) . The general trend exhibited was/a/ > /a/ > I/ > lu/ > [ul.

Separate analysis of recordings by male and femal e speakers revealed that femal e speakers tend to
articulate the vowels more carefully than the male speakers. The average difference of 13% was

observed in the duration of recordings of male vs. female speakers. The general trend of duration
increase among male vs. female was not the same as that of the combined data. However /of
showed the most increase in all cases aong with /a/ which is third in number with reference to

duration change



7. Results and Discussion: Intrinsic Duration Calculation.

It has long been noticed that the durations of vowels and consonants vary according to the
contexts and a great deal of studies have been performed to find these factors and their percentage
affect on the phone durations. (House AS 1953)(Umeda N 1960) (Thomas, Arthur; 1987).

Some studies to find the durational effects of different factors employed the use of the default
durations. The method used was that of finding the standard deviation from the mean or average
durations (Thomas, Arthur 1987). However an analysis of such a sort can be applied only when
the affect of only factor is under investigation, so in a sense the mean or average or intrinsic
duration value acts as a part of quasi minimal pair with the other part being provided by the other

value (i.e. the factor under investigation).

For the completeness of this study, a study for the mean or intrinsic duration of vowels and
consonants was done. The scope and the methodology used to find the intrinsic durations has been
already explained in section 7.1, this section reports the results found. The final values of the
default durations for the phones for each speaker have been reported in Appendix A.

7.1. Vowels:

A study for the default or intrinsic duration for all the 16 vowels of Urdu was done. These

included 7 long vowels, 6 nasalized vowels and 3 short vowels.

7.1.2. Long Vowels:

The results obtained for the study of default durations of the 7 long vowels of Urdu are shown in
Tableb.



Table 5: Intrinsic durationsfor the Urdu long vowelsin descending or der

Long Vowelsin descending duration order
Vowel Target word Duration (ms)
5 by 132,92
® < 132,27
u (o 126,57
a JL 125,44
e J 114,87
i . 111,58
o K; 109,36

The average duration for the long vowels was found to be 121.85 ms. The longest vowel was
found to be /o/, having duration of 132.92 ms and very close to it was the long vowel /z/. The
vowel with the minimum length was found to be /o/, having duration of 109.36ms. The difference

between the longest and the shortest long vowel was found to be 23.60 ms .These trends are

obviousin the Figure 3.



Default durations for long vowels
135,00 1
S 130,00 1
2 125,00
E’ 120,00 -
~ 115,00 -
= 110,00 -
8 105,00 - ﬂ
100,00 ‘
. Q u A e i 0]
Long Vowel

Figure 3: Intrinsic durations for the Urdu long vowelsin descending order

7.1.3. Nasalized Vowels:

Urdu language has 6 nasal vowels, which are basically the corresponding nasal versions of six of
the long vowels, with the exception of the long vowel /o/. The results for the study of default

durations for the nasal vowels are shown in Table 6.

Table 6: Intrinsic durationsfor the Urdu nasal vowelsin descending or der

Nasalized Vowelsin desceding durations

Vowel Target word | Duration (ms)
i JQJ 233,45
0 Ur 226,30
i v 214,50
g U 202,19




a Jb 196,23

& ot 193,09

The average duration for the nasal vowels was found to be 210.95ms. The average percentage
difference in duration of the long vowel and the corresponding nasal vowel was found to 46.02 %.
Theindividual trend for each vowel is shown in the Figure 4.

Comparison of the default durations for long
vowels versus the corresponding nasal vowel

250,00
200,00 - ] ]
150,00 -
100,00 -
50,00 -

0,00

Default duration

u e
u)

Nasal vowel : Long vowel

A | Q
Q)

e) A)

Figure4: Default durations, Nasal vowel ver sus corresponding long vowel

7.1.4. Short Vowels:;

Theintrinsic duration values found for the short vowels have been reported in the Table 7.



Table 7: Intrinsic durationsfor the Urdu short vowelsin descending order

Short Vowelsin desceding durations
Target Duration
Vowel
word (ms)
v ¢ 70,39
Y 1»,( 69,59
1 ¢ 56,59

The average default duration for the short vowels was found to be 65.52 ms. The longest short
vowel was found to be /u/ having an intrinsic duration of 70.39ms and the shortest was /1/ having

an intrinsic duration of 56.59ms. The difference between the two being 13.79ms. The trend of the

durations found is shown in Figure 5.

