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Receiv ed:

The o ccurrence of dis
uencies in fully natural sp eec h p oses di�cult c hallenges for sp ok en language

understanding systems. F or example, although self-repairs o ccur in ab out 10% of sp on taneous utterances,

they are often unmo deled in sp eec h recognition systems. This is partly due to the fact that little is kno wn

ab out the exten t to whic h cues in the sp eec h signal ma y facilitate automatic repair pro cessing. In this

pap er, acoustic and proso dic cues to suc h repairs are iden ti�ed, based on an analysis of a corpus tak en

from the ARP A Air T ra v el Information System database, and metho ds are prop osed for exploiting these

cues for repair detection, esp ecially the task of mo deling w ord fragmen ts, and repair correction. The

relativ e con tributions of these sp eec h-based cues, as w ell as other text-based repair cues, are examined

in a statistical mo del of repair site detection that ac hiev es a precision rate of 91% and recall of 86% on

a proso dicall y lab eled corpus of repair utterances. (This pap er app ears in the Journal of the Acoustical

So ciet y of America, 95 (3), Marc h 1994, pp.1603{1616.)
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Intr oduction

Studies of large sp eec h corp ora ha v e sho wn that appro ximately 10% of sp on taneous utterances con tain

dis
uencies in v olving self-correction, or rep airs (Hindle, 1983; Shrib erg et al., 1992). Blac kmer and Mitton

(1991) rep ort a rate of one dis
uency p er 4.6 seconds for radio talk sho w callers. Y et repairs are often

unmo deled in sp ok en language systems, causing recognition errors suc h as those sho wn in Examples (1) and

(2). (Recognizer output presen ted in these examples w as generated b y the system describ ed in (Lee et al.,

1990). The presence of a w ord fragmen t in the examples is indicated b y the diacritic `{'. Self-corrected

p ortions of the utterance app ear in b oldface. All examples in this pap er are dra wn from the a tis corpus

describ ed in Section I I I.)

(1) A ctual string : What is the fare fro{ on American Airlines fourteen fort y three

R e c o gnize d string : With fare four American Airlines fourteen fort y three

(2) A ctual string : Sho w me all informa{ information ab out aircraft t yp e, Lo c kheed L one zero one one

R e c o gnize d string : Sho w meal of mak e information ab out aircraft 
igh t Lo c khead L one zero one one

In b oth of these examples, erroneous con ten t w ords are in tro duced in to the utterance transcription, resulting

in unin terpretable recognition output.

Ev en when all w ords in a repair utterance are correctly recognized, failure to detect a dis
uency can lead

to in terpretation di�culties during later pro cessing. In Example (3), the string ` twenty two twenty one forty '

m ust someho w b e in terpreted as a 
igh t arriv al time.

(3) : : : Delta lea ving Boston sev en teen t w en t y one arriving F ort W orth t w en t y t w o t w en t y one fort y and


igh t n um b er : : :

Due to an in tonational phrase b oundary b et w een \t w o" and \t w en t y", it is clear to a h uman listener that the

sp eak er in tended the hearer to replace the string \t w en t y t w o" with the string \t w en t y one". The recognition

system lik ewise m ust c ho ose on some basis among the p ossible arriv al time in terpretations, `22:40', `21:40',

or `1:40'.

Although undetected and uncorrected dis
uencies ma y lead to serious errors in utterance transcription

and in terpretation, relativ ely little atten tion has b een paid to dev eloping metho ds for automatically detecting

and correcting dis
uencies for sp ok en language systems. Robust parsing metho ds and coarse-grained in ter-

pretation strategies ma y partially bu�er a system against these t yp es of errors and in terpretation di�culties

(W ard, 1991), inter alia , but use of these heuristic tec hniques to pro cess output with recognition mistak es,

while of practical use in the short-term, b egs the underlying question concerning the acoustic and proso dic

nature of this sp ok en language phenomenon.

Before great energies are sp en t on solving problems created b y de�ciencies in sp eec h pro cessing tec hnology ,

it seems reasonable to inquire whether the tec hnology itself can b e enhanced, in this case b y direct mo deling

of repair dis
uencies in sp eec h recognition and sp ok en language understanding systems. In this pap er, w e

con tribute to this goal of mo deling repair dis
uencies b y presen ting �ndings on the acoustic and proso dic

prop erties of repairs. W e rep ort results from a study of repairs in sp ok en language system dialogues. Our

in v estigations are guided b y past computational and sp eec h analysis w ork, whic h w e discuss in Section I.

Our �ndings are in terpreted within our mo del of repairs, the rep air inter v al model (RIM) , whic h w e

describ e in Section I I. In Section I I I, w e presen t our empirical results. In Section IV, w e in v estigate the

usefulness of some of our empirical �ndings in a statistical mo del of repair detection using classifica tion

and regression tree (car t) tec hniques, and �nally , in Section V, w e discuss areas for future w ork.



Nak atani&Hirsc h b erg, JASA 3

I. Previous W ork

While self-correction has long b een a topic of psyc holinguistic study , computational w ork in this area has

b een sparse. The metho ds that ha v e b een prop osed are, for the most part, text-based | that is, based on

the orthographic transcription | and mak e limited reference to acoustic or proso dic information.

