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Abstract

Current-generation automatic speech recognition (ASR) systems model spoken discourse as a quasi-linear sequence
of words and phones. Because it is unusual for every phone within a word to be pronounced in a standard (“‘canonical’)
way, ASR systems often depend on a multi-pronunciation lexicon to match an acoustic sequence with a lexical unit.
Since there are, in practice, many different ways for a word to be pronounced, this standard approach adds a layer of
complexity and ambiguity to the decoding process which, if simplified, could potentially improve recognition perfor-
mance. Systematic analysis of pronunciation variation in a corpus of spontaneous English discourse (Switchboard)
demonstrates that the variation observed is more systematic at the level of the syllable than at the phonetic-segment
level. Thus, syllabic onsets are realized in canonical form far more frequently than either coda or nuclear constituents.
Prosodic prominence and lexical stress also appear to play an important role in pronunciation variation. The governing
mechanism is likely to involve the informational valence associated with syllabic and lexical elements, and for this
reason pronunciation variation offers a potential window onto the mechanisms responsible for the production and
understanding of spoken language. © 1999 Elsevier Science B.V. All rights reserved.
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The little things are infinitely the most impor- linguistically decoded. And as aware as the listener
tant — Arthur Conan Doyle (1892) may be of the subtle (and not-so-subtle) acoustic
variations in the signal, they rarely interfere with
the ability to understand spoken language. On the
contrary, such variability, whether it be a conse-
quence of the speaker’s gender, age, geographical
dialect or emotional state, often provides addi-
tional information with which to shape the inter-
pretation of the signal’s linguistic message. This
seeming paradox, of semantic precision and in-
formational complexity transmitted via an inher-
ently ambiguous and variable acoustic source, is a
central property of spontaneous speech, one that
offers potentially keen insights into the mecha-
"Tel.: +1-510-642-4274 ext. 197; fax: +1-510-643-7684. nisms underlying pronunciation variation, as well
E-mail address: steveng@icsi.berkeley.edu (S. Greenberg) as into the processes germane to the organization,

1. Introduction

No two speakers utter the same words in pre-
cisely the same way, and it is rare for the speech of
even the same individual to repeat precisely over
the course of a day (or even a lifetime), despite the
apparent ease with which the acoustic waveform is
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representation and perception of spoken language
in general.

The variation of spoken language pronuncia-
tion has traditionally received relatively scant at-
tention from the linguistic community except
within the context of regional dialects (e.g., Ken-
yon and Knott, 1953) or sociological factors (e.g.,
Bernstein, 1974; Labov, 1972). Other sources of
pronunciation variation have often been attributed
to such factors as individual speaking style (e.g.,
Kohler, 1995), “economy of effort” (Jespersen,
1922) and such production factors as coarticula-
tion (e.g., Coleman, 1992), speaking rate and re-
duction (e.g., Kohler, 1995; Lindblom, 1963), with
relatively little effort devoted to delineating the
specific parameters underlying its generation or
linguistic expression (but, cf. Levelt, 1989; Lind-
blom, 1990, van Son et al., 1998). This dearth of
detailed descriptive data is the likely consequence
of relatively little spontaneous speech material
being widely available for analysis and inter-
pretation.

The introduction of large-vocabulary, speaker-
independent speech recognition systems has re-
sulted in the development of large-scale corpora of
spontaneous speech material (e.g., Godfrey et al.,
1992) and has stimulated considerable interest in
pronunciation variation as a potentially important
source of recognition errors (cf. Fosler-Lussier
et al., 1999; McAllaster et al., 1998).

One means of dealing with variation in word
pronunciation is through the creation of special-
purpose lexica, incorporating some of the most
commonly observed phonological variants for
each word in the lexicon. Such multi-pronuncia-
tion lexica have been shown to improve the per-
formance of such systems by a modest amount
(Byrne et al., 1997; Fosler et al., 1996; Ostendorf
et al., 1997; Riley et al., 1998; Weintraub et al.,
1997), but not nearly to the level characteristic of
human listeners.

One problem with the current multi-pronunci-
ation approach is its emphasis on a quasi-phone-
mic representation for lexical elements. Individual
words are represented exclusively as sequences of
phones, akin to a pronouncing dictionary (e.g.,
Kenyon and Knott, 1953). In such lexica all ele-
ments in the phonetic sequence receive essentially

equal weight relative to others. Such sequences
generally reflect only a single normative (‘“‘canon-
ical”’) or most common pronunciation, and it is
rare that alternative lexical representations, based
on organizational units above or below the phone
are provided. Within such a monolithic approach
lurks potentially unfortunate consequences for
recognition performance when things go “wrong”
(as they often do in spontaneous speech).

A recent study by McAllaster et al. (1998)
demonstrates the potential significance of accurate
pronunciation models for automatic speech rec-
ognition (ASR) systems. Normally, the lexicon
used in an ASR system contains several of the
most likely pronunciations for each word en-
countered by the system’s decoder. Many of the
pronunciations listed in the lexicon may not ac-
tually be encountered in any given recognition
sequence and, conversely, some of the pronuncia-
tion variations encountered by the decoder may
not be contained in the system’s lexicon. The
McAllaster study attempted to ascertain precisely
what the impact on recognition performance
would be if all of the pronunciation variants en-
countered by the decoder were in fact contained in
the lexicon; and if they were, did it make any dif-
ference to recognition performance if the lexicon
also contained pronunciation variants for these
same words that did not actually occur in the data?

To address such issues phonetic sequences were
“synthesized” for a corpus of telephone conver-
sation dialogs (the Switchboard corpus, cf. (God-
frey et al., 1992)) so that the phonetic segment
sequences matched the lexicon entries precisely
(and conversely, all of the lexicon entries for a
given word were encountered in the simulated
data). In the real world such a precise match be-
tween phonetic sequence data and the system’s
lexicon never actually occurs. The issue of interest
is whether a strict concordance between the pho-
netic composition of the lexicon and the actual
data encountered would have a substantial impact
on recognition performance.

