Proceedings of the ESCA Workshop on Modeling Pronunciation Variation for Automatic Speech Recognition, Kekrade, May 3-6, 1998SPEAKING IN SHORTHAND - A SYLLABLE-CENTRIC PERSPECTIVEFOR UNDERSTANDING PRONUNCIATION VARIATIONSteven GreenbergInternational Computer Science Institute1947 Center Street, Berkeley, CA 94704, USAsteveng@icsi.berkeley.eduABSTRACTCurrent-generation automatic speech recognition (ASR)systems model spoken discourse as a linear sequence of wordsand phones. Because it is unusual for every phone within aword to be pronounced in a standard ("canonical") way, ASRsystems often depend on a multi-pronunciation lexicon tomatch 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 andambiguity to the decoding process which, if modified, couldpotentially improve recognition performance. Systematicanalysis of pronunciation variation in a corpus ofspontaneous English discourse (Switchboard) demonstratesthat the variation observed is systematic at the level of thesyllable. Syllabic onsets are realized in canonical form farmore frequently than either coda or nuclear constituents.Prosodic stress also plays an important role in pronunciation.The governing mechanism is likely to involve theinformational valence associated with syllable elements, andfor this reason pronunciation variation offers a potentialwindow onto the mechanisms responsible for the productionand understanding of speech.******************************"The little things are infinitely the most important"- Arthur Conan Doyle [5]1. INTRODUCTIONNo two speakers utter the same words in precisely the sameway, and it is rare for the speech of even the same individual torepeat precisely over the course of a day (or even a lifetime),despite the apparent ease with which the acoustic waveform islinguistically decoded. And as aware as the listener may be ofthe subtle (and not-so-subtle) acoustic variations in thesignal, they rarely interfere with the ability to understandspoken language. On the contrary, such variability, whether itbe a consequence of the speaker’s gender, age, geographicaldialect or emotional state, often provides additionalinformation with which to shape the interpretation of thesignal’s linguistic message. This seeming paradox ofsemantic precision and complexity transmitted via aninherently ambiguous and variable acoustic source is a centralproperty of spontaneous speech, one that offers potentiallykeen insights into the mechanisms underlying pronunciationvariation, as well as into the processes germane to theorganization and representation of spoken language ingeneral.The variation of spoken language pronunciation hastraditionally received scant attention from the linguisticcommunity except within the context of regional dialects(e.g, [19]) or sociological factors (e.g., [2, 20]). Othersources of pronunciation variation are often attributed to suchfactors as speaker idiosyncrasies or "economy of effort" [18],with little concerted effort devoted to delineating the specificparameters underlying its generation or linguistic expression(but cf. [23]).The introduction of large-vocabulary, speaker-independentspeech recognition systems has stimulated considerableinterest in pronunciation variation since a significantproportion of the performance errors in current-generationsystems are likely to be the consequence of such factors.Special-purpose lexica, incorporating some of the mostcommonly observed variations in word pronunciation, haveincreased the performance of such systems by a modestamount [3, 6], but not nearly to the level characteristic ofhuman listeners.One problem with the current multi-pronunciation approachto automatic speech recognition is its emphasis on aphonemic representation for lexical elements. Individualwords are represented solely as sequences of phoneticelements, akin to a pronouncing dictionary [19]. In suchlexica all elements in the phonetic sequence receive equalweight relative to others, and little attempt is made to providealternative lexical representations based on organizationalunits above or below the phone. Within such a monolithicapproach lurks potentially dire consequences for recognitionperformance when things go wrong (as they often do).Human listeners typically rely on several, if not dozens, ofdifferent representational tiers to decode the speech signalduring the course of a typical conversation [12, 22].Variations in the spectrum, speech envelope, fundamentalfrequency, segmental duration, movement of the lips and jaw,and as well as detailed knowledge of the statistical propertiesof spoken language are all utilized to deduce the linguisticmessage embedded in the acoustic signal. As of yet, ASRsystems take little advantage of such extra-phoneticinformation in decoding the speech stream (but cf. [24]) and itis therefore unsurprising that such features have not beensystematically investigated with respect to pronunciationvariation.One means by which to rectify this representationalimbalance is through systematic analysis of the phoneticproperties of spontaneous speech in an effort to ascertainprecisely how much of the variation in spoken languagepronunciation can be accounted for on the basis of suchnarrow linguistic criteria. Such knowledge can then be used todelineate the extra-phonetic factors involved in the patterningof pronunciation variation.2. THE PHONETIC TRANSCRIPTION OFSPONTANEOUS SPEECHThe Switchboard corpus [11] is currently one of the primarysets of material with which to assess the reliability andaccuracy of automatic speech recognition for spokenlanguage. In contrast to such corpora as TIMIT [30] or WallStreet Journal [10], in which a speaker reads prepared writtenmaterial, Switchboard comprises informal, unscripted,telephone dialog on a wide range of topics spoken byindividuals of both genders and encompassing a wide range ofdialectal variation, age and educational background.Four hours of material from this corpus was phoneticallylabeled by linguistically trained, highly experiencedtranscribers over the course of a year’s time [15] and made