A. Computational Approac hes

Early w ork in computational linguistics treated repairs as one t yp e of ill-form ed input. Metho ds for in ter-

preting repair utterances w ere dev elop ed b y extending existing text parsing tec hniques suc h as augmen ted

transition net w orks ( a tn s), net w ork-based seman tic gramma rs, case frame grammars, pattern matc hing and

deterministic parsing (W eisc hedel and Blac k, 1980; Carb onell and Ha y es, 1983; Hindle, 1983; W eisc hedel and

Sondheimer, 1983; Fink and Biermann, 1986). F or example, Carb onell and Ha y es (1983, p. 128) prop osed

the follo wing pattern-matc hing approac h to repairing \brok en-o� and restarted utterances": (a) if t w o con-

stituen ts of iden tical seman tic and syn tactic t yp e are found when only one is allo w ed b y the grammar, ignore

the �rst one; and (b) recognize explicit correctiv e phrases (suc h as \I mean" ) and appropriately substitute

material follo wing the correctiv e phrase for material preceding the phrase. Constraining the application of

b oth rules w as the follo wing meta-rule: \Select the minimal constituen t for all substitutions" (Carb onell and

Ha y es, 1983, p. 128). These rules correctly handle certain cases of repair, but natural language grammars

will inevitably allo w sequences of the same seman tic and syn tactic t yp e. Repairs in v olving these parts of

the grammar, suc h as the cardinal noun phrase repair in Example (3), are left unaddressed. In fact, these

kinds of utterances ma y b e am biguous b et w een repair and non-repair in terpretations, suc h as \ t w en t y{ t w o

t w en t y" vs. \t w en t y t w o t w en t y", or \Pic k up the blue{ green ball" vs. \Pic k up the blue green ball".

More recen tly , Shrib erg et al. (1992) and Bear et al. (1992) ha v e prop osed a t w o-stage pattern-matc hing

approac h to pro cessing repairs. In the �rst stage, lexical pattern matc hing rules op erating on orthographic

transcriptions are used to retriev e candidate repair utterances. Candidate utterances are retriev ed b y �nding

an exact rep etition of some lexical item or items within a windo w of n w ords; a pair of pre-sp eci�ed adjacen t

lexical items, suc h as \a the"; or certain correctiv e phrases. The candidates are then �ltered, using syn tactic

and seman tic information. The �rst stage of this mo del, the lexical pattern matc her, w as tested on `non trivial'

repairs, whic h (Bear et al., 1992) de�nes as those requiring more editing than deletion of fragmen ts and �lled

pauses, with the follo wing results rep orted: 309 of the 406 utterance con taining suc h repairs in their corpus

of 10,718 utterances w ere correctly iden ti�ed, while 191 
uen t utterances w ere incorrectly iden ti�ed as

con taining repairs. This represen ts recall of 76% with precision of 62%. Of the repairs correctly iden ti�ed,

the appropriate correction w as found for 57%. Bear et al. (1992) also sp eculate that acoustic information

migh t b e used to �lter out false p ositiv es for candidates matc hing t w o of their lexical patterns, rep etitions

of single w ords and cases of single inserted w ords, but do not rep ort p erforming suc h an exp erimen t.

This t w o-stage mo del promotes the imp ortan t idea that automatic repair pro cessing migh t b e made more

robust b y in tegrating kno wledge from m ultiple sources. The lexical pattern matc hing approac h is computa-

tionally tractable and pro vides broad co v erage of repair t yp es within a uniform pro cessing framew ork. In

con trast to most earlier w ork, the e�ectiv eness of the pattern matc her and of sev eral �ltering routines w as

empirically tested on a large corpus of sp on taneous sp eec h. Ho w ev er, certain w eaknesses of lexical pattern

matc hing in particular and text-based metho ds in general should b e noted.

One suc h w eakness lies in the conceptualization of repair t yp es. It is not clear ho w to c ho ose among the

man y p ossible extensions to an existing set of lexical patterns to increase the co v erage of a system, b ecause
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the principles go v erning the creation of patterns are not w ell-sp eci�ed. Am biguit y in pattern matc hing

also increases the complexit y of correction strategies (Bear et al., 1992). A more practical problem for

text-based metho ds in general is their reliance on accurate text transcriptions to iden tify and correct repair

utterances. The assumption that suc h transcriptions can b e pro duced b y existing sp eec h recognizers is

optimistic, particularly since curren t systems rely up on language mo dels and lexicons deriv ed from 
uen t

sp eec h and usually treat dis
uencies as noise. One particular c hallenge that these systems m ust face is w ord

fragmen tation, as exempli�ed in Examples (1) and (2). Most repair utterances con tain w ord fragmen ts;

(Bear et al., 1992) rep ort a rate of 60% (366/607) fragmen t repairs, while w e found 73% (298/382) of repairs

in our corpus con tained fragmen ts (See Section I I I.A.2.). Ho w ev er, curren t recognition systems ha v e no

reasonable w a y of mo deling individual w ord fragmen ts in their lexicons, and th us can output only full w ords

in the lexicon that most closely matc h the fragmen t.