The results of McAllaster’s simulation demon-
strated that word-error rate could be reduced from
ca. 40% to less than 5% using this simple expedi-
ent. In other words, performance could be dra-
matically improved if phonetic models were
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perfectly (or at least more closely) matched to the
phonetic representations contained in the lexicon.
This elegant demonstration may (at least partially)
explain why performance is so much better for
corpora derived from read text (e.g., TIMIT, Wall
Street Journal) than for those based on unscripted
dialogues (cf. Bernstein et al., 1992; Weintraub et
al.,, 1996). What clearly distinguishes these two
types of spoken language material is the manner in
which the speech is phonetically realized (Fosler-
Lussier et al., 1999; Greenberg, 1998; Weintraub
et al., 1996).

Although a “perfect” phonetic representation
for each word in the lexicon may be unrealistic at
present, may there not be some benefit that accrues
from including at least some of the phonetically
relevant variation in the AST lexicon? In order to
answer this question McAllaster and colleagues
included four hours of hand-labeled, phonetic
transcriptions (Greenberg et al., 1996; Greenberg,
1997b) in their lexicon (cf. http://www.icsi.berkeley.
edu/real/stp for a description of the specific mate-
rial included in the phonetic transcription). Using
this simple expedient, the error rate was reduced
by about a third, indicating that even partial in-
clusion of phonetically relevant information can
improve performance. However, when all of the
phonetic variants found in the ICSI corpus were
included in the lexicon, irrespective of whether
they actually occurred in the test materials or not,
performance actually declined relative to the
baseline. Clearly, the contents of the lexicon needs
to accurately reflect the range of phonetic varia-
tion observed; otherwise, performance is im-
paired.

Human listeners typically rely on many (per-
haps dozens of) different linguistic tiers (e.g., ar-
ticulatory-acoustic features, such as voicing,
manner and place, phonetic segments, syllables,
words, lexical compounds, lexical and phrasal
stress, etc.) to decode the speech signal during the
course of a typical conversation (Goldinger et al.,
1996; Greenberg, 1997a; Levelt, 1989). Variations
in the spectrum, speech envelope, fundamental
frequency, segmental duration, movement of the
lips and jaw, as well as detailed knowledge of the
statistical and prosodic properties of spoken lan-
guage are all utilized to deduce the linguistic

message embedded in the acoustic signal. As of
yet, ASR systems take little advantage of such
extra-segmental and prosodic information in de-
coding the speech stream (but c¢f. Kompe, 1997;
Niemann et al.,, 1997, Waibel, 1988) and it is
therefore unsurprising that such features have not
been systematically investigated with respect to
pronunciation variation.

One means by which to rectify this representa-
tional imbalance is through systematic analysis of
the phonetic properties of spontaneous speech in
an effort to ascertain precisely how much of the
variation in spoken language pronunciation can be
accounted for on the basis of such narrow lin-
guistic criteria. Such knowledge could in principle
be used to delineate the extra-phonetic factors in-
volved in the patterning of pronunciation varia-
tion and thereby improve the pronunciation
models to an extent that would substantially re-
duce the word-error rate of current-generation
ASR systems, as well as provide an empirical
foundation with which to develop future-genera-
tion speech understanding systems using multiple
information sources (Greenberg, 1997a).

2. The phonetic transcription of spontaneous speech

Switchboard is currently one of the primary
corpora with which the reliability and accuracy of
ASR systems is assessed. In contrast to such
corpora as TIMIT (Zue and Seneff, 1996) or Wall
Street Journal (Gauvain et al., 1994), in which a
speaker reads prepared written material, Switch-
board comprises informal, unscripted, telephone
dialogues on a wide range of topics, incorporating
a vast range of speaking styles (Godfrey et al.,
1992). Moreover, the Switchboard corpus encom-
passes a broad range of variation in the age, gen-
der and educational background of the speaker
(comparable to that of the TIMIT and Wall Street
Journal corpora).

Four hours of material from this corpus were
phonetically labeled by linguistically trained,
highly experienced transcribers (the interlabeler
agreement ranged between 72% and 80% on the
phonetic segment level — cf. (Greenberg et al.,
1999) for additional detail) and made available
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through the Johns Hopkins’ Center for Language
and Speech Processing to the ASR community for
developing future-generation recognition systems
and for improving current methods for modeling
pronunciation variation (Byrne et al., 1997, 1998;
Fosler-Lussier and Morgan, 1998; Ostendorf et al.,
1997; Riley and Ljolje, 1995; Riley et al., 1998;
Schiel and Tillmann, 1998; Weintraub et al., 1997).

Three-quarters of the material was labeled at
the phone level and segmented at syllabic bound-
aries. The remainder (72 minutes) was labeled and
segmented at the phonetic-segment level, but also
segmented at the syllabic level to insure compati-
bility with the remaining three hours of material.
Both portions of the corpus were transcribed using
a custom-designed variant (Greenberg, 1997b;
Greenberg et al., 1999) of the Arpabet phonetic
symbol set (Zue and Seneff, 1996). A small portion
of this material was transcribed in common by all
of the transcribers in order to ascertain the inter-
labeler agreement. A detailed description of this
project is provided in (Greenberg, 1997b; Green-
berg et al., 1999). Various statistical analyses of the
phonetic transcription are described in (Green-
berg, 1997a; Greenberg et al., 1996). The tran-
scription material (including audio examples) are
available on the World Wide Web (http://
www.icsi.berkeley.edu/real/stp).

Such analyses provide striking testimony to the
ephemeral quality of the phone at the lexical level
(e.g., Tables 1 and 2) by virtue of the large pro-
portion (ca. 22%) of phonetic segments that either
change their identity (i.e., substitutions) or are
altogether “missing in action” (i.e., the proportion
of deletions range between 9.3% and 13.6%, de-
pending on speaking rate, with the overall pro-
portion of deletions equal to ca. 12.5%).
Occasionally, entire words are swallowed whole
(<1% of the time) with only a short pausal junc-
tion marking their (perceived) location (Green-
berg, 1997b). The proportion of phone
substitutions ranges between 17% (slow speaking
rate) and 24% (fast rate). At the level of the
phone, pronunciation variation is a difficult beast
to comprehend or tame. It is for this reason that
the focus of the current analyses is aimed at a
higher level of linguistic organization, that of the
syllable.

3. Anatomy of a syllable

The syllable can be likened to a linguistic
“wolf” in phonetic clothing. It is perhaps the
“sheepish” nature of its outer lining that has led
many to believe that it is but a mere sequence of
phones and therefore can be simulated via a multi-
phone (i.e., tri- or quinta-phone) approach to ASR
(e.g., Rabiner and Juang, 1993). What distin-
guishes the syllable from this phonetic exterior is
its structural integrity, grounded in both the pro-
duction and perception of speech and wedded to
the higher tiers of linguistic organization.