Nphonetic transcription82aen

63ehn

45ixn

35axn

34en

30n20aendcld

17ihn

17qaen

11aend

7qehn

7aenx

6aeaen

6ahn

5ehnx

4uhn

4ixnx

4qaendcld

3ehnd

3qaenx

3eh2aendcl

2ae2axm

2axnd

2aeehndcld

2ehndcld

NPhonetic Transcription2axnx

2qaeaend

2qixn

2ixndcld

2ih2ehehn

2qehnx

2ixdn

1ehm

1axndcld

1awn

1aeq

1ehdcl

1ahnx

1aent

1ehd1ahndcld

1eyihndcld

1aeixn

1aenxax

1axng

1ayn

1ihahnd

1aehh

1ihng

1ix1aenddcl

NPhonetic Transcription1ixdcld

1aeehn

1hhn

1ixnt

1aeaxndcld

1iyehn

1m1aeaend

1nx1qaeaen

1qaeaendcld

1qaeehndcld

1qaeihn

1aan

1qaend

1?nx

1qaenq

1ehnm

1qehendcl

1ehng

1qehnq

1em1qehowm

1qihn

1qixen

1erTable 1. 80 pronunciation variants of the word "and" from the Switchboard Transcription Corpus. The variants are listed in orderof 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 [15].______________________________________________________________available through the Johns Hopkins’ Center for Language andSpeech Processing to the ASR community for developingfuture-generation recognition systems and for improvingcurrent methods for modeling pronunciation variation [3, 25,28].Three quarters of the material was labeled at the phone leveland segmented at the syllabic boundaries. The remainder (72minutes) was labeled and segmented at the phonetic segmentlevel, but also segmented at the syllabic level to insurecompatibility with the three other hours of material. Bothportions of the corpus were transcribed using a custom-designed variant of the Arpabet phonetic symbol set [30]. Asmall portion of this material was transcribed in common byall of the transcribers in order to ascertain the interlabeleragreement (ca. 75-80%). A detailed description of this projectis provided in [15] and various statistical analyses of thephonetic transcription material are described in [14] and [16].The transcription material are available via the World WideWeb [27].Such analyses provide striking testimony for the ephemeralquality of the phonetic segment at the lexical level (e.g.,Table 1) by virtue of the large proportion of phones thateither change their identity (i.e., substitutions) or arealtogether missing in action (i.e., deletions). Occasionally,entire words are swallowed whole, with only a short pausaljunction marking their (perceived) location [15]. At the levelof the phone, pronunciation variation is a difficult beast tocomprehend or tame. It is for this reason that the focus of thecurrent analyses is aimed at a higher level, that of thesyllable.3. ANATOMY OF A SYLLABLEThe syllable can be likened to a linguistic "wolf" in phoneticclothing. It is perhaps the "sheepish" nature of its outerlining that has led many to believe that it is but a meresequence of phones, and therefore can be simulated via a multi-phone (i.e., tri- or quinta-phone) approach to ASR. Whatdistinguishes the syllable from this phonetic exterior is itsstructural integrity, grounded in both the production andperception of speech, and wedded to the higher tiers oflinguistic organization.The syllable is structurally divisible into three parts, theonset, nucleus and coda (the nucleus and coda, taken together,are often referred to as the "rime"). Although many syllablescontain all three elements, a significant proportion containonly one or two. With rare exception, when a singlecomponent is present, it is the nucleus. Generally (though notalways), the nucleus is vocalic, while the onset and coda aretypically consonantal in form. For example, the word (andsyllable) "cat," can be phonetically represented as threedistinct segments, [k] [ae] [t], each associated with a specificstructural element of the syllable. The [k] is the onset,followed by the nucleus [ae], with the coda, [t], bringing upthe rear. A second means by which to characterize the syllableis in terms of its consonantal-vocalic composition. Withinthis framework [k ae t] is classified as a CVC syllable (at leastin terms of its canonical representation - see below).If all words were spoken in canonical form there would belittle reason to prefer the syllable over some other form ofmulti-phone representation for automatic speech recognition.

10

1

10

2

10

3

10

4 10 5

Frequency of Occurrence

1

10

100

1000

10000

Word Rank

Figure 1. The frequency of occurrence for the 10,000 mostfrequent words in the Switchboard corpus, organized in rankorder of frequency. Total number of distinct words in thecorpus is 25,923. Reprinted from [14].____________________ 1.0

0.8

0.6

0.4

0.2

0.0

Cumulative Frequency

1

10

100

1000

10000

Word Rank

Figure 2. Cumulative frequency of occurrence as a functionof word frequency rank for the 10,000 most frequent lexicalitems in the Switchboard corpus. Reprinted from [14].____________________However, the pattern of pronunciation variation observed inspontaneous speech is far from egalitarian. The onset portionof the syllable is generally a "survivor," maintaining itscanonical identity regardless of speaking conditions, whilethe nucleus is a "chameleon," capable of assuming a widerange of vocalic appearances. And the coda often gets norespect, as a consequence of its disposable quality. Whyshould this be so?The answers are likely to be various and to reside at severallevels of analysis, from the acoustic-phonetic and auditory atthe lower end, to the lexical and prosodic at the upper end oflinguistic function. This veil of representational tiers isgoverned by the requisites of information transmission andbound into a coherent, functioning whole by virtue of thesyllable.We shall first examine some of the statistical properties ofthe Switchboard corpus from the perspective of both thesyllable and the word in order to gain some insight into thelinguistic foundations of pronunciation variation beforeturning our attention to how these linguistic representationsmight be encoded at the level of the auditory pathway andhigher cortical centers of the brain.4. ALL WORDS, GREAT AND SMALLSince the days of Dewey [4] and Zipf [29] it has been knownthat words differ greatly in terms of their frequency ofoccurrence in written language. French and colleagues [8] werethe first to demonstrate a comparable pattern for spokenEnglish dialog.A frequency analysis of the Switchboard lexicon illustratesthe magnitude of this effect. The most common words occur farmore frequently than the least (Figure 1). The ten mostfrequent words account for approximately 25% of all thelexical instances in the corpus. One hundred words account forfully 66% of the individual tokens (Figure 2). A perusal ofthese most frequently occurring words (Table 2) indicates thatmost come from the so-called "closed" or "function" classwords such as pronouns, articles, conjunctions andmodal/auxiliary verbs. Many of the remainder stem from just afew basic nominal, adjectival or verbal forms. Clearly,mastery of these 100 most common words goes a long waytowards facilitating comprehension of spoken discourse. Theperceptual criteria for recognizing such common words arelikely to be very different from those associated with theirinfrequent lexical counterparts.5. THE SYLLABIC REPRESENTATION˚˚˚OF THE LEXICONAlthough a mere list of common words does not providesufficient data with which to interpret the speech signal, itcould be used in conjunction with other knowledge sources toprune the number of likely lexical alternatives. Onepotentially useful representation is at the level of thesyllable.The 30 most common words in the Switchboard corpus aremonosyllabic (Table 2), and of the 100 most frequent lexicalitems only ten are not (and all of these contain but twosyllables). This decided lexical preference for syllabic brevityamong the most frequently occurring words is largelyrepresentative of the corpus as a whole. Although only 22% ofthe Switchboard lexicon is composed of monosyllabic forms,fully 81% of the corpus tokens are just one syllable in length(Table 3). The portion of the lexicon consisting of three ormore syllables (38%) rarely gets to strut its stuff inspontaneous language, accounting for less than 5% of thespoken instances (Table 3). This statistical skew towardsshort syllabic forms provides a potentially powerfulinterpretative constraint on the decoding of the speechstream.For the three hundred most frequently occurring words thecumulative statistical distribution is remarkably similar totheir syllabic counterparts (Figure 3). Thus, word and syllablesegmentation and recognition reduce to virtually the samething for this most favored portion of the lexicon.