T ext-based pattern-matc hing approac hes ha v e explored the p oten tial con tribution of lexical and gram-

matical information to automatic repair pro cessing, but ha v e largely left op en the question of whether there

exist acoustic and proso dic cues for repairs in gener al , in addition to particular acoustic-proso dic cues to

individual repair patterns, suc h as suggested in (Bear et al., 1992). One prop osal that do es lend itself to the

in tegration of sp eec h cues in to repair detection is that of Hindle (1983), who de�nes a t yp ology of repairs

and asso ciated correction strategies. Hindle iden ti�es the follo wing repair t yp es:

� F ull sen tence restart: an en tire utterance is thro wn out and a new utterance is started, e.g. Is

American 
igh t one ninet y three is dinner serve d.

� Constituen t lev el: one syn tactic constituen t, or part thereof, is replaced b y another, e.g. Show me the

che ap est far e from Da- fr om Philadelphia to Dal las .

� Surface lev el: when iden tical w ords are rep eated in sequence, the �rst string of o ccurrences is thro wn

out, e.g. I r e quest uh that you should go to Dal las �rst uh appr oximately F ri- F riday.

Correction strategies for eac h repair t yp e are de�ned in terms of extensions to a deterministic parser. In

all cases, the application of a correction routine is triggered b y the presence of an h yp othesized phonetic

\edit signal" marking the p oin t of in terruption of 
uen t sp eec h. This edit signal is describ ed as \a mark edly

abrupt cut-o� of the sp eec h signal" (Hindle, 1983, p.123), follo wing a prop osal b y Lab o v (1966). It is treated

as a sp ecial lexical item in the parser input stream that triggers one of four correction strategies, dep ending

on the parser con�guration. Th us, it is the p oin t of detection itself that driv es the correction strategy , not

simply lexical or syn tactic asp ects of the repair utterance.

F or testing purp oses, Hindle emplo y ed a corpus of unrestricted sp on taneous narrativ es in whic h edit

signals w ere orthographically represen ted and lexical and syn tactic category assignmen ts hand-corrected.

He found that he could automatically correct 97% of repairs correctly in a corpus of appro ximately 1500

sen tences. Imp ortan tly , Hindle's system allo ws for non-surface-based corrections and sequen tial application

of correction rules (1983, p. 123), whic h simple pattern-matc hing approac hes cannot readily handle. F or

example, in (4), a syn tactic constituen t is replaced b y an en tirely di�eren t one, and in (5), a sequence of

o v erlapping repairs m ust b e corrected.

(4) I 'd lik e to a 
igh t from W ashington to Den v er : : :

(5) I 'd lik e to b o ok a reser{ are there f{ is there a �rst class fare for the 
igh t that departs at six

fort y p.m.
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Hindle sho ws ho w his cop y editing and restart rules, applied deterministically from left to righ t, are su�cien t

to handle similarly complex repairs suc h as Example (6), tak en from his narrativ e corpus.

(6) I { the { the guys that I 'm { w as telling y ou ab out w ere.

W e b orro w t w o main assumptions of Hindle's w ork in the curren t study: (a) correction strategies are

linguistically rule-go v erned, and (b) linguistic cues m ust b e a v ailable to signal the o ccurrence of a repair and

to trigger correction strategies. As Hindle noted, if the pro cessing of dis
uencies w ere not rule-go v erned,

it w ould b e di�cult to reconcile the infrequen t in trusion of dis
uencies on h uman sp eec h comprehension,

esp ecially for language learners, with their frequen t rate of o ccurrence in sp on taneous sp eec h. W e view

Hindle's empirical results as evidence supp orting this claim, and so w e do not concern ourselv es in this pap er

with the study of correction strategies p er se. Hindle's results also indicate that, in theory , the edit signal

can b e computationally exploited for b oth repair detection and repair correction. Ho w ev er, as Hindle notes,

an acoustic-phonetic in v estigation of repairs is necessary to test the edit signal h yp othesis.

Our in v estigation of repairs is aimed primarily at determining the exten t to whic h repair pro cessing

algorithms can rely on the presence of an edit signal in practice. Secondarily , w e hop e to unco v er acoustic

and proso dic cues other than the edit signal that ma y facilitate repair pro cessing, assuming a parsing-based

framew ork suc h as that outlined b y Hindle.

B. Acoustic-Proso dic and P erceptual Studies

Acoustic and proso dic features of repairs ha v e b een in v estigated b y psyc holinguists, linguists, and other

sp eec h scien tists. In this section w e presen t an o v erview of some of these studies. Man y of them will b e

discussed in more detail in later sections.

Early studies of repairs, suc h as (No oteb o om, 1980; La v er, 1980; Lev elt, 1983), examined the phenomenon

in the con text of prop osals for o v erall cognitiv e arc hitectures. This w ork, lik e m uc h psyc holinguistic w ork on

repairs, sough t to iden tify stages of h uman language pro duction b y lo oking at instances of breakdo wn and

reco v ery due to self-monitoring. Blac kmer and Mitton (1991) measured the timing of repairs in recordings

of a Canadian call-in radio program. They concluded that the replanning of sp eec h ma y o ccur b efore the

p oin t of self-in terruption, in con trast to Lev elt (1989) and La v er (1980), who held that replanning commences

after 
uen t sp eec h has b een in terrupted. Although Blac kmer and Mitton observ ed that man y of their repairs

in v olv ed ab erran t phonemes and truncations, no systematic study of these phenomena w as made.