The syllable is structurally divisible into three
parts, the onset, nucleus and coda (the nucleus and
coda, taken together, are often referred to as the
“rhyme’). Although many syllables contain all
three elements, a significant proportion contain
only one or two. With rare exception, when a
single component is present, it is the nucleus.
Generally (though not always), the nucleus is vo-
calic, while the onset and coda are usually conso-
nantal in form. For example, the word (and
syllable) ““cat”, can be phonetically represented as
three distinct segments, [k] [ae] [t], each associated
with a specific structural element of the syllable.
The [K] is the onset, followed by the nucleus [ae],
with the coda, [t], bringing up the rear (cf. Crystal,
1995, p. 246). A second means by which to char-
acterize the syllable is in terms of its consonantal-
vocalic composition. Within this framework [k ae
t] is classified as a CVC syllable (at least in terms of
its canonical [i.e., phonological] representation).

“Real life” is often somewhat more complicated
with respect to syllabic parsing of the speech
stream. In particular, there is the thorny issue of
“gyllabification” (i.e., segmentation into syllabic
entities) as well as “resyllabification” (which deals
with the reassignment of a phonetic constituent
(rarely more than one) from one syllable to an-
other. These issues are of concern when comparing
the phonetic transcription with the canonical
forms in the lexicon. The phonetic sequences were
automatically parsed into syllables using a pro-
gram written by William Fisher (tsylb) (and fur-
ther adapted by Dan Ellis) which instantiates
algorithmically the rules for syllabification of
American English described by Kahn (1980) (see
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Table 1
Eighty pronunciation variants of the word “and” from the Switchboard Transcription Corpus*

N Phonetic transcription N Phonetic transcription

82 ae n 1 ah nx

63 eh n 1 ae n t

45 ix n 1 eh d

35 ax n 1 ah n del d

34 en 1 ey ih n dcl d

30 n 1 ae ix n

20 ae n dcl d 1 ae nx ax

17 ih n 1 ax ng

17 q ae n 1 ay n

11 ae n d 1 ih ah n d
7 q eh n 1 ae hh
7 ae nx 1 ih ng
6 ae ae n 1 iX
6 ah n 1 ae n d del
5 eh nx 1 iX dcl d
4 uh n 1 ae ch n
4 ix nx 1 hh n
4 q ae n del d 1 ix n t
3 eh n d 1 ae ax n dcl d
3 q ae nx 1 iy ch n
3 eh 1 m
2 ae n del 1 ae ae n d
2 ae 1 nx
2 ax m 1 q ae ae n
2 ax n d 1 q ae ae n dcl d
2 ae ch n dcl d 1 q ae eh n dcl d
2 eh n del d 1 q ae ih n
2 ax nx 1 aa n
2 q ae ae n d 1 q ae n d
2 q ix n 1 ? nx
2 iX n del d 1 q ae n q
2 ih 1 eh n m
2 eh eh n 1 q eh en dcl
2 q eh nx 1 eh ng
2 iX d n 1 q ch n q
1 eh m 1 em
1 ax n del d 1 q eh ow m
1 aw n 1 q ih n
1 ae q 1 q ix en
1 ch dcl 1 er

#The variants are listed in order of their frequency. The phonetic symbols are from a transcription system based on Arpabet. The
segment [q] denotes a glottal stop. The symbol set and transcription methods are described in (Greenberg, 1997b, Greenberg et al.,

1999).

Greenberg (1997b, 1999) for further discussion on
how this syllabification algorithm was used for
phonetic transcription).

If all words were spoken in canonical form,
there would be little reason to prefer the syllable
over some other form of multi-phone representa-
tion for ASR. However, the pattern of pronunci-

ation variation observed in spontaneous speech is
far from egalitarian. The onset portion of the
syllable is generally a “survivor”, maintaining its
canonical identity regardless of speaking condi-
tions, while the nucleus is a “chameleon”, capable
of assuming a wide range of vocalic appear-
ances. And the coda often gets no respect, as a
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Table 2
Pronunciation variability for the 100 most common words in the phonetically segmented portion of the Switchboard Transcription
Corpus*