#Pr.

Most

Common

Pronuncation

Tot1 ˚649˚

5 3 ˚ ay 53˚

2 ånd521˚

8 7 ˚ ae n 16˚

3 t̊he475˚

˚ 7 6 ˚ dh ax 27˚ 4 ˚406˚

6 8 ˚ y ix 20˚

5 ˚328˚

1 1 7 ˚ dh ae 11˚ 6 ˚319˚

2 8 ˚ ax 64˚

7 t̊o288˚

6 6 ˚ tcl t uw 14˚ 8 k̊now

249˚

3 4 ˚ n ow 56˚ 9 o̊f242˚

4 4 ˚ ax v 21˚

1 0 i̊t240˚

4 9 ˚ ih 22˚

1 1 ẙeah203˚

4 8 ˚ y ae 43˚

1 2 i̊n178˚

2 2 ˚ ih n 45˚

1 3 t̊hey152˚ dh ey 60˚ 1 4 d̊o131˚

3 0 ˚ dcl d uw 54˚ 1 5 s̊o130˚

1 4 ˚ s ow 74˚ 1 6 b̊ut123˚

4 5 ˚ bcl b ah tcl t 12˚ 1 7 i̊s120˚

2 4 ˚ ih z 50˚

1 8 ˚119˚

1 9 ˚ l ay kcl k 46˚ 1 9 h̊ave116˚ hh ae v

2 0 ẘas111˚ w ah z 23˚ 2 1 ẘe108˚

1 3 ˚ w iy 83˚

2 2 i̊t’s101˚ ih tcl s 20˚ 2 3 j̊ust101˚ jh ix s 17˚ 2 4 ˚9 8 ˚1 8 ˚ aa n 49˚

2 5 o̊r9 4 ˚2 3 ˚ er 36˚

2 6 n̊ot9 2 ˚2 4 ˚ m aa q 24˚ 2 7 t̊hink

9 2 ˚2 3 ˚ th ih ng kcl k 32˚ 2 8 f̊or8 7 ˚1 9 ˚ f er 46˚

2 9 ẘell8 4 ˚4 9 ˚ w eh l

3 0 ẘhat

8 2 ˚4 0 ˚ w ah dx

3 1 åbout

7 7 ˚4 6 ˚ ax bcl b aw

3 2 ˚7 4 ˚2 7 ˚ ao l 24˚

3 3 t̊hat’s

7 4 ˚1 9 ˚ dh eh s 16˚ 3 4 ˚7 4 ˚1 7 ˚ ow 61˚

3 5 r̊eally

7 1 ˚2 5 ˚ r ih l iy 45˚ 3 6 o̊ne6 9 ˚8 ẘ ah n 78˚ 3 7 åre6 8 ˚1 9 ˚ er 42˚

3 8 r̊ight

6 1 ˚2 1 ˚ r ay 28˚

3 9 ˚6 0 ˚1 6 ˚ ah 41˚

4 0 ˚6 0 ˚1 8 ˚ ax m

4 1 åt5 9 ˚3 6 ˚ ae dx

8˚4 2 t̊here5 8 ˚2 8 ˚ dh eh r 22˚ 4 3 m̊y5 8 ˚9 m̊ ay 66˚ 4 4 m̊ean

5 6 ˚1 0 ˚ m iy n 58˚ 4 5 d̊on’t

5 6 ˚2 1 ˚ dx ow

4 6 ˚5 5 ˚8 n̊ ow 77˚ 4 7 ẘith5 5 ˚2 0 ˚ w ih th 35˚ 4 8 i̊f5 5 ˚1 8 ˚ ih f 41˚

4 9 ẘhen

5 4 ˚1 8 ˚ w eh n 31˚ 5 0 c̊an5 4 ˚2 8 ˚ kcl k ae n 15˚ Pronunciation

Tot5 1 t̊hen5 1 ˚1 9 ˚ dh eh n 38˚ 5 2 b̊e5 0 ˚1 1 ˚ bcl b iy 76˚ 5 3 ås4 9 ˚1 6 ˚ ae z 18˚

5 4 o̊ut4 7 ˚1 9 ˚

5 5 k̊ind4 7 ˚1 7 ˚ kcl k ax nx 21˚ 5 6 b̊ecaue

4 6 ˚3 1 ˚ kcl k ax z

5 7 p̊eople

4 5 ˚2 1 ˚ pcl p iy pcl l el 44˚ 5 8 ˚4 5 ˚5 g̊cl g ow 83˚ 5 9 g̊ot4 5 ˚3 2 ˚ gcl g aa

6 0 t̊his4 4 ˚1 1 ˚ dh ih s 47˚ 6 1 s̊ome

4 3 ˚4 s̊ ah m 48˚ 6 2 i̊’m4 2 ˚9 q̊ aa m 26˚ 6 3 ẘould

4 1 ˚1 6 ˚ w ih dcl 29˚ 6 4 t̊hings

4 1 ˚1 5 ˚ th ih ng z 52˚ 6 5 n̊ow3 9 ˚1 1 ˚ n aw 69˚ 6 6 l̊ot3 9 ˚9 l̊ aa dx

6 7 h̊ad3 9 ˚1 9 ˚ hh ae dcl

6 8 h̊ow3 9 ˚1 1 ˚ hh aw 53˚ 6 9 g̊ood3 8 ˚1 3 ˚ gcl g uh dcl

7 0 g̊et3 8 ˚2 0 ˚ gcl g eh dx 13˚ 7 1 s̊ee3 7 ˚6 s̊ iy 80˚

7 2 f̊rom

3 6 ˚1 0 ˚ f r ah m 28˚ 7 3 h̊e3 6 ˚7 i̊y 39˚

7 4 m̊e3 5 ˚5 m̊ iy 87˚ 7 5 d̊on’t

3 5 ˚2 1 ˚

7 6 t̊heir3 3 ˚1 9 ˚ 25˚ 7 7 m̊ore

3 2 ˚1 1 ˚ m ao r

7 8 i̊t’s3 1 ˚1 4 ˚

7 9 t̊hat’s

3 1 ˚2 0 ˚

8 0 t̊oo3 1 ˚6 t̊cl t uw

8 1 o̊kay

3 1 ˚1 7 ˚ ow kcl k ey

8 2 v̊ery3 0 ˚1 1 ˚ v eh r iy 36˚ 8 3 ˚3 0 ˚1 1 ˚ ah pcl p 34˚ 8 4 b̊een3 0 ˚1 1 ˚ bcl b ih n 51˚ 8 5 g̊uess