Lev elt and Cutler (1983) examined the in tonational marking of repairs in a corpus of elicited task-orien ted

sp eec h. They h yp othesized that the tendency to mark repairs b y accen ting the correcting material v aries

according to seman tico-pragmati c prop erties of the repair utterance. In their corpus, they found that repairs

of erroneous information ( err or rep airs ) tended to b e mark ed b y increased in tonational prominence on

the correcting information, while other kinds of repairs, suc h as additions to descriptions (whic h they lab eled

appr opria teness rep airs ), generally w ere not.

Bear et al. (1992) noted acoustic di�erences b et w een true repairs and false p ositiv es for repairs that

matc hed t w o lexical patterns. F or rep etitions of single w ords (matc hing pattern M j M ), true repairs and

false p ositiv es w ere reliably distinguished based on the pausal duration within the matc hed material; for

insertions of single w ords (matc hing pattern M j X M ), true repairs w ere distinguished on the basis of

c hanges in fund ament al frequency (f0) and pausal duration. The lac k of in tonational prominence for

repairs matc hing the �rst pattern is consisten t with Lev elt and Cutler's claim, since lexical rep etitions are
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not error repairs. Bear et al. also noted that glottalization ma y o ccur at the p oin t of in terruption, esp ecially

on v o w el-�nal fragmen ts.

O'Shaughnessy (1992) describ ed repairs in a sample of utterances selected from the arp a Airline T ra v el

and Information System ( a tis ) corpus and also in v estigated pausal duration and in tonational prominence as

p oten tial correlates of repairs. He found that pausal duration ranged from 100 to 400 milliseconds for 85%

of the repairs in his sample. He further rep orted that rep eated w ords w ere either uttered with little proso dic

c hange (consisten t with previous �ndings on rep etitions) or w ere shortened b y up to 50% of their exp ected

duration, and that substituted or inserted w ords whic h added new seman tic con ten t to the discourse w ere

in tonationally mark ed in terms of lengthening and higher fundamen tal frequency , consisten t with (Lev elt

and Cutler, 1983).

Ho w ell and Y oung (1991) analyzed the pausal and in tonational c haracteristics of repairs in a corpus of

con v ersations b et w een t w o or more sp eak ers. They iden ti�ed pause at the in terruption site and an increase

in in tonational prominence at the start of an altered or corrected w ord as common repair features. These

proso dic markings o ccurred less frequen tly in repairs in v olving lexical rep etition. The e�ect of these cues

on h uman pro cessing w as tested in a series of exp erimen ts in whic h sub jects listened to syn thesized stim uli

with these features systematically v aried. In one task, sub jects w ere ask ed to judge the comprehensibilit y of

the syn thesized sp eec h. In another task, they w ere ask ed to pro duce the corrected v ersion of the syn thesized

repair utterance. Results sho w ed that pauses and increased in tonational prominence help ed listeners pro cess

repairs, although the facilitativ e e�ect of pauses alone w as stronger than that of mark ed accen ting alone.

Also, the facilitativ e e�ects of b oth cues w ere stronger for repairs in v olving lexical alterations than for those

in v olving only lexical rep etitions, whic h is consisten t with the results of the initial descriptiv e study .

Finally , Lic kley and colleagues (1991; 1992) carried out p erceptual studies on h uman repair detection

using naturally o ccurring stim uli. Results sho w ed that sub jects generally w ere able to detect a repair b efore

lexical access of the �rst w ord in the con tin uation of 
uen t sp eec h.

The studies men tioned ab o v e describ e acoustic and proso dic repair phenomena, and test these �ndings

in p erception exp erimen ts or on small corp ora. Some also in v estigate ho w certain phenomena are correlated

with repair t yp es. Ho w ev er, researc hers ha v e only b egun to address issues concerning the mo deling of repair

phenomena in sp eec h recognition systems and the design of algorithms and metho ds for automatic repair

detection and correction in sp ok en language systems. Our in v estigation of repairs addresses these areas of

repair mo deling and of algorithm dev elopmen t b y (a) iden tifying robust cues to repair that do not rely on

sophisticated understanding of the con text or the classi�cation of the repair and th us ma y b e detected \on-

line" during sp eec h recognition, and (b) exploring empirical metho ds, namely statistical prediction mo dels,

for in tegrating v arious cues to ac hiev e automatic repair detection.

I I. The Rep air Inter v al Model

T o pro vide a framew ork for our in v estigation of acoustic-proso dic cues to repair detection, w e earlier prop osed

a mo del of repairs, the rep air inter v al model (rim) (Nak atani and Hirsc h b erg, 1993a; Nak atani and

Hirsc h b erg, 1993b; Hirsc h b erg and Nak atani, 1993). The rim mo del divides the repair ev en t in to three

temp oral in terv als and iden ti�es time p oin ts within those in terv als that are computationally critical. A full

repair comprises three con tinguous in terv als, the rep arandum inter v al , the disfluency inter v al , and

the rep air inter v al . F ollo wing previous researc hers, w e iden tify the rep arandum as the lexical material

whic h is to b e repaired. The end of the reparandum coincides with the termination of the 
uen t p ortion



Nak atani&Hirsc h b erg, JASA 7

of the utterance, whic h w e term the interr uption site (is) . The disfluency inter v al ( di ) extends

from the is to the resumption of 
uen t sp eec h, and ma y con tain an y com bination of silence, pause �llers

(`e.g., uh ', ` um '), or cue phrases (e.g., ` o ops ' or ` I me an '), whic h indicate the sp eak er's recognition of his

or her p erformance error. The rep air inter v al corresp onds to the correcting material, whic h is in tended

to `replace' the reparandum. It extends from the o�set of the di to the resumption of non-repair sp eec h. In

Example (7), for example, the reparandum o ccurs from 1 to 2, the di from 2 to 3, and the repair in terv al

from 3 to 4; the is o ccurs at 2.