Word N #Pr. Most common Y%Tot
pronunciation

1 1 649 53 ay 53

2 and 521 87 ae n 16

3 the 475 76 dh ax 27

4 you 406 68 y ix 20

5 that 328 117 dh ae 11

6 a 319 28 ax 64

7 to 288 66 tcl t uw 14

8 know 249 34 n ow 56

9 of 242 44 ax v 21
10 it 240 49 ih 22
11 yeah 203 48 y ae 43
12 in 178 22 ih n 45
13 they 152 28 dh ey 60
14 do 131 30 del d uw 54
15 S0 130 14 S OW 74
16 but 123 45 bel b ah tel t 12
17 is 120 24 ih z 50
18 like 119 19 1 ay kel k 46
19 have 116 22 hh ae v 54
20 was 111 24 w ah z 23
21 we 108 13 w iy 83
22 it’s 101 14 ih tcl s 20
23 just 101 34 jhixs 17
24 on 98 18 aan 49
25 or 94 23 er 36
26 not 92 24 m aa q 24
27 think 92 23 th ih ng kel k 32
28 for 87 19 fer 46
29 well 84 49 weh 1 23
30 what 82 40 w ah dx 14
31 about 77 46 ax bcl b aw 12
32 all 74 27 ao 1 24
33 that’s 74 19 dh he s 16
34 oh 74 17 ow 61
35 really 71 25 rih 1 iy 45
36 one 69 8 w ah n 78
37 are 68 19 er 42
38 I'm 67 9 qaam 26
39 right 61 21 ray 28
40 uh 60 16 ah 41
41 them 60 18 ax m 23
42 at 59 36 ae dx 8
43 there 58 28 dhehr 22
44 my 58 9 m ay 66
45 mean 56 10 miyn 58
46 don’t 56 21 dx ow 14
47 no 55 8 n ow 77
48 with 55 20 w ih th 35
49 if 55 18 ih f 41
50 when 54 18 w eh n 31
51 can 54 28 kel k ae n 15
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Word N #Pr. Most common Y%Tot
pronunciation
52 then 51 19 dh eh n 38
53 be 50 11 bel b iy 76
54 as 49 16 ae z 18
55 out 47 19 ae dx 22
56 kind 47 17 kel k ax nx 21
57 because 46 31 kel k ax z 15
58 people 45 21 pel p iy pel 1 el 44
59 g0 45 5 gcl g ow 83
60 got 45 32 gcl g aa 15
61 this 44 11 dhihs 47
62 some 43 4 s ah m 48
63 would 41 16 w ih dcl 29
64 things 41 15 th ih ng z 52
65 now 39 11 naw 69
66 lot 39 9 1 aa dx 47
67 had 39 19 hh ae dcl 24
68 how 39 11 hh aw 53
69 good 38 13 gcl g uh dcl 27
70 get 38 20 gcl g eh dx 13
71 see 37 6 s iy 80
72 from 36 10 frahm 28
73 he 36 7 iy 39
74 me 35 5 m iy 87
75 don’t 35 21 dx ow 14
76 their 33 19 dhehr 25
77 more 32 11 maor 56
78 it’s 31 14 ih tcl s 20
79 that’s 31 20 dhehs 16
80 too 31 6 tel t uw 60
81 okay 31 17 ow kel k ey 45
82 very 30 11 vehriy 36
83 up 30 11 ah pcl p 34
84 been 30 11 bel b ih n 51
85 guess 29 8 gcelgehs 42
86 time 29 8 tcl t ay m 62
87 going 29 21 gcl g ow ih ng 13
88 into 28 20 ih n tel t uw 14
89 those 27 12 dh ow z 42
90 here 27 11 hh iy er 25
91 did 27 13 del d ih dx 23
92 work 25 8 w er kel k 66
93 other 25 14 ah dh er 26
94 an 25 12 ax n 28
95 I've 25 7 ay v 46
96 thing 24 9 th ih ng 52
97 even 24 7 iy vix n 40
98 our 23 9 aar 33
99 any 23 11 iX n iy 23
100 we're 23 8 weyr 25

#“N” is the number of instances each word appears in the 72-minute corpus. “#Pr.” is the number of distinct phonetic expressions
for each word. “%Tot” is the percentage of the total number of pronunciations accounted for by the single most common variant. The
phonetic representation is derived from a variant of the Arpabet orthography. Further details concerning both the pronunciation data

and the transcription orthography may be found in (Greenberg, 1997b; Greenberg et al., 1999). From (Greenberg, 1997a).
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consequence of its disposable quality. Why should
this be so?

The answers are multifaceted and reside at
several levels of analysis, from the acoustic-pho-
netic and auditory at the lower end, to the lexical,
prosodic and semantic at the upper end of lin-
guistic organization. This veil of representational
tiers is governed by the requisites of information
transmission and bound into a coherent, func-
tioning whole by virtue of the syllable.

We shall first examine some of the statistical
properties of the Switchboard corpus from the
perspective of both the syllable and the word in
order to gain some insight into the linguistic
foundations of pronunciation variation. We then
consider how such structure could be embedded
within an ASR system and utilized for improving
recognition performance. Finally, we will briefly
consider how these linguistic representations might
be encoded in the auditory pathway.

4. All words, great and small

Since the days of Dewey (1923) and Zipf (1945)
it has been known that words differ greatly in
terms of their frequency of occurrence in written
language. French et al. (1930) were the first to
demonstrate a comparable pattern for spoken
English dialog.

A frequency analysis of the Switchboard lexicon
illustrates the magnitude of this effect. The most
frequent words occur far more frequently than the
least (Fig. 1). The 10 most common words account
for approximately 25% of all lexical occurrences in
the entire corpus (ca. 140 hours of material). The
100 most frequent words account for nearly two
thirds of the individual tokens in Switchboard
(Fig. 2). Examination of these most frequently
occurring words (Table 2) indicates that most
come from the so-called “closed” set of “function”
class words such as pronouns, articles, conjunc-
tions and modal/auxiliary verbs. Many of the re-
mainder stem from just a few basic nominal,
adjectival or verbal forms. Clearly, mastery of
these 100 most common words goes a long way
towards facilitating comprehension of spoken
discourse. The perceptual criteria for recognizing

Frequency of Occurrence

1 10 100 1000 10000

Word Rank

Fig. 1. The frequency of occurrence for the 10,000 most
frequent words in the Switchboard corpus, organized in rank
order of frequency. Total number of distinct words in the
corpus is 25,923. From (Greenberg, 1997a).
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©
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Cumulative Frequency

1 10 100 1000 10000

Word Rank

Fig. 2. Cumulative frequency of occurrence as a function of
word frequency rank for the 10,000 most frequent lexical items
in the Switchboard corpus. From (Greenberg, 1997a).

such common words are likely to be very different
from those associated with their infrequent lexical
counterparts. The integrity and reliability of spo-
ken language are likely to depend on the symbiotic
relationship between these two very different
classes of words.
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5. The syllabic representation of the lexicon

Although a mere list of common words does
not provide sufficient data with which to interpret
the speech signal, it could be used in conjunction
with other knowledge sources to prune the number
of likely lexical alternatives. One potentially useful
representation is that of the syllable.

The 30 most common words in the Switchboard
corpus are all monosyllabic (Table 2), and of the
100 most frequent lexical items only ten are not
(and all of these exceptions contain just two syl-
lables). This decided lexical preference for syllabic
brevity among the most frequently occurring
words is largely representative of the corpus as a
whole. Although only 22% of the Switchboard
lexicon is composed of monosyllabic forms, ap-
proximately 80% of the corpus tokens are just one
syllable in length (Table 3). The portion of the
lexicon consisting of three or more syllables (38%0)
is rarely exhibited in spontaneous language, ac-
counting for less than 5% of the spoken instances
(Table 3). This statistical skew towards short syl-
labic forms provides a potentially powerful inter-
pretative constraint on the decoding of the speech
stream.