2 9 ˚8 g̊cl g eh s 42˚ 8 6 t̊ime2 9 ˚8 t̊cl t ay m 62˚ 8 7 g̊oing

2 9 ˚2 1 ˚ gcl g ow ih ng

8 8 i̊nto2 8 ˚2 0 ˚ ih n tcl t uw

8 9 t̊hose

2 7 ˚1 2 ˚ dh ow z

9 0 h̊ere2 7 ˚1 1 ˚ hh iy er

9 1 d̊id2 7 ˚1 3 ˚ dcl d ih dx

9 2 ẘork

2 5 ˚8 ẘ er kcl k

9 3 o̊ther

2 5 ˚1 4 ˚ ah dh er

9 4 ån2 5 ˚1 2 ˚ ax n 28˚

9 5 I̊’ve2 5 ˚7 åy v 46˚

9 6 t̊hing

2 4 ˚9 t̊h ih ng

9 7 e̊ven2 4 ˚7 i̊y v ix n 40˚ 9 8 o̊ur2 3 ˚9 åa r 33˚

9 9 åny2 3 ˚1 1 ˚ ix n iy

100˚

I’m2 3 ˚9 q̊ aa m

Table 2. Pronunciation variability for the 100 most common words in the phonetically segmented portion of the SwitchboardTranscription Corpus. "N" is the number of instances each word appears in the 72-minute corpus. "#Pr." is the number of distinctphonetic expressions for each word. "%Tot" is the percentage of the total number of pronunciations accounted for by the singlemost common variant. The phonetic representation is derived from a variant of the Arpabet orthography. Further detailsconcerning both the pronunciation data and the transcription orthography may be found in [15]. Reprinted from [14]. 1.0

0.8

0.6

0.4

0.2

0.0

Cumulative Frequency

1

10

100

1000

10000

Frequency Rank (Word or Syllable)

Words

Syllables

Figure 3. The cumulative frequency of syllables in theentire Switchboard corpus as a function of syllable frequencyrank compared with the cumulative frequency of occurrence forwords in the same corpus. Reprinted from [14].____________________#Syllables˚ Usage (%) Lexicon (%)

1 ˚ ˚ 8 1 . 0 4 ˚ ˚ ˚ 2 2 . 3 9 ˚ ˚ ˚

2 ˚ ˚ 1 4 . 3 0 ˚ ˚ ˚ 3 9 . 7 6 ˚ ˚ ˚

3 ˚ ˚ 3 . 5 0 ˚ ˚ ˚ 2 4 . 2 6 ˚ ˚ ˚

4 ˚ ˚ 0 . 9 6 ˚ ˚ ˚ 9 . 9 1 ˚ ˚ ˚

5 ˚ ˚ 0 . 1 8 ˚ ˚ ˚ 3 . 2 1 ˚ ˚ ˚

6 ˚ ˚ 0 . 0 2 ˚ ˚ ˚ 0 . 4 0 ˚ ˚ ˚

Table 3. The proportion of words consisting of n-syllablesfor the entire Switchboard corpus (i.e., tokens or "usage") andlexicon (i.e., type). Comparable data from a telephone dialogcorpus study performed in the 1920’s [8] shows a virtuallyidentical frequency pattern as a function of syllabic length forlexical items. Reprinted from [14].6. THE INNER LIFE OF A SYLLABLEMany languages of the world (such as Japanese and those ofthe Malayo-Polynesian family) possess a relativelytransparent ("simple") syllable structure consisting of justseveral canonical forms. Most of the syllables in suchlanguages contain just two phonetic segments, typically aconsonantal onset followed by a vocalic nucleus (CV). Theremaining syllabic forms are generally of the V (nucleus) orVC (nucleus+coda) variety. Such "syllable-timed" languagestend to exhibit an agglutinative grammatical morphology andare thought to possess a relatively even tempo (but see Figure7).In contrast, English and German (as well as many otherIndo-European languages) possess a more highly variegatedsyllable structure by virtue of incorporating "complex"patterns into their syllabic repertoire. In such forms, theonset and/or coda elements contain two or more consonants,resulting in thousands of distinct syllabic entities (aconsequence of the combinatorial potential of consonantalsequences) and tend to exhibit either an inflectional orsynthetic (but rarely an agglutinative) morphology. Suchlanguages tend to informationally highlight (i.e., "stress") acertain proportion of syllables via selective lengthening ofsegmental durational, resulting in a higher variability ofsyllable duration than observed among the syllable-timedlanguages.The distinction between syllable- and stress-timedlanguages is illustrated through a comparison of the syllabicproperties of Japanese (Table 4) and English (Table 5).The most salient property shared in common by Englishand Japanese is the preference for CV syllabic forms inspontaneous speech. Nearly half of the forms in English, andover 70% of the syllables in Japanese are of this variety.There is also a substantial proportion of CVC syllables in thespontaneous speech of both languages.Japanese and English contrast principally in terms of theproportion of complex syllables. In English nearly 15% ofthe syllabic elements are of the complex variety, containingclusters of two or more consonants, while less than 4% of theJapanese forms are of this type (and in the canonical versionof the Japanese syllable, the mora, there is no provision forconsonantal clusters whatever). Such a distinction is ofpotential significance in considering the sources ofpronunciation variation.7. THE SYLLABIC BASIS OFPRONUNCIATIONThe importance of the syllable as an organizational unit ofspoken language becomes manifest when consideringpronunciation variation. In spontaneous speech the phoneticrealization often differs markedly from the canonical,phonological representation. Entire phone elements arefrequently dropped or transformed into other phoneticsegments. These patterns of deletions and substitutionsappear rather complex and somewhat arbitrary when analyzedat the level of the phonetic or phonological segment.However, this variation becomes systematic when placedwithin the framework of the syllable.Several principles of pronunciation variation can bediscerned for spontaneously spoken English from analyses ofthe transcription corpus, as illustrated in Tables 5-8:(1) Syllable onsets are generally preserved.The phonetic realization of syllabic onsets tends toapproximate the canonical (i.e., be "preserved") for mostlexical instances and to a far greater degree than nuclearand coda elements. This preference for the canonical isparticularly marked for instances of complex onsetscontaining two or more consonantal segments, and ismost easily discerned in the absence of a (canonical)syllabic coda, as in the case of CCV and CCCV syllabicforms. For example, the proportion of CCV forms in thecanonical lexicon is 2.6%, but rises to nearly double thisquantity in terms of their phonetic realization.2) Coda elements are often dispensed with.The coda element is often deleted or transformed into asegment that is phonetically homo-organic with that ofthe following syllable’s onset (i.e., it is assimilated). Theproportion of syllables classified as of the canonical CVC(31.6%) variety drops by nearly a third when classified onthe basis of phonetic pronunciation (22.1%), indicative ofcoda deletion. An even greater decline in the realization ofthe canonical coda element is observed for the VC, VCCand CVCC syllabic forms. This reduction in theproportion of syllables that are phonetically realized in