(7) Giv e me airlines 1 [ 
ying to Sa{ ] 2 [ SILENCE uh SILENCE ] 3 [ 
ying to Boston ] 4 from San

F rancisco next summer that ha v e business class.

As noted in Section I.A, Lab o v (1966) and Hindle (1983) h yp othesized that an \edit signal" o ccurs at a

particular dis
uen t p oin t within repair utterances, a p oin t in our rim mo del whic h w e ha v e lab eled the

is . Ho w ev er, our �ndings and recen t psyc holinguistic exp erimen ts (Lic kley et al., 1991) suggest that this

prop osal ma y b e to o limited. So, in this w ork, w e extend Lab o v's and Hindle's notion of the edit signal to

include an y phenomenon whic h ma y con tribute to the p erception of an \abrupt cut-o� " of the sp eec h signal

| including cues suc h as coarticulation phenomena, w ord fragmen ts, in terruption glottalization, pause, and

other proso dic cues whic h o ccur in the vicinit y of the dis
uency in terv al. The rim mo del th us incorp orates

the edit signal h yp othesis, that some asp ect of the sp eec h signal ma y demarcate the computationally k ey

juncture b et w een the reparandum and repair in terv als, while extending its p ossible acoustic and proso dic

manifestations.

As noted in Section I.A, previous acoustic-proso dic and p erceptual studies ha v e iden ti�ed v arious proso dic

cues to repair, suc h as in tonational prominence and pausing, that do not necessarily o ccur at precisely the is .

Guided b y these past �ndings, w e also examine in this study p oten tial cues to repair that ma y o ccur during

the material to b e repaired or the repairing material itself. The rim mo del th us serv es to fo cus our atten tion

on timep oin ts and in terv als whose usefulness for automatic metho ds of repair detection and correction has

b een established b y previous computational or psyc holinguistic researc h.

I I I. A coustic-Pr osodic Chara cteristics of Rep airs

The corpus for our studies consisted of 6414 utterances from the arp a Airline T ra v el and Information System

( a tis ) database (MADCO W, 1992) collected at a t&t, bbn, cmu, sri , and ti ; these app ear to b e a subset

of the corp ora used b y (Shrib erg et al., 1992) and (Bear et al., 1992). Of the total corpus of 6414 utterances

pro duced b y 122 sp eak ers, 346 (5.4%) utterances con tained at least one repair; in our pilot study of the sri

and ti utterances only , w e found that repairs o ccurred in 9.1% of the utterances (Nak atani and Hirsc h b erg,

1993a), a rate whic h is probably more accurate than the 5.4% w e �nd in our curren t corpus, since repairs

for the pilot study w ere iden ti�ed from more accurate and detailed transcriptions than w ere a v ailable for

the curren t corpus. W e de�ne repair for our purp oses as the self-correction of one or more phonemes (up to

and including sequences of w ords) in an utterance. W e th us coun t as repairs utterances in whic h a sp eak er

rep eats a w ord or partial w ord, as w ell as utterances in whic h �lled pauses or cue w ords o ccur immedia tely

after the self-in terruption. Utterances in whic h �lled pauses or cue w ords o ccur without an y self-correction

w ere not classi�ed as repairs in this study .

W e dev elop ed our initial h yp otheses from a pilot study of 146 repairs in the sri and ti databases

(Nak atani and Hirsc h b erg, 1993a). These h yp otheses w ere tested on the three additional a tis databases
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( a t&t, bbn, cmu ). Orthographic transcriptions of all of the utterances w ere prepared b y arp a con tractors

according to standardized a tis con v en tions. The sp eec h w e examined w as lab eled at Bell Lab oratories

for w ord b oundaries and for in tonational prominences and phrasing follo wing Pierreh um b ert's description

of English in tonation (Pierreh um b ert, 1980). (Pierreh um b ert's system distinguishes t w o lev els of proso dic

phrasing, the intona tional phrase and the intermedia te phrase ; in tonational phrases are comp osed

of one or more in termediate phrases, plus a high or lo w bound ar y tone , whic h con trols the pitc h at the

edge of the phrase. In termediate phrases are comp osed of one or more pitch a ccents from an in v en tory

of six accen t t yp es, plus a phrase a ccent , again, high or lo w, whic h con trols the pitc h from the last pitc h

accen t to the end of the in termediate phrase.) Also, eac h of the three rim in terv als, together with proso dic

and acoustic ev en ts within those in terv als w ere lab eled. Sp eec h analysis w as done with En tropic Researc h

Lab oratory's w a ves soft w are (T alkin, 1989).

A. Empirical Results: The Reparandum In terv al

In the rim mo del, the reparandum in terv al con tains the material to b e corrected or replaced b y the con ten ts

of the repair in terv al. Our acoustic and proso dic analysis of the reparandum in terv al fo cuses on acoustic-

phonetic prop erties of w ord fragmen ts, as w ell as additional phonetic cues marking the reparandum o�set.