For the 300 most frequently occurring words
the cumulative statistical distribution is remark-
ably similar to their syllabic counterparts (Fig. 3).
This identity between word and syllable is a nat-
ural consequence of the statistical relation between

Table 3

The proportion of words consisting of n-syllables for the entire
Switchboard (i.e., tokens or ““usage”) for the entire (All) corpus,
the portion of the corpus phonetically transcribed (STP,
n=>53,790) and lexicon (i.e., type)*

# Syllables Usage (%) Usage (%) Lexicon
(Al (STP) (%)
1 81.04 78.42 22.39
2 14.30 16.31 39.76
3 3.50 3.72 24.26
4 0.96 0.95 9.91
5 0.18 0.23 3.21
6 0.02 0.03 0.40

#Comparable data from a telephone dialog corpus study
performed in the 1920s (French et al., 1930) shows a virtually
identical frequency pattern as a function of syllabic length for
lexical items. From (Greenberg, 1997a).

1.0

Cumulative Frequency

[_I—I"I'I'ﬂ'l'l]—l_l'rﬂm'l T lllm'l T T llllll'l
1 10 100 1000 10000
Frequency Rank (Word or Syllable)

Fig. 3. The cumulative frequency of syllables in the entire
Switchboard corpus as a function of syllable frequency rank
compared with the cumulative frequency of occurrence for
words in the same corpus. From (Greenberg, 1997a).

the two units and thus imply that segmentation
and recognition of such entities effectively reduce
to the same thing for this most favored portion of
the lexicon.

6. The inner life of a syllable

Many languages of the world (including Japa-
nese and the Malayo-Polynesian family) possess a
relatively transparent (“‘simple”) syllable structure
consisting of just several canonical forms. Most of
the syllables in such languages contain just two
phonetic segments, typically a consonantal onset
followed by a vocalic nucleus (CV). The remaining
syllabic forms are generally of the V (nucleus) or
VC (nucleus+coda) variety. Such “syllable-
timed” languages tend to exhibit an “agglutina-
tive” (a sequence of morphemic elements obliga-
torily bound to the lexical root) or “isolating”
(morphemic elements arranged in a relatively
flexible order with respect to the word root) (cf.
Lyovin, 1997) grammatical morphology and are
thought to possess a relatively even tempo (but cf.
Arai and Greenberg, 1997).
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In contrast, English and German (as well as
many other Indo-European languages) possess a
more highly heterogeneous syllable structure by
virtue of incorporating “complex” patterns into
their syllabic repertoire. In such forms, the onset
and/or coda constituents often contain two or
more consonants, resulting in thousands of dis-
tinct syllabic entities (a consequence of the com-
binatorial potential of consonantal sequences) and
tend to exhibit either an inflectional or synthetic
(but rarely an agglutinative) morphology (though
Lyovin (1997) suggests that English possesses
certain properties more typical of an isolating
language than this typology would allow). Such
languages tend to informationally highlight (i.e.,
prosodic ‘“‘prominence” or phrasal ‘‘stress”) a
certain proportion of syllables via selective
lengthening of segmental duration, resulting in a
somewhat greater variability of syllable length
than observed among syllable-timed languages
(cf. (Arai and Greenberg, 1997) for further dis-
cussion).

A salient property shared in common by stress-
and syllable-timed languages (as exemplified by
English and Japanese, respectively) is the prefer-
ence for CV syllabic forms in spontaneous speech.
Nearly half of the forms in English, and over 70%
of the syllables in Japanese (Arai and Greenberg,
1997) are of this variety. There is also a substantial
proportion of CVC syllables in the spontaneous
speech of both languages (Table 4).

7. The syllabic basis of pronunciation

The importance of the syllable as an organiza-
tional unit of spoken language becomes manifest
when considering pronunciation variation. In
spontaneous speech the phonetic realization often
differs markedly from the canonical, phonological
representation (cf. Table 4). Entire phonetic ele-
ments are often dropped (28% of the consonantal
codas in the phonetically transcribed portion of
the Switchboard corpus) or transformed into other
phonetic segments (mostly vocalic segments, ca.
35% of the time). Such patterns of deletions and
substitutions appear rather complex and some-
what arbitrary when analyzed at the level of the

Table 4

The relative frequency of occurrence for various syllable types
in both the lexicon and spoken usage of the Switchboard cor-
pus?

Syllable Lexicon Corpus Phn. Tr
type (%) (%) (%0)
“Simple”

CvV 36.2 34.0 46.30
CvC 28.8 31.6 26.36
vC 5.3 11.7 5.83
A% 4.8 6.3 9.26
Subtotal 75.1 83.6 87.75
“Complex”

CcvcCcC 7.3 6.3 3.17
vCC 0.5 43 0.56
CCv 7.4 2.6 4.22
CCvC 5.0 2.2 242
Cccvce 2.2 0.6 0.38
cvcce 1.0 0.4 0.14
CCcvce 0.5 <0.1 0.10
CCcv 0.4 <0.1 0.13
CCvcCcc 0.3 <0.1 0.03
CCccvcece 0.2 <0.1 0.02
vVCCC <0.1 <0.1 0.01
C N/A N/A 0.82
CC N/A N/A 0.16
CCC N/A N/A 0.02
Subtotal 17.5 16.5 12.18

#The data are derived from canonical pronunciations of
dictionary sources, and are compared with the syllable structure
for actual pronunciation derived from phonetic transcription
(Phn. Tr.). Total number of syllables =47,406.

phonetic or phonological segment. However, this
variation becomes more systematic when placed
within the framework of the syllable.

Several principles of pronunciation variation
can be discerned for spontaneously spoken English
from analyses of the Transcription Corpus, as
illustrated in Tables 4 and 5:

(1) Syllable onsets are generally preserved. The
phonetic realization of syllabic onsets tends to
approximate the canonical (i.e., be “preserved’)
for most lexical instances and to a far greater de-
gree, than nuclear and coda elements in sponta-
neous speech (and to a lesser extent in read text,
cf. Table 5). This preference for the canonical is
particularly marked for instances of complex on-
sets containing two or more consonantal segments
(despite the greater potential for deviation from
canonical pronunciation) and is most clearly
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Table 5

The frequency with which the phonetic pronunciation corresponds to the lexicon’s canonical pronunciation, as a function of syllabic
constituent for the phonetically transcribed portion of the Switchboard corpus as well as for the TIMIT corpus of read sentential

material®

Switchboard

Syllable constituent All instances

Percent canonical

Onset (total) 39,214 84.7
Simple [C] 32,851 84.4
Complex [CC(C)] 6,363 89.4

Nucleus 48,993 65.3
with/without onset 35,979/13,104 69.6/53.4
with/without coda 26,258/15,101 64.4/66.4

