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Acoustic VC transitions correlate with degree of
perceptual confusion ot place contrast in Hindi

Manjar1 Ohala and John J. Ohala

1. Introduction

Speech sounds must be (a) different trom their neighboring sounds (a
syntagmatic requirement) and (b) difterent trom all the other sounds
that might have appeared in the same context (a paradigmatic require-
ment). Common cross-language sound patterns manifesting such con-
straints suggest that they arise from physical phonetic factors, the only
thing common to all languages. For example, for a syntagmatic con-
straint, in English (and many other languages (Kawasak: 1982; Ohala &
Kawasaki-Fukumori 1997)) in native vocabulary the labal-velar ap-

proximant |w] tails to occur as C2 i syllable initial consonant clusters
where C1 15 [labial}. This 15 presumably motivated by the fact that the
consonantal transitions trom a labial consonant create a formant tra-
jectory that 1s too similar to that ot a [w] to be reliably differentiated
trom 1t. Thus, although /w/ 15 otherwise paradigmatically distinct from
other approximants that can appear in C2 position, i.e.. /j 1 r/, it is syn-
tagmatically too close to other labials. Similar acoustic-perceptual tac-
tors account tor paradigmatic phonological constraints. For example.
distinctive pharyngealization i Arabic 1s manifested more easily on
coronal consonants than labial or velar (in other words, pharyngealiza-
tion’s distinctive lowering ot F2 1s not as casily detectable on segments
like labrals and back velars that already have a low F2 (Ohala 1985)).
Thus by most analyses ot Arabic. only coronals exhibit distinctive pha-

ryngealization (Ghazeli 1977). The acoustic-perceptual constraints on

R

speech sounds’ distinctiveness impacts on a number of issues.

First, how capacious is the "phonological space™?! From cross-language
studies 1t 15 possible to derive a notion ot the “usual” or modal number
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of contrasts one can expect in certain features (Maddieson 1984). For
example, vowel height typically has three contrasts and VOT typically
has two. Fewer or more contrasts than these are possible but if more
than the modal number are used one expects sone “cost , e.¢.,1n the
production domain where tighter control of relevant phonetic paran-
cters may be required (thus requiring no extra cost at the perceprual
level) or in the perceptual domain where the cost may be more con-
fusion between the relevant sounds (and thus implying no extra cost at
the level of production). (See also Zipf 1935; Lindblom & Maddieson
1988; Lindblom 1984, 1989.)

Second, the fact that the set of multiple acoustic cues differentiating
most features may be difterent in different environments would predict
that there should be context-specific constraints on features. For ex-
ample, stop bursts contain important cues tor their place of articulation
(Fischer-Jorgensen 1954) but for acrodynamic reasons they only have
bursts upon their release, not on their onset. The presence of these cues
only upon release may explain in part why CV syllables are more com-
mon than VC (J. Ohala 1995) and why stop place is often neutralized
in coda position or why medial heterorganic stop clusters yield a stop
(geminate or singleton) that has the place of the C2. the stop that had
the release, e.g., Late Latin /nokto/ > Italian /not:e/ ‘night’ (Ohala
1990). Ohala (1975) and Ohala and Ohala (1993) speculated that the
reason why there are often more place contrasts among nasals in post-
rather than pre-vocalic position (contrary to the pattern for obstru-
ents) 1s because nasals have greater velopharyngeal opening post-than
pre-vocalically, and since the strength of the spectral differences differ-
entiating nasals by place depend on the degree of nasal-oral coupling.
(See also Ohala & Kawasaki 1984, Ohala 1992, Ohala & Kawasaki-
Fukumori 1997))

One might suppose that paradigmatic and syntagmatic similarity
would especially be a problem in languages that supported a relatively
large number of contrasts. Hindi, for example, has 34 consonant dis-
tinctions, not counting singleton (short) vs. geminate (long) contrasts.
Among stops (including atfricates) 1t has four laryngeal distinctions
(voiced, voiceless, voiceless aspirated, and breathy-voiced) and tfive
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place disunctions (labial, dental, retrotlex, palatal, velar) (M. Ohala
1994). Table 1 hsts the segments of Hindi and Table 2 presents a mini-

mal set showing the tive place contrasts i coda position.
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Table . Consonane mventory ot Hindir (excluding gemiates).