No reliable cues w ere found at the reparandum onset. Ho w ev er, w e did �nd some p oten tially useful cues to

repairs at the reparandum o�set.

1. Onset of R ep ar andum

F rom the p oin t of view of repair detection and correction, acoustic-proso dic cues to the onset of the reparan-

dum w ould clearly b e useful in the c hoice of appropriate correction strategy . One p oten tial proso dic cue

to the lo cation of this site migh t b e a phrase b oundary marking the b eginning of the reparandum in terv al.

Analysis of the ti set unco v ered little supp ort for this h yp othesis, since a proso dic phrase b oundary o ccurred

at the reparandum onset in less than half (42.9%) of the utterances.

This lac k of proso dic cues at the reparandum onset is consisten t with psyc holinguistic �ndings. As noted

in Section I.B, recen t p erceptual exp erimen ts indicate that h umans are not able to detect an oncoming

dis
uency as early as the onset of the reparandum (Lic kley et al., 1991; Lic kley and Bard, 1992). Sub jects in

these exp erimen ts w ere presen ted with successiv ely longer p ortions of utterances con taining repairs and w ere

ask ed to ev aluate whether the partial utterance w as \
uen t" or \un
uen t" up to the end of the stim ulus.

Judgmen ts as to whether the utterance w ould con tin ue in a \
uen t" or \un
uen t" manner w ere also collected.

Sub jects wer e generally able to detect dis
uencies b efore lexical access of the �rst w ord in the repair. In a

few cases where the pause w as ob viously long, or a w ord w as clearly cut o�, sub jects detected dis
uencies

b efore the start of the repair in terv al. It should b e noted ho w ev er that only a small n um b er of the test stim uli

con tained reparanda ending in w ord fragmen ts (Lic kley et al., 1991). In an y case, results clearly sho w that

h uman listeners cannot reliably predict up coming dis
uencies in the region of the onset of the reparandum.

2. O�set of r ep ar andum

In our corpus, 73.3% (298/382) of all reparanda end in w ord fragmen ts. This �nding is somewhat higher

than Shrib erg et al. (1992)'s rep ort that 60.2% of repairs in their corpus con tained fragmen ts. Lev elt (1983)

rep orts a rate of 22% for sp on taneous sp eec h elicited in an instruction-giving task in v olving only h umans
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and no computer systems. Lic kley (1993) rep orts a rate of 36% for a corpus of sp on taneous con v ersations

b y six sp eak ers. The disparit y among di�eren t corp ora remains to b e accoun ted for. Nev ertheless, an y

correlation b et w een rate of fragmen tation and sp ok en language genre should b e of in terest to researc hers

dev eloping cognitiv e theories of monitoring and repair. Since the ma jorit y of our repairs in v olv e w ord

fragmen tation, w e analyzed sev eral lexical and acoustic-phonetic prop erties of fragmen ts for p oten tial use in

fragmen t iden ti�cation. In our corpus, it is alw a ys the case that when a w ord is fragmen ted, it is mean t to

b e replaced b y some item in the repair in terv al. Therefore, the in terruption of a w ord is a sure sign of repair,

and so w e exp ect that the abilit y to distinguish w ord fragmen ts from non-fragmen ts w ould b e a signi�can t

aid for repair detection.

T able 1 sho ws the broad w ord class of the sp eak er's in tended w ord for eac h fragmen t, where the in tended

w ord w as reco v erable b y the a tis transcrib ers.

T able 1 go es here.

F ragmen tation at the reparandum o�set tended to o ccur in con ten t w ords (43%) rather than function w ords

(5%), while 52% of in tended w ords w ere left un transcrib ed. T able 2 sho ws the distribution of fragmen ts in

our corpus b y length. 91% of fragmen ts w ere one syllable or less in length. Note that O'Shaughnessy (1992)

rep orts that ab out three-quarters of the fragmen ts in his sample of the a tis corpus did not ha v e a completion

of the v o w el in the �rst syllable.

T able 2 go es here.

While fragmen ts themselv es tend to b e v ery short, it is not the case that the reparanda in whic h fragmen ts

o ccur are signi�can tly shorter than non-fragmen t reparanda, where reparandum length is measured in n um b er

of w ords. In T able 3, there is no signi�can t di�erence b et w een the distributions of reparanda lengths for

fragmen t and non-fragmen t repairs (p < .20, � =6.03, df=4).

T able 3 go es here.

Ov er one third of fragmen t reparanda consist of more than simply the fragmen t. A simple correction

heuristic, suc h as deleting just the fragmen t p ortion of the reparandum, migh t pro v e e�ectiv e in man y cases,

but will not pro vide a general solution to fragmen t repair correction.

T able 4 sho ws the distribution of initial phonemes for all w ords in the corpus of 6414 a tis sen tences, and

for all fragmen ts, single syllable fragmen ts, and single consonan t fragmen ts in repair utterances.

T able 4 go es here.

F rom T able 4 w e see that single consonan t fragmen ts that are fricativ es o ccur more than six times as

often as those that are stops. Ho w ev er, fricativ es and stops o ccur almost equally as the initial consonan t

in single syllable fragmen ts. F urthermore, w e observ e t w o div ergences from the underlying distributions of

initial phonemes for all w ords in the corpus. V o w el-initial w ords are less lik ely to o ccur as fragmen ts and

fricativ e-initial w ords more lik ely to o ccur as fragmen ts, relativ e to the underlying distributions for those

classes in the corpus as a whole. Both the o v erall and repair distributions (p < .0001, � = 32.88, df=4) and

the single consonan t and single syllable distributions (p < .0001, � = 66.27, df=4) di�er signi�can tly .