Coda (total) 32,512 63.4
Simple [C] 20,282 64.7
Complex [CC(C)] 12,230 61.2

TIMIT

All instances Percent canonical
57,868 90.0
42,992 88.9
14,876 93.3
62,118 62.2
50,166/11,952 64.7/51.8
32,598/29,520 58.2/66.6
40,095 81.0
25,732 81.3
14,363 80.5

#For both corpora the onsets of syllables tend to be phonetically realized as the canonical form most of the time. There is a slightly
greater probability of canonical pronunciation for onsets containing two or more consonants. The vocalic nuclei are realized in ca-
nonical form far less frequently than syllabic onsets. When the syllable lacks an onset constituent the probability of canonical real-
ization for the nucleus is significantly reduced. However, the absence of a coda element has relatively little impact on the phonetic
realization of the nucleus. The primary difference in the pattern of canonical realization between read and spontaneous speech appears
localized to the coda constituent. In TIMIT the coda is canonically realized nearly as often as the onset. In contrast, the coda is
canonically realized significantly less frequently in Switchboard. From (Fosler-Lussier et al., 1999).

observed in the absence of a (canonical) syllabic
coda, as in the case of CCV and CCCYV syllabic
forms (Table 4). For example, the proportion of
CCYV forms in the canonical lexicon is 2.6%, but
rises to more than one and half times this quantity
(4.2%) in terms of their phonetic realization, con-
sistent with hypothesis that few constituents of
complex onsets are deleted in spontaneous dis-
course (Table 4).

(2) Coda elements are often dispensed with. The
coda element is often deleted or transformed into a
segment that is phonetically homo-organic with
that of the following syllable’s onset (i.e., it is as-
similated). The proportion of syllables classified as
of the canonical CVC (31.6%) variety drops by 20%
when classified on the basis of phonetic pronun-
ciation (26.4%), reflecting coda deletion (Table 4).
An even greater decline (50-80%) in the realization
of the canonical coda element is observed for the
VC, VCC and CVCC syllabic forms (ibid). Fully
28% of the canonical consonant codas are deleted
in the transcription portion of the Switchboard
corpus.

This reduction in the proportion of syllables
that are phonetically realized in their canonically

complex coda form is accompanied by a corre-
sponding increase in the number of syllables that
are realized without any coda at all. The propor-
tion of CV syllables in the phonetically transcribed
corpus is 46.3% despite the fact that only 34% of
the canonical (i.e., phonological) forms are of this
variety. And the proportion of V syllables (con-
taining solely a nucleus) is 9.3%, even though but
6.3% of the canonical instances are of this form.
The complexity of the coda, therefore, has rela-
tively little impact on the likelihood of canonical
pronunciation (in contrast to the presence of the
onset constituent, cf. Table 5).

(3) The nucleus often deviates from the canonical.
The nucleus is the syllable’s “bedrock’, forming its
core and is virtually always vocalic in nature (only
1% of the syllables in the Switchboard Transcrip-
tion Corpus lack a vocalic nucleus, cf. Table 4).
Thus, any deviation from the canonical is likely to
preserve the vocalic form of the nucleus, and
therefore such departures are likely to be substi-
tutions (in contrast to those of the coda, which
tend to be deletions, as described above).

(4) The likelihood of canonical expression per-
colates through the syllable. The probability of
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canonical pronunciation for a given constituent is
influenced, to a certain degree, by the pronuncia-
tion of the other constituents in the syllable, par-
ticularly the onset (cf. Table 5). Thus, the
probability of the nucleus being pronounced ca-
nonically is higher when the onset is also articu-
lated in the standard manner (ibid). This is also the
case for the coda. Furthermore, the coda is more
likely to be pronounced in canonical fashion if the
nucleus is as well and vice versa (cf. Greenberg,
1998, Tables 7 and 8). Such a pattern of pronun-
ciation variation implies that the specific mecha-
nism responsible for crafting pronunciation looks
beyond the individual constituent and almost
surely reflects control at the syllabic, lexical or
even phrasal level. The factors potentially gov-
erning this syllabic linkage are discussed in Sec-
tions 8 and 9.

(5) Syllabic entities are not always clearly de-
marcated in terms of phonetic constituents. Such
occurrences of ambisyllabicity occur in 5.9% of the
syllables and refer to the situation where a pho-
netic constituent straddles two syllabic entities. In
virtually all instances, the element shared in com-
mon is consonantal in nature and typically forms
the coda of the initial syllable. Most of these in-
stances of ambisyllabicity result in resyllabificat-
ion, where the coda of the initial syllable also
becomes the onset constituent of the following
syllable (e.g., “for eight” > [faor] [r ey t]). How-
ever, there are a certain proportion of instances in
which the coda completely detaches from the ini-
tial syllable and becomes exclusively associated
with the onset of the following syllable. For this
reason, the proportion of resyllabified syllables
(8.2%) substantially exceeds the number of ambi-
syllabic forms alone.

(6) The linguistic factors governing pronuncia-
tion variation are likely to reflect exceedingly high-
level processing. Specific patterns of pronunciation
are likely to reflect the information valence of the
utterance and to be indicative of the speaker’s
projection of the listener’s internal knowledge
model. This patterning is observed in the rela-
tion between lexical frequency, speaking rate,
prosodic prominence and the probability of
pronunciation variation (as discussed in Sections
8 and 9).

8. The role of prosodic stress in pronunciation
variation

Prosody appears to have a systematic effect on
pronunciation variation. In terms of the current
study it manifests its influence in terms of the
heightened probability of canonical pronunciation
across the syllable. When a syllable is “accented”
(i.e., prosodically “prominent™) there is a greater
tendency for the nucleus and coda constituents to
be canonically pronounced than for unaccented
syllables (cf. Lehiste, 1996).

8.1. Durational properties of syllables

One of the acoustic parameters most closely
associated with prominence is syllable duration.
Accented syllables tend to be longer in duration
for several reasons. First, the nuclei of such sylla-
bles tend to be longer (Silipo and Greenberg,
1999). Second, there is a greater likelihood that all
(or most) of the canonical phonological constitu-
ents will be realized (i.e., few, if any, phonetic
deletions will occur for any given syllable). And
finally, many of the words that tend to be accented
are phonologically more complex (i.e., are com-
posed of complex syllabic onsets and codas) as a
result of their relatively higher entropy (this rela-
tion is a corollary of Zipf’s “law”, associating the
number of phonological constituents within a
word with the word’s frequency of occurrence
(Zipf, 1945) — most such “complex’ phonological
syllables come from the right-hand branch of the
lexical distribution shown in Fig. 1).