Syllable

CV323860.4

CVV62611.7

CVC96117.9

CVVC711.3

VC641.2 VVC

0.1 1542.9

VV290.5

CCV891.7

CCVV721.3

CCVC190.4

CCVVC

0.1 other210.3

Total5358100.0

114815.3

CV558974.7

1822.4

3845.1

1832.4

Total7486100.0

Table 4. Frequency of occurrence of syllabic and moraicforms in Japanese. Data are based on manual phonetictranscription of 15 minutes of spontaneous Japanese speechrecorded over the telephone. In Japanese, each vocalicelement is a separate mora, but often adjacent vocalic moraecoalesce into a dipthongal nucleus (VV forms). Such data arediscussed further in [1], from where this table is adapted.____________________their canonically complex coda form is accompanied by acorresponding increase in the number of syllables that arerealized without coda. The proportion of CV syllables is47.2% of the corpus, despite the fact that only 34% of thecanonical (phonological) forms are of this variety. Andthe proportion of V syllables (containing a nucleus only)is 11.2%, even though but 6.3% of the canonical instancesare of this form. The complexity of the coda, therefore,has little or no impact on the likelihood of canonicalpronunciation.(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. Thus, anydeviation from the canonical is likely to preserve thevocalic form of the nucleus, and therefore such departuresare likely to be substitutions (in contrast to those of thecoda, which tend to be deletions).Syllable TypeLexicon(%)

CV3 6 . 2 ˚ ˚ 3 4 . 0 ˚ ˚ 4 7 . 2 ˚ ˚

CVC2 8 . 8 ˚ ˚ 3 1 . 6 ˚ ˚ 2 2 . 1 ˚ ˚

VC5 . 3 ˚ ˚ 1 1 . 7 ˚ ˚ 4 . 8 ˚ ˚

4 . 8 ˚ ˚ 6 . 3 ˚ ˚ 1 1 . 2 ˚ ˚

Subtotal7 5 . 1 ˚ ˚ 8 3 . 6 ˚ ˚ 8 5 . 3 ˚ ˚

"Complex"

CVCC7 . 3 ˚ ˚ 6 . 3 ˚ ˚ 2 . 9 ˚ ˚

VCC0 . 5 ˚ ˚ 4 . 3 ˚ ˚ 0 . 5 ˚ ˚

CCV7 . 4 ˚ ˚ 2 . 6 ˚ ˚ 5 . 1 ˚ ˚

CCVC5 . 0 ˚ ˚ 2 . 2 ˚ ˚ 2 . 5 ˚ ˚

CCVCC2 . 2 ˚ ˚ 0 . 6 ˚ ˚ 0 . 4 ˚ ˚

CVCCC1 . 0 ˚ ˚ 0 . 4 ˚ ˚ 0 . 2 ˚ ˚

CCCVC0 . 5 ˚ ˚ < 0 . 1 ˚ ˚ 0 . 1 ˚ ˚

CCCV0 . 4 ˚ ˚ < 0 . 1 ˚ ˚ 0 . 3 ˚ ˚

CCVCCC0 . 3 ˚ ˚ < 0.1˚˚< 0.1˚˚

CCCVCC0 . 2 ˚ ˚ < 0.1˚˚< 0.1˚˚

VCCC< 0.1˚˚< 0.1˚˚< 0.1˚˚

CCCVCCC< 0.1˚˚< 0.1˚˚< 0.1˚˚

Table 5. The relative frequency of occurrence for varioussyllable types in both the lexicon and spoken usage of theSwitchboard corpus. The data are derived from canonicalpronunciations of dictionary sources, and are compared withthe syllable structure for actual pronunciation derived fromphonetic transcription (Phn. Tr.). Reprinted from [14].____________________(4) The likelihood of canonical expression percolates throughthe syllable.The probability of canonical pronunciation for a givenconstituent is influenced, to a certain degree, by thepronunciation of the elements in the syllable. Thus, theprobability of the nucleus or coda being pronouncedcanonically is higher when the onset is also articulated inthe standard manner. Furthermore, the coda is more likelyto be pronounced in canonical fashion if the nucleus is aswell, and vice versa. Such a pattern of pronunciationvariation implies that the specific mechanism responsiblefor crafting pronunciation looks beyond the individualconstituent and almost surely reflects control at thesyllable or supra-syllabic level. The factors potentiallygoverning this syllabic linkage are discussed in Sections8-10.(5} The linguistic factors governing pronunciation variationare likely to reflect exceedingly high-level processingSpecific patterns of pronunciation probably reflect theinformation valence of the utterance and is indicative ofthe speaker’s projection of the listener’s internalknowledge model.