S

pip | PUS
pit | yellow
pit | beat (verb)

pit{ | raised garden row

pik | spit (betel juice)

Table 20 Hindi words (and therr English translations) showing contrast of tfive places

of articulation 1 stops 1 coda position.

Hindi thus presents opportunities to explore this issue along with a re-
lated 1ssue brought up by a recent claim of Steriade (1997) regarding
the context where retrotlex place distinction is most robust. Steriade
starts with the view, similar to that of Ohala & Kawasaki (1984) and
Ohala & Kawasaki-Fukumori (1997), chat contrasts are ™. permitted

(or licensed) in positions that are high on a scale of perceptibility.”
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Most of her arguments are based on neutralization of certain laryngea]
contrasts but. referring to a study by Dave (1977), she also considers the
case of retroflexes and indicates that since the VC transitions of
retroflexes are more prominent than their CV transitions, the position
that should show more neutralization involving retroflexion is the on-
set (CV) position (i.e. word-nitial or post-consonantallv). (This is in
contrast to other segment types where CV cues are said to be more
pronunent than VC.) Anderson (1997) finds support for Steriade’s
claims based on perceptual data from Western Arrernte intervocalic
dental/alveolar/retroflex contrasts. She found that the vowel preceding
the retroflex shows the most prominent formant transitions and these
formant transitions increase correct identification more than is the case
with alveolar stops.

The VC (rather than CV) context is, perhaps, an ideal testing ground
for an mvestigation of the costs of accommodating more than the usual
number ot place contrasts because there are circumstances where the
set of differentiating cues could be quite impoverished. The place of
the C 1n aVC context has some cues at its onset, namely from the VC
formant transitions, as well as from its offset, namely the release burst.
However, 1n many cases the stops at least may be unreleased.

Thus 1f the "cost” attached to this higher-than-modal number of place
contrasts 1s paid in tighter control at the production level, one would
expect to find lesser overlap of these place-cueing transitions. On the
other hand, if the cost 1s paid in the perceptual domain one might ex-
pect a high level of confusion between these place contrasts.

[t Steriade’s hypothesis i1s correct one might expect better differentia-
tion of retrotlexion (vis-a-vis the other places of articulation) from the
transitions alonce in the VC context, both in production and percep-
t1on,

We should first consider the evidence on the relative capacity of VC
transitions to convey place distinctions in stops. In tfact, the evidence
from prior studies is mixed on this point. Sussman, Bessell, Dalston, &
Majors (1997) found the locus equations (F2 value at the consonantal
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transition vs. F2 of the adjacent vowel) to be more variable in VC than
in CV position. They review literature also showing thatVC transitions
afford poorer differendation than CV transitions: Ahmed & Agrawal
(1969) which, significantly, also dealt with Hindi, and Redford and
Diehl (1999). The results of Wang & Bilger (1973) showed no overal
ditference in this regard between CV and VC contexts. On the other
hand a number of earlier studies did show VC place cues more reliable
perceptually than those at CV: Shartf & Hemeyer (1972), Shart & Beiter
(1974), and Ohde & Sharf (1977) tound VC place cues more reliable
than CV, even when played backwards, 1.e., when they then appeared
as CV transitions. They reject hypotheses that this result was obtained
due to auditory constraints or listeners’ experience, and rather advo-
cated a theory that there was inherently more information on place n

VC transitions.

Greenberg (1995) cites neurophysiological studies of neurons m the
auditory cortex showing that with many neurons the response 1s
oreater for onset of a stimulus rather than its offset and speculates that
this may account for the greater incidence and greater variety of sylla-
ble onsets rather than codas in languages ot the world.

Studies involving the creation ot medial heteroganic stop clusters
through splicing, e.g.. splicing the first half of [apa] and the second halt
of [aka| to vield the heterorganic medial cluster [apkal. show that. n
ceneral, when the medial closure duration 1s kept short, listeners hear
a single consonant, not a cluster, and the place cues are taken trom the
C2 consonant. 1.e., the one that had the CV transinons (IDorman,
Raphael, & Liberman 1979; Repp 1976, 1977a, 1977b, 1978: Fu-
jmmura, Macchi, & Streeter 1978:; Ohala 1990; Beddor & Evans-Ro-
maine 1995; Streeter & Nigro 1979). Wang (1959) demonstrated much
the same by combining post-vocalic VC transitions with final stop re-
leases from other stops. (These lab-based perceptual results mirror,
part, the sound changes exemplitied by the Late Laun to Tralian change
of medial ~-C1C2- clusters to -C2C2- geminates, mentioned above.)