It is p ossible that the im balance of con ten t and function w ords as transcrib ed in tended w ords for fragmen ts

(T able 1) migh t b e due to the general di�erences in length b et w een con ten t and function w ords. Ho w ev er,
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our �nding that 90% of all fragmen ts in our corpus are one syllable or less in length (T able 2) pro vides

evidence against this in terpretation, since b oth con ten t and function w ords are at least one syllable long in

English. It migh t also b e though t that the distribution patterns of the initial phoneme (T able 4) migh t b e

explained b y the p ossibilit y that in our corpus fricativ es, for example, o ccur more often as con ten t w ords

rather than function w ords. W e cannot usefully address this question, ho w ev er, since for o v er half of all

fragmen ts in our corpus the in tended w ord w as not reco v erable b y a tis transcrib ers.

Tw o additional acoustic-phonetic cues, glottalization and coarticulation, ma y help to iden tify reparanda

o�sets, esp ecially those ending in fragmen ts. Bear et al. (1992) note that irregular glottal pulses sometimes

o ccur at the reparandum o�set. Shrib erg et al. (1992) rep ort glottalization on 24 of 25 v o w el-�nal fragmen ts.

In our corpus, 30.2% of reparanda o�sets are mark ed b y what w e will term interr uption glott aliza tion .

Ho w ev er, although in terruption glottalization is usually asso ciated with fragmen ts, not all fragmen ts are

glottalized. In our database, 62% of fragmen ts are not glottalized, and 9% of glottalized reparanda o�sets

are not fragmen ts. Eviden tly this acoustic-phonetic cue is not alw a ys or exclusiv ely asso ciated with w ord

fragmen tation.

In terruption glottalization app ears to b e acoustically distinct from lar yngealiza tion (creaky v oice),

whic h often o ccurs at the end of proso dic phrases; the latter t ypically extends o v er sev eral syllables, if not

w ords, at the end of an in tonational phrase and is asso ciated with a decrease in energy , and lo w fundamen tal

frequency (Oliv e et al., 1993). The glottalization w e ha v e observ ed o v er fragmen ts in our corpus, on the

other hand, generally o ccurs o v er only the in terrupted syllable, and do es not app ear to b e asso ciated with a

sustained decrease in energy and fundamen tal frequency , in con trast to phrase-�nal laryngealization.

W e susp ect that this phenomenon of in terruption glottalization is akin to one in v estigated b y Lo cal and

Kelly (1986). In their study , Lo cal and Kelly rep ort on the acoustic-phonetic correlates of self-in terruption.

They iden tify the phenomenon of holding silences on discourse connectiv es, whic h they sp eculate serv e

the general comm unicativ e function of holding the 
o or, and th us can b e asso ciated as w ell with cases of

repair. They c haracterize these silences in sp on taneous sp eec h as

initiated b y glottal closure and terminated b y glottal release with closed glottis b eing maintaine d

during the in terv ening p erio d. No w this kind of `closure piece' [ : : : ] app ear[s] to correlate with

holding of turns and the pro jection that there will b e further talk b y the same sp eak er (Lo cal

and Kelly , 1986, p. 192).

Also, they rep ort no noticeable decrease in rate or amplitude for holding silences. These prop erties describ e

o ccurrences of conjunctions in their corpus, suc h as wel l, but, so, uh , although they sp eculate that the

phonetic features of holding silences migh t b e generally a v ailable as means for the sp eak er to lo cally indicate

that he or she in tends to con tin ue sp eaking. In terestingly , for certain cases of repairs and reactions to

incursiv e talk b y a con v ersational partner, Lo cal and Kelly rep ort that creaky v oice, or irregular glottal

pulses, accompan y the glottal closure, again without dimin uation of temp o or loudness. The similarities

b et w een holding silences and repairs exhibiting in terruption glottalization suggest that these phenomena are

link ed b y more general principles go v erning the mec hanisms of sp ok en language in teraction.

One other acoustic-phonetic feature whic h sometimes c haracterizes w ords or w ord fragmen ts at the end

of the reparandum in terv al is the presence of coarticulatory gestures preceding silence. Sonoran t endings of

b oth fragmen ts and non-fragmen ts in our corpus sometimes exhibit coarticulatory e�ects of an acoustically

unrealized subsequen t phoneme. A related feature is the lac k of phrase-�nal lengthening e�ects on the last

few segmen ts in the reparandum for man y cases of repairs. More generally , b oth of these features are cues
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to dis
uency in the rh ythmic structure of pre-pausal segmen ts. These e�ects migh t b e used to distinguish

the o�sets of reparanda from 
uen t phrase o�sets. Acoustic mo dels migh t directly enco de information that

w ould distinguish fragmen t-�nal phonemes from 
uen t phrase-�nal phonemes. F or fricativ es immedia tely

preceding silence, for example, one migh t compare duration, energy , and sp ectral c haracteristics. F or v o w els

preceding silence, the presence of certain coarticulatory patterns (e.g. stop closure, v elar pinc h) migh t

p ositiv ely iden tify a v o w el as fragmen t-�nal, since 
uen t phrase-�nal v o w els follo w ed b y silence sho w no suc h

e�ects of coarticulation.