S y l l a b l e ConstituentA l l InstancesPercentCanonical

Onset (total)39,22181

Simple [C]˚˚˚˚32,85379

Complex [CC(C)]6,36888

Nucleus49,18563

Coda (total)32,40861

Simple [C]20,17861

Complex [CC(C)]12,23060

Total (O+N+C)120,81468

Table 6. The frequency with which the phoneticpronunciation corresponds to the lexicon’s canonicalpronunciation, as a function of syllabic constituent. Theonset element is far more likely to be preserved in canonicalform than either the nucleus or the coda.____________________8. THE ROLE OF PROSODIC STRESS INPRONUNCIATION VARIATION8.1 Durational Properties of SyllablesThe relation between prosodic stress and pronunciationvariation can be illustrated in several different ways. We firstexamine the durational properties of syllables in both Englishand Japanese, and apply these insights to understanding thepattern of pronunciation variation in a stress-timed language(such as English), where syllabic duration plays an importantrole in the prosodic delineation of semantically importantwords and syllables [21].The distribution of syllabic duration for four hours ofspontaneous English discourse is illustrated in Figure 4. Ofinterest is the broad dispersion of syllable lengths (s.d. = 103ms) and the extended tail of the right-hand portion of thedistribution. Approximately 15% of the syllables are longerthan 300 ms. Most of this population is likely to beprosodically stressed (see below, Figure 5 and Table 9).As a consequence of this durational distribution theprobability of a shorter syllable following a longer one (andvice versa) is quite high. Such a pattern of durational relationsfollows directly from the shape of the statistical distributionand does not imply any form of conscious alternation betweenlong and short syllables (as some forms of metricalphonological theory [e.g., 17] would imply). The nature ofthis process is illustrated in Figure 5, which plots the data ofFigure 4 in terms of durational relation of successivesyllables. Syllables whose durations are relatively close tothe mean of the distribution will tend to be followed andpreceded by syllables that do not differ all that much inlength. Syllables appreciably longer or shorter than the meantend to be bracketed by syllables whose durations aresignificantly different. However, the conditional dependenceof duration on prior and following syllable length isremarkably even [15]. The only basis for the skew in odds isthe sheer weight of numbers in the distribution’s core. Syl ConOnsetCoda Can

+ / - + / -

Nuc

.567.109. 6 7 6 .398.230. 6 2 8

.226.098. 3 2 4 .212.160. 3 7 2

+ / - . 7 9 3 . 2 0 7 . 6 1 0 . 3 9 0 C o

.498.097. 5 9 5

.317.088. 4 0 5

+ / - . 8 1 5 . 1 8 5 R i

.463.090. 5 5 3

.330.117. 4 4 7

+ / - . 7 9 3 . 2 0 7

Table 7. The frequency with which different constituents ofa syllable are phonetically realized as the canonical form. Thefrequencies associated with each 2x2 matrix sum to 1. Forexample, the presence of a canonical onset associated with acanonical nucleus occurs for 56.7% of all instances ofsyllables containing both an onset and a nucleus. Thefrequency with which an onset is canonically realized is 0.793across all forms of nuclear realizations. The frequency withwhich a nucleus is realized as the canonical form for the samesyllabic population is .676, and so on. Abbreviations - Can =Canonical, Co = coda, Nuc = nucleus, Ri = Rime. Canonicalpronunciations are denoted by a ’+’ and the non-canonicalvariety by a ’-’.____________________P|Q

OnNucC o R i

CanP(+)P(+)P(+)P(+)

OnP(+). 7 9 4 .715.611.584

OnP(-).527.522.434

NucP(+).839. 6 2 8 .634

NucP(-).699.430

C o P(+).837.713. 5 5 8

C o P(-).782.520

R i P(+).838. 5 5 3

R i P(-).738

Table 8. The conditional probabilities associated withwhether a specific syllabic constituent is realized as canonical(+) or non-canonical (-), conditioned on the canonical statusof the other constituents within the same syllable. Theprobability that a specific syllabic constituent is realizedcanonically for the specific group of syllables is indicated inbold-face type along the diagonal. Abbreviations as in Figure7 .

3000

2500

2000

1500

1000

500

Number of Syllables

600

500

400

300

200

100

Duration (ms)

Figure 4. Frequency distribution of syllables from a corpusof spontaneous English discourse (Switchboard). Durationsare derived from manual segmentation of syllabic boundariesby phonetically trained individuals. The mean of thedistribution is 200.5 ms and the standard deviation is 103 ms.N = 56,400 syllables.____________________

100

80

60

40

20

0

Number of Syllables

600

500

400

300

200

100

Duration (ms)

Figure 6. Frequency distribution of syllables from a corpusof spontaneous Japanese speech (OGI-TS). Durations werederived from manual segmentation of syllabic boundaries by aphonetically trained, native speaker of Japanese. The mean ofthe distribution is 166 ms and the standard deviation is 73 ms.N = 5,358 syllables. Reprinted from [1].____________________Japanese provides an instructive contrast with English.This language has traditionally been considered a language ofeven-tempo, with relatively little variation in the length ofthe syllable. Statistical analysis of the syllabic durations of a15-minute portion of a spontaneous Japanese corpus calls thisassumption into question (Figures 6 and 7). Over much of thecourse of the distribution, the duration of Japanese syllablesis as variable as English.However, Japanese lacks the expansive tail in the right-hand branch of the distribution characteristic of Englishsyllable durations. This relatively subtle feature constitutesperhaps the primary statistical distinction between a stress-and syllable-timed language. The relative paucity of syllableswith complex onsets and codas in Japanese may also berelated to this property. Thus, it is likely that prosodic stressin a language, such as English, is tied to the presence of suchcomplex syllabic constituents.

600

500

400

300

200

100

Current Syllable Duration (ms)

600

500

400

300

200

100

Previous Syllable Duration (ms)

Figure 5. Conditional dependence of syllable durationbetween successive syllables using the same portion of theSwitchboard corpus as in Figure 4. N = 47,061 syllablepairs. Adapted from [15].

600

500

400

300

200

100

Current Syllable Duration (ms)

600

500

400

300

200

100

Previous Syllable Duration (ms)

Figure 7. Conditional dependence of syllabic durationbetween successive syllables using the same portion of theOGI-TS corpus as in Figure 6. N = 4,674 syllable pairs.Reprinted from [1].