Reinforcing the above finding that place cucs at stop release over-
shadow those in the VC transition are the findings of Householder
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(1956) and Malécot (1958) that there are fewer errors in place judge-

ments when final stops are released than when they are not.

[n pursuing the above questions, we sought first to determine whether

the VO transitions leading into the five difterent places of articulation
i Hindi were suthciently distinet. This is described in study 1. Then

we sought to determine the perceptual distinctiveness ot the place of

these coda stops. both with their releases and wichout. This is described
i study 2.

2. Study 1

In order to determine the character of the VC transitions leading into
the 5 places ot araculation in Hindi we did the tollowing study. The
specttic questions addressed were: (a) Are these places cued similarly in
ditferent vocalic environments? (b) Are the five places of articulation
well ditterentiated by tormant transitions alone, i.e. without the bene-
tit of stop or affricate releases? (¢) Are the formant patterns character-
stic of place similar to those tound in other languages?

2.1 Method

len male native speakers of Standard Hindi were recorded uttering
syllables of the torm /pVC/ where V = one of the tollowing vowels
[11¢€ uwaland C = avoiced or voiceless (unaspirated) stop that was
bilabial, dental, retrotlex, palatal. or velar. (Again, the palatal stop is ac-
tually a palato-alveolar atiricate.) These words occasionally happened
to be real words; although most were nonsense words. The test words
were read m oone of two different random orders in the frame
[vo___aja] *he___came’. The utterances were recorded using high
quality analog portable equipment and subsequently band-pass filtered
at 68 Hz to 7.8 kHz and digitized at 16.7 kHz.” The analysis of the
recordings from three talkers was done with the aid of waveform and
LPC spectral displays produced by the CSRE™ speech analysis soft-
ware and related programs. The VC formant transitions (the last 100
msec of the vowel) were extracted by the CSRE™ LPC-based for-
mant tracking algorithm. The results presented in Figure 1 are for the
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most part based on 9 tokens (but never less than 7) per utterance (3 to-

kens x 3 speakers).
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R ows: ditterent places of articulavion (labial, dental, rerrotlex. palatal. velary: Colums:

ditterent vowels (1, a, u): the Tast column superimposes the tormant tracks trom all

three vowels. See text tor turter details,
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2.2 Results

Figure | gives a graphical summary ot the averaged formant tracks tor
three vowels [1 a u | betore 5 difterent places ot voiced stop (or af-
tricate). (The results tor [1 o a] were in general similar to those of |1 u a]
respectively and the patterns for [e 3] were m general interpolated be-
tween those shown here, e.g., the pattern tor [¢] 1s approximately in be-
tween those tor 1] and [a]. Also, although the tormant tracks tor voice-
less consonants are not given, they were simular to those of the voiced
CONSONaInts.)

Some ot the tormant patterns conform to expectations (based on pat-
terns seen 1n other languages):

e  Labials show a lowering of F2 and F3 — except atter back vowels
where F2 and F3 were essentiallv flat.

*  Dentals show a transition that ends in a mid-trequency region be-

tween about 1000 to 2000 Hz.
o  Palatals show an clevated F2 and F3.

 Place distinctions are most ditferent in the environment of the
open vowel [a]: they show similarities and thus potenaal neutral-

1zatton 1 the environment ot the high vowels [1] and [ul.

Some patterns of the transitions, however, are not expected, at least
based on what has been previously reported for other languages:

» Although the velar stop shows some convergence ot F2 and F3 1n
the environment of [i]. it does not show this expected pattern at-
ter [a‘.