Default durations for short vowels

75,00
70,00
65,00
60,00
55,00 -
50,00 -
45,00 -
40,00

Default Duration

U « |
Short Vowel

Figure5: Intrinsic durationsfor the Urdu short vowels in descending or der



7.1.5. Diphthongs:

The study of default durations for Urdu diphthongs was also a part of the study. Numerous studies
have been done to find the exact number of diphthongs for Urdu. (Sarwar et. a. 2003) and
(Khurshid et. a. 2003) report a detailed analysis done on the Urdu diphthongs, the later goes on
to discuss the existence of trip thongs in Urdu too. For the purpose of the study of default
durations 13 diphthongs were chosen, which were actually an intersection of the diphthongs found
by the two studies. The default values obtained by this study are reported in Table 8 and the trend
isshown in Figure 6.

Table8: Intrinsic durationsfor the Urdu diphthongsin descending order

Duration Duration
Word Diphthong Word Diphthong
(ms) (ms)
g 1a 277,01 o i 232,22
S a8 262.96 & o 227.67
P w4
sl ao 250,12 £ e 227,10
.(:J/ ea 248,05 P’j/ oi 218,08
#( ai 24518 i oe 214,22
20 ae 242,27 Ui ail 189,88
7
Jf/ Si 238,69




Default durations for Urdu diphthongs

290,00
270,00
250,00 -
230,00 + —
210,00 -
190,00 +—
170,00 -
150,00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

IA Ae) Ao eA Ai Ae «i) lu) «i «e oi oe Au)

Default duration

Diphthong

Figure6: Intrinsic durationsfor the Urdu diphthongsin descending or der

The longest diphthong of Urdu was found to be / 1a / with default duration of 277.01ms; and the

smallest diphthong of Urdu was found to be / au’/ having a default duration of 189.88ms. The

average default duration for the diphthongs of Urdu was found to be 236.42ms with a standard
deviation of 22.29ms.

An additional study shown in Appendix B was done. The intuition behind this was based on the
concept that a diphthong is a combination of vowels. The study was done to determine whether
the duration of the diphthong is longer or less than the combined duration of the composing
vowels. The results obtained showed a mixed trend. The idea was that perhaps this method may
be used to determine whether it is a diphthong of the language or just two vowels coming
together. In my personal opinion, the cases where the sum of the two composing vowels was less
than the duration of the diphthong, it did seem like two syllables and not one diphthong to me, but
thisis highly personalized. A detailed study needs to be done on this, which however, definitely is
out of the scope of this study. A study of such sort has been donein (Khurshid et. al. 2003).



7.2. Consonants:

In Urdu there are a total of 43 consonants (Manan.S, et. al. 2001), 37 of which were chosen for

this study. For a discussion on the scope of this study, refer to section 7.1.1. The context for word

finding for consonants was different as that for vowels and is defined in section 7.1.1.

This section reports the results found for Urdu consonants. The results will be presented in

accordance with the manner of articulation, as it allows for a better analysis. Table 9 reports the

results obtained for Urdu stops.

Table9: Intrinsic durationsfor the stopsin Urdu

Intrinsic Durationsfor Stopsin Urdu

Voiced Unvoiced
Consonant  Word  Duration (ms) Consonant  Word  Duration (ms)
b /Lo 90,97 p 14 126,24
d sk 89,70 t Jb 109,57
d (% 63,85 t M 104,93
g L 86,78 k S 119,88
b V) 90,50 p" Al 135,50
d b 88,50 th L4 126,63
dn Ugl? 82,05 & L 98,07
q" v 93,34 K" =, 121,58
q S 126,79




An obvious observation was that the unvoiced stops were longer in duration than the voiced stops.
This observation has been shown in Figure 7. The average difference in duration was 38.24 %.
For unaspirated stops this difference was 40.84% whereas for aspirated stops was 35.64%. For the

sake of completeness of the study the velar stop /q/ was aso included in the study, athough it is
mostly mapped onto /k/ by native Urdu speakers (Nawaz S 2001). According to (Shahid R 2001),

the glottal stop is completely removed from the phonetics of Urdu when it occurs at the location
other than at the start of the word or at the start of the first syllable of the word. The existence of

the glottal stop /?/ has been reported as a vowel in the other cases. Because of it’s existence in

special cases, the glottal stop /?/ was included in this study and the results are shown in Table 9.

Voiced vs Unvoiced Stops

160,00
140,00
120,00
100,00
80,00 ~
60,00 ~
40,00 ~
20,00 ~
0,00

Default duration

bH dH5

g
t k

Stops voiced : unvoiced

ds | d dH | gH

t5 pH | t6H tH kH

Figure 7: Intrinsic durations, voiced stops ver sus unvoiced stops

The average duration for voiced stops was found to be 85.71 ms with a standard deviation of
9.44ms. /q/ and /?/ have not been included in average and standard deviation calculation. In the
case of unvoiced stops, the average duration was found to be 117.80 ms with a standard deviation

of 12.55ms.