8.2 The Acoustic Bases of Prosodic StressThe relation between prosodic stress and syllabic duration iswell established in the experimental literature [21] but hasnot previously been tested on a corpus of spontaneousEnglish discourse.To ascertain duration’s role in prosodic stress, severalminutes of the Switchboard corpus were labeled in terms ofprimary and secondary stress by a linguist, and this materialused to train and develop an automatic algorithm toaccomplish the same objective. The automatic procedureultimately is capable of correctly distinguishing stressedfrom unstressed syllables 96% of the time (though itsability to distinguish primary and secondary stress is not asfine) [Table 9].The algorithm operates on three separate parameters of theacoustic signal - duration, amplitude and fundamentalfrequency. An optimization routine was developed toascertain the best combination to yield optimumdiscrimination between stressed and unstressed syllables.The results indicate that the product of amplitude andduration (i.e., energy) of the syllabic nucleus yields theperformance closest to that of the linguistic transcriber.Fundamental frequency is relatively unimportant fordistinguishing between the presence and absence of stress(though it does appear to play a somewhat more importantrole in distinguishing primary from secondary stress).PrimarySecondaryUnstressed

+ Stress483619

- Stress

10379

Total5046398

%Correct9 6 7 8 9 5

Table 9. Performance of an automatic stress labelingalgorithm for a small portion of the Switchboard corpus. Atotal of 398 syllables were scored with respect to the stresslabeling performed by a linguist.____________________8.3 The Relation between Prosodic Stress and Pronunciation VariationProsodic stress serves to informationally highlight specificlexical and syllabic elements. Roughly one quarter of thesyllables in spontaneous discourse receive some form ofstress (cf. Table 9) and this proportion is likely to reflectsome intrinsic division of the lexicon into informationallysignificant classes.The data described in Tables 6-9 imply a positive relationbetween canonical pronunciation and prosodic stress. Thetwo properties appear to travel together oftentimes, thoughthey are not inseparable under many conditions. Syllableswhose entire suite of constituents are canonically stressedare more than likely to receive primary or secondary stress.Two-thirds of the phonetic segments are pronounced incanonical fashion, two and a half times the proportion ofstressed elements, indicating that stress is only one ofseveral factors underlying the patterning of pronunciationvariation. However, it is difficult to quantitatively ascertainwith greater precision the relationship between stress andcanonical pronunication without a larger amount of reliablytranscribed material than is currently available.9 . INFORMATION’S ROLE IN˚˚ PRONUNCIATION VARIATIONWords of high information valence (typically infrequentlyoccurring referential constituents of a nominal phrase [i.e.,nouns or adjectives]) tend to be pronounced in canonicalfashion, while common lexical items, particularlypronouns, conjunctions and articles, generally depart fromcanonical form with regularity [7, 14]. Such patterningsuggests that the information valence associated withspecific words and syllables may play a decisive role withinan utterance.This is of potential significance to the design of ASRsystems, since their lexica usually contain but a singlecanonical, as well as several alternative pronunciations foreach lexical entry. The task of going from sound to meaningfor such a system would, in principle, be far simpler if eachspoken instance were of the canonical form. Since theprobability of a word being spoken in canonical fashionincreases as the speaking rate declines [7] it is likely thatthe negative relationship between recognition performanceand speaking rate is primarily a consequence of this factor.Speaking rate, per se, may not be the truly governingfactor guiding the pronunciation of a spoken utterance. Thedegree to which a syllable deviates from the canonical is afunction of both speaking rate and word frequency [7]. Theslope of the function is far steeper for words of highfrequency than for low. If speaking rate were the governingfactor the slope of the function would be relatively constantacross unigram frequency. However, the slopes differ byroughly a factor of two [7: Figure 3], suggesting that low-frequency words, irrespective of their rate of articulation, aremore likely to be realized in canonical form than theircommonly occurring counterparts.The information valence of frequent words is more likelyto fluctuate as a function of phrasal and sentential contextthan less common lexical items, thus providing a potentialbasis for the greater variability of pronunciation underdifferential speaking conditions. It is likely that frequentlyoccurring words tend to be spoken faster and in more reducedfashion because of their inherent predictability. Underextreme conditions words of high frequency andpredictability may be entirely deleted from the utterance, butwithout the listener’s conscious awareness [15].10. THE AUDITORY BASIS OF PRONUNCIATION VARIATIONWhy are the onsets of syllables relatively well preservedwhile the codas and nuclei so highly variable inpronunciation? Most accounts of pronunciation variationcite biomechanical constraints imposed by the vocalapparatus [22] as the controlling parameter. However, suchproduction-based accounts do not explain why a mechanicalsystem capable of such versatile behavior under a wide rangeof speaking conditions can also tailor its performance atwill to deviate in systematic fashion when circumstancesdictate. Might articulation serve as the handmaiden of higherlinguistic function guided in its descent by the informationaldemands of the regime?The auditory system is particularly sensitive andresponsive to the beginnings of sounds, be they speech,music or noise. Our sense of hearing evolved underconsiderable selection pressure to detect and decodeconstituents of the acoustic signal possessing potentialbiological significance. Onsets, by their very nature, aretypically more informative than medial or terminalelements, serving both to alert, as well as to segment theincoming acoustic stream. For this reason the majority of auditory neurons, from periphery to cortex are most highlyresponsive to the initial portion of a signal. Complex,multi-level chains of neural adaptation and inhibitionreinforce and enhance this bias towards the onset [13].The syllable can be thought of as the structuralinstantiation of this auditory process, shaping the encodingof linguistic information so as to maximize its probabilityof reception and decoding. Over the course of a lifetime,control of pronunciation is beveled so as to take advantageof the ear’s (and the brain’s) predilection for onsets (andother transients) and to tailor the meter of the speech to thelow-frequency rhythm of the auditory cortexACKNOWLEDGMENTSThis research was supported by the National ScienceFoundation, the Johns Hopkins Center for Language andSpeech Processing and the U.S. Department of Defense. Thecomputational assistance of Takayuki Arai, Eric Fosler,Rosaria Silipo and Su-Lin Wu is gratefully acknowledged.The labeling of linguistic stress was done by Collin Baker.REFERENCES

Arai, T. and Greenberg, S. "The temporal properties ofspoken Japanese are similar to those of English,"Proceedings of Eurospeech, Rhodes, Greece, 1997, pp.1011-1014.