The durational properties of syllables in English
are illustrated in Fig. 4 for the four hours of
phonetically transcribed material in the Switch-
board corpus. Of interest is the broad dispersion of
syllable lengths (mean =200 ms, s.d.=103 ms)
and the extended tail of the right-hand portion of
the distribution. Approximately 15% of the sylla-
bles are longer than 300 ms. Most of this popu-
lation is likely to be prosodically accented.

As a consequence of this durational distribu-
tion, in concert with the pattern of conditional
syllabic duration (Fig. 5), the probability of a
shorter syllable following a longer one (and vice
versa) is quite high (most words are one syllable
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Fig. 4. Frequency distribution of syllables from a corpus of
spontaneous English discourse (Switchboard). Durations are
derived from manual segmentation of syllabic boundaries by
phonetically trained individuals. The mean of the distribution is
200.5 ms and the standard deviations is 103 ms. N = 56,400
syllables.
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Fig. 5. Conditional dependence of syllable duration between
successive syllables using the same portion of the Switchboard
corpus as in Fig. 4. N=47,061 syllable pairs. Adapted from
(Arai and Greenberg, 1997).

long; therefore the conditional durations for syl-
lables pertain mostly across words as well). Such a
pattern of durational relations follows directly
from the shape of the statistical distribution and
does not necessarily imply any form of conscious
alternation between long and short syllables. The
nature of this process is illustrated in Fig. 5, which
plots the data of Fig. 4 in terms of the durational
relation of successive syllables. Syllables whose
durations are relatively close to the mean of the

distribution will tend to be followed and preceded
by syllables that do not differ all that much in
length. Syllables appreciably longer or shorter
than the mean tend to be bracketed by syllables
that are significantly different in duration. How-
ever, the conditional dependence of duration on
prior and following syllable length is remarkably
even and devoid of bias. The only basis for the
skew in odds is the sheer weight of numbers in the
distribution’s core.

8.2. The acoustic bases of prosodic stress

The relation between prosodic stress and syl-
labic duration is well established in the experi-
mental literature (cf. Lehiste, 1996) but has not
previously been systematically tested on a corpus
of spontaneous English discourse (a recent study
has been conducted on spontaneous Dutch, cf.
(van Kuik and Boves, 1999)). It is likely that a
language’s stress pattern is linked, in some mea-
sure, to the structure of its syllabic constituents as
described in Section 8.1.

To ascertain duration’s role in prosodic stress,
several minutes of the Switchboard corpus and
over two hours of a separate spontaneous corpus
(consisting of ca. I-minute monologues), OGI
Stories (American English) were labeled by trained
linguists in terms of accented and unaccented syl-
lables (along with an intermediate category desig-
nating syllables that were neither fully prominent,
nor completely unaccented). This material was
used to train and develop an automatic algorithm
to prosodically label comparable material from the
same corpora. The automatic procedure is capable
of correctly distinguishing accented from unac-
cented syllables ca. 80% of the time for the OGI
Stories material and about 85% of the time for
Switchboard (Silipo and Greenberg, 1999). There
is ca. 84-88% agreement between labelers in dis-
tinguishing fully accented from completely unac-
cented syllables in the OGI Stories corpus (no
interlabeler agreement was computed for the
Switchboard material, as it was based on the ma-
terial of only a single transcriber).

The automatic algorithm operates on three
separate parameters of the acoustic signal — du-
ration, amplitude and fundamental frequency (as
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well as their dyadic and triadic products). An op-
timization routine was developed to ascertain the
combination yielding optimum discrimination be-
tween stressed and unstressed syllables. The results
indicate that the product of amplitude and dura-
tion (i.e., integrated energy) of the syllabic nucleus
yields the performance closest to that of the lin-
guistic transcribers. Fundamental frequency turns
out to be relatively unimportant for distinguishing
between the presence and absence of prosodic
prominence. These results are consistent with
those reported by van Kuik and Boves (1999) for
Dutch, and by Waibel (1998) for read text (in
English).

8.3. The relation between prosodic stress and
pronunciation variation

Prosodic stress serves to informationally high-
light specific lexical and syllabic elements. Ap-
proximately one fifth of the syllables in both the
OGI Stories and Switchboard material are fully
accented. This proportion is likely to reflect some
intrinsic division of the lexicon into information-
ally significant classes.

There appears to be a positive relation between
canonical pronunciation and prosodic stress. The
two properties often travel together, though they
are not inseparable under all conditions. Syllables
whose entire suite of constituents are canonically
expressed are more than likely to be fully accented.
However, two-thirds of the phonetic segments are
pronounced in canonical fashion, three times the
proportion of stressed elements, indicating that
stress is only one of several factors underlying the
patterning of pronunciation variation.

9. Information’s role in pronunciation variation

Words of high information valence (these are
typically infrequently occurring referential con-
stituents of a nominal phrase [i.e., nouns or ad-
jectives]) tend to be pronounced in canonical
fashion, while common lexical items, particularly
pronouns, conjunctions and articles, generally de-
part from canonical form with regularity (Fosler-
Lussier and Morgan, 1998; Greenberg, 1997a).

Such patterning suggests that the information va-
lence associated with specific words and syllables
may play a decisive role within an utterance
(Greenberg, 1997a; van Son et al., 1998) and is
therefore of potential significance for the design of
ASR systems, as their lexica usually contain a
single canonical pronunciation (and occasionally
several alternative forms) for each lexical entry.
The task of going from the acoustic signal to se-
quences of words for such a system would, in
principle, be far simpler if each spoken instance
were of the canonical form (i.e., spoken in a
manner similar to that of read text). Since the
probability of a word being spoken in canonical
fashion increases as the speaking rate declines
(Fosler-Lussier and Morgan, 1998) it is likely that
the negative relationship between recognition
performance and speaking rate is at least partially
a consequence of this factor.