Table 10: Intrinsic durations for nasals of Urdu

Nasals
Consonant Word Duration (ms) Consonant Word  Duration (ms)
m gt 79,35 m" Ve 127,54
n s 66,39 nh & 146,50
N JE" 116,39

The results obtained for the nasals of Urdu are shown in Table 10. The results for voiced velar
nasal stop /m/ have been reported along with the nasals. The average default duration for the nasals
was found to be 72.87 ms and that for aspirated nasals was found to be 137.01ms. On average the
default duration of the bilabial nasal /m/ was found to be 16% longer than that of the dental nasal

/n/. The same trend in difference of duration, based on the place of articulation, was observed in

the duration of stops, see Table 9 but there the difference was a minor one. The average
percentage difference between the duration of nasals and aspirated nasals was found to be
37.01%.

The Table 11 reports the results of this study for the fricatives of Urdu. The average duration for
the voiced fricatives was found to be 75.54ms, whereas that for unvoiced fricatives was found to
be 111.60ms. As in the case of consonants, the durations for unvoiced fricatives were found to
longer than those of voiced fricatives and the percentage difference was 49.55 %. This trend is

shown in Figure 8.



Table 11: Intrinsic durationsfor the stopsin Urdu

Fricatives
Voiced Unvoiced
Consonant Word Duration (ms) Consonant Word  Duration (ms)

w T 63,19 f 6 114,30
z ek 76,32 s f” 111,64
3 S 82,11 { (" ¢ 110,68
- sl 80,56 % b 109,75
h S 76,43

Fricatives Voiced vs Unvoiced

S 150,00

w

o {

©

= 50,00 .7 .7 k

>

]

® 0,00

fa)
w z A F
f s S X

Fricatives voiced : unvoiced

Figure8: Intrinsic durations, Voiced fricatives ver sus Unvoiced fricatives

The same trend of unvoiced sounds being longer than voiced sounds was observed in the study of
default durations for affricates. The difference found being 20.33 ms for un-aspirated affricates
and 31.66ms for aspirated affricates. On average, the average default duration for voiced affricates
was 101.74 ms and that for unvoiced affricates was found to be 114.48 ms. The average difference



in duration of voiced versus unvoiced affricates was found to be 21.25%. The results are reported
in Table 12.

Table12: Intrinsic durations, Voiced affricates ver sus Unvoiced affricates

Affricates

Voiced Unvoiced

Consonant  Word  Duration (ms) Consonant  Word  Duration (ms)

ds S 91,58 if il 111,01

ds" gl 98,65

g S 130,32

The results for the trill /t/, flap /c/, lateral /1/ with their aspirated versions and that for the

approximant /j/ are given in Table 13. The words found for the aspirated versions are rarely used

and most of the speakers of Urdu are not even aware of these words, the reason being the rare use
of these aspirated approximants in Urdu as has been reported by (Mazhar S 2001).

Table 13: Intrinsic durations, Approximants

Approximants

Consonant | Word | Duration (ms) Consonant Word Duration (ms)

r J 22,80 i Siles 40,15
r i 32,84 o gl 31,98
| = 70,65 I A 89,53

i ok 80,21




8. Results and Discussion: Durational Effects Study

It was observed that the holes in data (in context to the quasi minimal pairs analysis) for vowels
were approximately three times for vowels as for consonants. As already defined in the literature
review holein the data corresponds to the unavailability of data. Also the word finding process for
vowels was more time taking as there were not sufficient words available. The reason for this
scarcity of words was the strict conditions for word finding for the analysis. For example to study
the effect of stress, the minimal pair is supposed to have the position in word (word final / initial),
position in syllable (open/close), and the aspiration and voicing for the preceding and following
consonant as constant i.e, the same and only the stress had to be different (stressed/unstressed) .
The strictness of the condition was further aggravated by the factor of voicing and aspiration for
the preceding and the following consonant, as on its expansion it increased the cases to 8, 4 of
which were however ignored in the analysis. The cases ignored were when the preceding and the

following consonant had the same value as in the following cases,

VvV

uv uv

aspV aspV
aspUV aspuvVv

Where V stands for voiced, UV for unvoiced and asp for aspirated.

Although an analysis for the missing cases could have been done by having a comparison with the
intrinsic duration values but it would not have been very accurate as the intrinsic duration were
found for vowels in specific context (refer the methodology for intrinsic duration calculation
section 7.1.1) . However such a rough analysis is done in some cases just to have an idea of the
trend. Whenever done, such analysis with intrinsic durations is explicitly mentioned. The results

reported in the tables are however the ones obtained with the quasi minimal pairs analysis.