* The retrotlex does show convergence of F2 and F3 1n all vocalic
Cnvironments.
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There is also a considerable amount ot overlap. Thus many transitions
were visually quite similar in specitic vowel contexts. Specitically the

following were siimilar:

e Labials and dentals have sumilar cransitions atter [1].
e Retroflexes and velars have similar transitions atter 1.
e Dentals and palatals are similar atter [a} and [u].

e Labials and velars are sinular after uj.
e Dentals and velars are sumilar atter |al.

It is also interesting to note therefore that acoustic cues for place are
highly variable and context dependent — even 1 a language with a

crowded segment mventory.

The question arises: are there other parameters which carry the neces-
sary place cues or are these places in fact highly contusable with their
differentiation requiring a stop release with its rich place cues present?
A perception experiment was designed to elucidate these issues.

3. Study 2
In this study we sought to determine how well the place of the five

stops could be perceptually differentiated both with and without the

final release burst.

Method

Stimuli: The recorded stimuli used was from the same data-base as the
one mentioned above except one of the three speakers was different.
(This was because one ot the speakers from the first study often released
his final stops into the vowel ot the following word. Thus another

speaker whose stop releases could be better isolated was selected.) T or-
der to keep the size of the word list manageable only three vowels werc
used. Thus the stmuli was of the form /pVC/ whereV = [1a u] and C
= a voiceless unaspirated stop that was bilabial, dental, retrotlex, palatal,
or velar. The resulting tokens were of the sort [puk]. [pap]. [pitf]. etc. (In
the first study the final stops were voiced. Voiceless stops were used here
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becausce 1t tacilitated the 1solation of the final stop release. We don't be-
lieve the voicing of the final stops would have any signiticant effect on
the overall trends i the resules.) The data, digitized at 16 kHz atter low-

pass filterimg at 8 kHz, were turther processed to vield two versions of

cach word type: the “whole word™ version, and a gated version that ex-
cluded the signal after the haltway point in the silence of the final stop,
1.c., excluding the tinal burst. No part of the trame sentence was in-
cluded. Thus the stimulus list contamed 90 items: 3 vowels X 5 stops X
2 conditions X 3 subjects = 90.This 90 1tem word list was randomized
and recorded on a tape with an mterstmulus ot 4 s. After every 5 to-
kens a 10 second gap was given (to allow subjects to find their way in
case they lost their place on the answer sheet — although none did). Pre-
ceding the 90 1tem word list was a 10 1tem practice session to tamiliar-
1ze the subjects with the way the stmuh would sound, how long they
would have to respond, and with the way they were to mark their an-
swer sheet which gave the candidate answers in the Devanagari script.
These 10 tokens were similar to the words tor the main test except they
were prepared from /pVC/ tokens where the C was voiced. Five were
mn the “whole word™ format and 5 1 the ¢ated format. For these, too,
there was a 4 5. gap between tokens. Between the 10 tokens of the prac-
tce sesston and the tokens of the main test there was a 20 second gap.
This test was administered over headphones via a high-quality portable
tape playback system in 21 subjects” homes in India.

Subjects and Procedures: The subjects were between the ages of 13-60);

e |

they could all read the Devanagart orthography. They were paid for

J

ther partucipation. They were provided with an answer sheet which
listed the tive final consonants [k 't ¢ p] i the Devanagari orthogra-

phy for cach of the 90 1tems of the test session as well as the practice
sesston. The mstructions to the subjects given orally in Hindi were as
follows: The purpose of this experiment is to examine the intelligibil-
ity of speech 1 noisy conditons. You will be hearing words some of
which are real words and some nonsense words. Some ot the words
will sound quite clear, tor others the end might not be so clear. You
should hsten carctully and circle on the answer sheet the consonant
that you think the word ends with. You must circle one consonant
(and only one consonant) for cach 1tem ceven 1t you have to guess at

)
~J
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what 1t 1s. There will be 4 second gaps between cach item and longer

caps after every 5 items in order to help you tind vour place. We will
start with a practice session i order tor vou to get used to the format.

After the practice session if there were no questions we proceeded

with the main test.