Bernstein, B. B. Class, Codes And Control. London:Routledge, Kegan, Paul, 1974.

Byrne, W., Finke, M., Khudanpur, S., McDonnough,J., Nock, H., Saraclar, M., Wooters, C. andZavaliagkos, G. "Pronunciation modelling forconversational speech recognition - A status reportfrom WS97," in Proceedings of the IEEE Workshop onAutomatic Speech Recognition and Understanding

1997, pp. 26-33.

Dewey, G. (1923) Relative Frequency of EnglishSpeech Sounds, Cambridge: Harvard University Press.

Doyle, A. C. The Adventures of Sherlock Holmes, NewYork: Harper, 1892.

Fosler , E., Weintraub, M., Wegmann, S., Kao, Y.-H.,Khudanpur, S., Galles, C. and Saraclar, M. "Automaticlearning of word pronunciation from data," in theProceedings of the International Conference onSpoken Language Processing, S28-29.

Fosler-Lussier, E. and Morgan, N. "Effects of speakingrate and word frequency on conversationalpronunciation," Proceedings of the ESCA Workshopon Modeling Pronunciation Variation for SpeechRecognition., Kekrade, Netherlands, 1998.

French, N. R., Carter, C. W. and Koenig, W. "Thewords and sounds of telephone conversations," BellSystem Tech. J., 9: 290-324, 1930.

Ganapathiraju, A., Goel, V., Picone, J., Corrada, A.,Doddington, G., Kirchhoff, K., Ordowski, M. andWheatley, B. "Syllable - A promising recognition unitfor LVCSR," in Proceedings of the IEEE Workshop onAutomatic Speech Recognition and Understanding

1996, pp. 207-214.[10]Gauvain, J., Lamel, L., Adda, G. and Adda-Decker, M."The LIMSI continuous speech dictation system:evaluation on the ARPA Wall Street Journal task,"IEEE ICASSP94, 1994, pp. 557-560.[11]Godfrey, J. J., Holliman, E. C. and McDaniel, J."SWITCHBOARD: Telephone speech corpus forresearch and development," IEEE ICASSP92, 1992,pp. 517-520.[12]Goldinger, S. D., Pisoni, D. B. and Luce, P. "Speechperception and spoken word recognition: research andtheory," in Principles of Experimental Phonetics, N.Lass (ed.), St. Louis: Mosby, 1996, pp. 277-327.[13]Greenberg, S. "Auditory function," in Encyclopedia ofAcoustics,, M. Crocker, editor. New York: JohnWiley, 1997, pp. 1301-1323.[14]Greenberg, S. "On the origins of speech intelligibilityin the real world," ESCA Workshop on Robust SpeechRecognition for Unknown Communication Channels,Pont-a-Mousson, France, 1997, pp. 23-32.[15]Greenberg, S. "The Switchboard TranscriptionProject," in Research Report #24, Large VocabularyContinuous Speech Recognition Summer ResearchWorkshop Technical Report Series. Center forLanguage and Speech Processing, Johns HopkinsUniversity, Baltimore, MD, 1997.[16]Greenberg, S., Hollenback, J. and Ellis, D. "Insightsinto spoken language gleaned from phonetictranscription of the Switchboard corpus."International Conference on Spoken LanguageProcessing, Philadelphia, 1996, pp. S32-35.[17]Hayes, B. (1995) Metrical Stress Theory, Chicago:University of Chicago Press.[18]Jespersen, O. Language; Its Nature, Development andOrigin. London, Allen and Unwin, 1922.[19]Kenyon, J. S. and Knott, T. A. A PronouncingDictionary of American English. Springfield, MA:Merriam, 1953.[20]Labov, W. Sociolinguistic Patterns, Philadelphia:University of Pennsylvania Press, 1972.[21]Lehiste, I. "Suprasegmental features of speech," inPrinciples of Experimental Phonetics, N. Lass (ed.),St. Louis: Mosby, 1996, pp. 226-244.[22]Levelt, W. Speaking. Cambridge: MIT Press, 1989.[23]Lindblom, B. "Explaining phonetic variation: Asketch of the H & H theory," in Speech Production andSpeech Modeling, W. Hardcastle and A. Marchal(eds.), Dordrecht, Kluwer, 1990, pp. 403-439.[24]Niemann, H., Noth, E., Kiessling, A., Kompe, R. andBatliner, A. "Prosodic processing and its use inVerbmobil," IEEE ICASSP-97, pp. 75-78, 1997.[25]Ostendorf, M., Byrne, B., Macchiani, M., Finke, M.,Gunawardana, A., Ross, K., Roweis, S., Shriberg, E.,Talkinm, D., Waibel, A. Wheatley, B. and Zeppenfeld,T. "Modeling systematic variations in pronunciationvia a language-dependent hidden speaking mode," inResearch Report #24, Large Vocabulary ContinuousSpeech Recognition Workshop Technical ReportSeries. Center for Language and Speech Processing,Johns Hopkins University, Baltimore, MD, 1997.[26]Riley, M. "A statistical model for generatingpronunciation networks," in ICASSP91, 1991, pp.737-740.[27]Switchboard Transcription Project. ICSI, Berkeley,CA. http://www.icsi.berkeley.edu/real/stp/, 1997.[28]Weinstraub, M., Fosler, E., Galles, C., Kao, Y.-H.,Khudanpur, S., Saraclar, M. and Wegmann, S. "WS96Project Report: Automatic Learning Of WordPronunciation from Data," in Research Report #24,Large Vocabulary Continuous Speech RecognitionSummer Research Workshop Technical Report Series

Center for Language and Speech Processing, JohnsHopkins University, Baltimore, MD, 1997.[29]Zipf, G. K. "The meaning-frequency relationship ofwords." J. Gen. Psych., 33: 251-256, 1945.[30]Zue, V.W. and Seneff, S. "Transcription and alignmentof the TIMIT database." in Recent Research TowardsAdvanced Man-Machine Interface Through SpokenLanguage, H. Fujisaki (ed.), Amsterdam: Elsevier,1996, pp. 515-525.