However, speaking rate, per se, may not be the
sole governing factor guiding the pronunciation of
a spoken utterance. The degree to which a syllable
deviates from the canonical is likely to be a func-
tion of both speaking rate and word frequency
(cf. Fosler-Lussier and Morgan, 1998). The slope of
the function relating word frequency and speaking
rate to the probability of canonical pronunciation
is far steeper for words of high frequency than for
low. In other words, as the speaking rate increases,
the probability of canonical pronunciation dimin-
ishes for words of both low and high frequency.
However, the impact of speaking rate is far more
pronounced for frequently occurring words (with
low entropy) than for rare words.

If speaking rate were the only factor involved
the slope of the function would be relatively con-
stant across word frequency. However, the slopes
differ by roughly a factor of two (Fosler-Lussier
and Morgan, 1998) suggesting that low-frequency
words, irrespective of their rate of articulation, are
more likely to be realized in canonical form than
their frequently occurring counterparts.

The information valence of frequent words is
also more likely to fluctuate as a function of
phrasal and sentential context than less common
lexical items, thus providing a potential basis for
the greater variability of pronunciation under
differential speaking conditions. It is likely that
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frequently occurring words tend to be spoken
faster and in more reduced fashion because of their
inherent predictability (cf. Lindblom, 1990; van
Son et al., 1998). Under extreme conditions words
of high frequency (and hence predictability) may
be entirely deleted from the utterance, but without
the listener’s conscious awareness. This occurs for
less than 1% of the syllables and words in
Switchboard (Greenberg, 1997b). In contrast, ca.
22% of the canonical phonetic segments are not
articulated. Most of these “deleted” segments are
in coda position.

10. The auditory basis of pronunciation variation

Why are the onsets of syllables relatively well
preserved (85%) while the codas (65%) and nuclei
(63%) are so highly variable in pronunciation of
spontaneous speech? Most accounts of pronunci-
ation variation cite biomechanical constraints im-
posed by the vocal apparatus (cf. Levelt, 1989;
Lindblom, 1990) as the controlling parameter.
However, such production-based accounts do not
explain why a mechanical system capable of such
versatile behavior under a wide range of speaking
conditions can also tailor its performance at will to
deviate in systematic fashion when circumstances
dictate. Might articulation serve as the hand-
maiden of higher linguistic function, guided in its
behavior by the informational demands of the re-
gime?

The auditory system is particularly sensitive and
responsive to the beginnings of sounds, be they
speech, music or noise (Greenberg, 1997¢). Our
sense of hearing evolved under considerable se-
lection pressure to detect and decode constituents
of the acoustic signal possessing potential biolog-
ical significance. Onsets, by their very nature, are
typically more informative than medial or terminal
elements, serving both to alert, as well as to seg-
ment the incoming acoustic stream. They are also
important for combatting the potentially deleteri-
ous effects of acoustic interference and reverbera-
tion (ibid). For these reasons the majority of
auditory neurons, from periphery to cortex are
most highly responsive to the initial portion of a
signal. Complex, multi-level chains of neural

adaptation and inhibition reinforce and enhance
this bias towards the onset of events (Greenberg,
1997c; van Wieringen, 1995).

The syllable can be thought of as the structural
instantiation of this auditory process, shaping the
encoding of linguistic information so as to maxi-
mize its probability of reception and decoding.
Over the course of a lifetime, control of pronun-
ciation is beveled so as to take advantage of the
ear’s (and the brain’s) predilection for onsets and
to tailor the meter of the speech to the low-fre-
quency rhythm of the auditory cortex.

11. Conclusions

Phonetic characterization of spoken language is
essential for developing accurate acoustic models
required for robust speech recognition under the
wide range of conditions characteristic of the real
world. Variability in speaking style and the
acoustic background is currently the bane of data-
driven, recognition systems, due to the inadequacy
of lexical models derived from rigidly defined se-
quences of phonetic elements. In particular, cur-
rent methods fail to adequately model the variance
of segmental units upon which the lexical models
are based.

What is required is a methodological frame-
work for modeling pronunciation that captures the
full range of phonetic phenomena characteristic of
speech spoken under real-world conditions and
constructs a lexical representation based on
structural units that are both more “primitive”
than the phonetic segment (e.g., articulatory-based
features, such as manner and place) and, at the
same time, capable of being integrated into a
representational framework superseding that of
the phone.

The variation in pronunciation observed in a
corpus of spontaneous American English
(Switchboard) appears more systematic when an-
alyzed at the level of the syllable. Specifically, (a)
syllable onsets are generally preserved (Table 5),
(b) coda elements are often dispensed with (ibid),
(c) the nucleus often deviates from the canonical
(ibid) and (d) the likelihood of canonical expres-
sion percolates through the syllable (ibid). These
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properties of pronunciation suggest that the syl-
lable may be a more basic organizational unit than
the phone at the acoustic—phonetic level. Thus,
lexical models based on syllables, supplementing
the more traditional phonemic sequences com-
monly employed are more likely to provide a sta-
ble, robust representation of the speech signal
under the wide range of acoustic and speaking
conditions typical of the real world (cf. Kingsbury
et al., 1998). This strategy has been successfully
employed by Wu et al. (1998a,b) on a small vo-
cabulary recognition task (OGI Numbers) to re-
duce the error rate by ca. 35% over the baseline
(phone sequence only) system. Fosler-Lussier and
coauthors have developed dynamic pronunciation
models based on syllabic units for improving rec-
ognition performance on large vocabulary speech
recognition (Switchboard and Broadcast News)
(see e.g., Fosler-Lussier and Morgan, 1998; Fosler-
Lussier et al., 1999).

Future-generation speech recognition systems
are likely to benefit from incorporating syllable-
level information into the decoding process, as well
as from building lexical models that consist of
syllabic constituents in addition to the phone se-
quences commonly used. In addition, much of the
detailed variation in pronunciation observed in
spontaneous speech is likely to be captured only at
the level of acoustic-articulatory features clustered
at the syllable or word level (cf. Kirchhoff, 1999;
Ganapathiraju et al., 1997) using finer-grained
acoustic models than are possible at the phone or
syllabic level. For these reasons, modeling pro-
nunciation variation for automatic speech recog-
nition will require detailed quantitative
characterization of spoken language on many or-
ganizational levels, ranging from acoustic features
and phonetic segments, to syllables, words and
phrases.
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