3.2. Results

- lp t |t g (kR p it ot (g |k

gated whole

g %05 179 |00 |00 |16 o053 148 00 |00 00
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release mtact. Correct response tlong diagt'nml.
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‘ 16 |63 [873 |48 |00 00 100 [oss 148 |00

tf 3.2 540 | 7.9 254 k95 0.0 0.0 0.0 952 | 458
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rer /a/ and /u/. labials and velars after /u/. and velars and dafntnlti aft@*
/a/.An expected confusion between retrotlexes and \-’L“L‘H"S atter /1/ did
not manifest itself = possibly because the retrotlexes, unlike the \-’el;_n's.,
rended to induce a characteristically low F3 throughout the preceding

vowel.

There was also some confusions that were not predicted. at least based
on a visual examination of the formant transitions, namely, palat;ﬂﬂ and
retroflexes were confused with both dentals and labials after /1/ and

retroflexes were contused with dentals after /u/.

Over all three vocalic environments. the rank order of percent correct
. g : seem Tellial O 1 60 o
identification of place was, from more to less: labial (91.6%). dental

aih —~ )/ g Y1 0
(69.3%), velar (65.6%), retrotlex (63.5%), and palatal (24.9%).

The degree to which place perception was improved. on average, by

the addition of the final stop release varied considerably:

palatals 64
retroflex 3%
velar 29,
dental (.30
[abial — .57/

This ranking is roughly in the same order as the typical prominence
nd robustitess of the releases of these stops. The palatal (aftricate) 1s
known to have an intense characteristic fricative release and the back-
wrticulated velar and the retrotlex stops would also tend to have rela-
tively intense bursts by virtue of thewr having downstream resonators

to amplity their sound.

ng Steriade s Jaim: it 1s true that the retrotlex has ro-
Regarding Steriade’s (1997) claim: it s o e that th% Tt N
bust VC transitions after [al. and corresponding to this the percent cor-
| | z ; 3 » 01/ f T
rect identification in the gated conditions was a high 87.3%. However,
_ < o e gl , s T i
after [i] this is not true: the transitions are less robust (Dave 1977, M.,
{ | 7 : o i . S . A
Ohala 1993) and the rate ot correct identification was only 3_().:){}.

Thus claims about the robustness of the retroflex place distinction 1n
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VC context need to take into consideration the nature of the V. Addi-
tionally, another factor may have to be taken into account in evaluat-
g the relative salience of retrotlexes” cues in some VO positrons. It 1s
possible that via sound change the presence of a svllable final retroflex
consonant has vielded a ditterent preceding vowel. c.g.. 1 Dave's
(1977) study the /a/ betore a retrotlex may no longer be the same as
the /a/ betore other consonant places. The data presented by Dave
(1977) tor Gujarati retrotlexes suggests, for example, that the preceding
vowel 1tselt, not just the transitions, mav differ from the same vowel be-
tore dentals. Similarly. in the history of English a post-vocalic /r/ has
had major influences on preceding vowels (Dobson | 963). One exam-
ple 1s that after metathesis changed brid to *bird’ the vowel underwent
lowering and centralization. (We cite this as an example of how a con-
sonantal context can mfluence the phonological quality of vowels. It is
not necessarly directly relevant to retroflexes’ influence since the or 10~
mal /r/ 1 English mav not have been retrotlex. ) It such a vowel change
1s mvolved, the 1dentitication of final retrotlexes may 11 sonie cases be
helped by a correlated difference in vowel quality. not just by the con-
sonantal transitions per se.

Addinonally. the resules obrained after | 1 | would not have been pre-
dicted on the basis of examining the formant transitions. Anderson s
(1995) results that post-alveolars were identified correctly more often
i mtervocalic position than word-initial may not necessarily show
that these sounds” VO transitions are better cues to that place than the
CV ransitions: it could simply mean that the combination of VO and
CV ocues (since both are present mtervocalicallyy are better than CV

cues by themselves.

One tinal note of caution: although it seeuss reasonable to think that
VO meervocalically (the position reported on by Anderson (1997).
Dave (1977) and Steriade (1997) and VC in finl position (used i the
present study) would behave similarly for formant transitions and how.

they are perceived, this might not be so and sall needs to be examined.
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Notes

I We use the term ‘space” as a convenient metaphor but do not endorse many of the
concepts associated with 1t (J. Ohala 1997),

2 The recordings were made in New Delhi. India, in the Language Laboratory ot the
Jawahar Lal Nehru Universiey.

5 The rows occasionally add up to more or less than 100% due to round-off error.
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