T o summarize, in our corpus, most reparanda o�sets end in w ord fragmen ts. T ranscrib ers often cannot

reco v er the in tended w ord from repair fragmen ts in our corpus, but the ma jorit y of reco v ered in tended w ords

are con ten t w ords. F ragmen ts are rarely more than one syllable long, exhibit di�eren t distributions of initial

phoneme class dep ending on their length, are sometimes glottalized, and sometimes exhibit coarticulatory

e�ects of acoustically missing subsequen t phonemes. Pro cedures for fragmen t detection migh t mak e use of

initial phoneme distributions, in com bination with information on fragmen t length and acoustic-phonetic

ev en ts at the is . Inquiry in to further acoustic-phonetic prop erties and the articulatory bases of sev eral of

these prop erties of self-in terrupted sp eec h, suc h as glottalization and initial phoneme distributions, ma y

further impro v e the mo deling of segmen ts at the reparandum o�set.

B. Empirical Results: The Dis
uency In terv al

In the rim mo del, the di includes all cue phrases and all �lled and un�lled pauses from the o�set of the

reparandum to the onset of the repair. The literature con tains a n um b er of �ndings concerning these

phenomena in the di , suc h as (Lev elt, 1983; Blac kmer and Mitton, 1991; Shrib erg et al., 1992; O'Shaughnessy ,

1992). While our o wn �ndings pro vide little evidence that cue phrases or �lled pauses are reliable mark ers

of repairs, w e do �nd the duration of silen t pauses to b e a reliable c haracteristic of the di . In particular, our

data supp ort a new h yp othesis asso ciating fragmen t repairs and the duration of pause follo wing the is .

1. Fil le d Pauses and Cue Phr ases

Filled pauses and cue phrases ha v e b een h yp othesized as repair cues b y Lev elt (1983) and b y Blac kmer and

Mitton (1991). In our corpus, suc h phenomena o ccur in the di for only 9.4% (36/382) of repairs. In terestingly ,

as sho wn in T able 5, pause �llers and cue phrases o ccur signi�can tly more often in non-fragmen t repairs

than in fragmen t repairs (p < .0001, � =16.91, df=1).

T able 5 go es here.

2. Dur ation of the Dis
uency Interval

Duration of pause follo wing the is also distinguishes b et w een non-fragmen t and fragmen t repairs. T able 6

sho ws the a v erage duration of `silen t di s' (i.e. those con taining no pause �llers or cue w ords) compared to

that of 
uen t utterance-in ternal silen t pauses (i.e. those whic h indep enden t lab elers had not classi�ed as

hesitations, repairs, or other dis
uencies) for the ti utterances in our corpus.

1

T able 6 go es here.
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Ov erall, silen t di s are shorter than 
uen t pauses (p < .001, t =4.65, df=1530). If w e analyze repair

utterances based on o ccurrence of fragmen ts, the di duration for fragmen t repairs is signi�can tly shorter

than for non-fragmen t repairs (p < .001, t=3.67, df=344). The fragmen t repair di duration is also signi�can tly

shorter than 
uen t pause in terv als (p < .001, t=5.20, df=1448), while there is no signi�can t di�erence b et w een

non-fragmen t repairs di s and 
uen t phrase b oundaries. So, di s in general app ear to b e distinct from 
uen t

phrase b oundaries. In particular, pausal duration migh t b e exploited to 
ag p oten tial fragmen t repairs.

While w e do not mak e sp eci�c claims ab out the higher-lev el cognitiv e pro cesses in v olv ed in making repairs,

w e do note that our �ndings presen t new facts to b e accoun ted for b y curren t psyc holinguistic theories of

monitoring and repair. The asso ciation of fragmen t repairs with shorter, usually un�lled, dis
uency in terv als

suggests that, when a sp eak er in terrupts him or herself in mid-w ord, less time is required to initiate the

pro duction of the repairing material than is the case for non-fragmen t repairs. It has b een widely assumed

that the replanning pro cess b egins no so oner than the p oin t of in terruption (Lev elt, 1983; Lev elt, 1989). If this

assumption is to b e main tained, then the phenomenon of w ord fragmen tation someho w m ust b e asso ciated

with repair t yp es requiring less replanning than other repair t yp es. Alternativ ely , our duration �ndings

migh t b e in terpreted as supp ort for the alternativ e notion that the duration of the dis
uency in terv al do es

not exactly re
ect the time required to replan. Rather, a theory of monitoring ma y allo w that incremen tal

planning and replanning of sp eec h o ccur during b oth silence and sp eaking, as suggested b y Blac kmer and

Mitton (1991, p. 175).

Finally , w e tested a prop osal made b y O'Shaughnessy (1992) that pausal duration migh t b e used to

iden tify candidate repair sites. Since this prop osal w as also based on an analysis of a sample from the a tis

corpus, w e w ould exp ect similar results. O'Shaughnessy suggests that an upp er b ound of 400 ms on pause

duration can b e used to iden tify the dis
uency in terv als of p oten tial repairs. F or his corpus of 115 a tis

repairs, he rep orts recall of 70% and precision of 65% using this measure. He also prop oses that 80 ms

represen ts a lo w er b ound for is pauses, although he did not test this in his corpus. W e tested his prop osals

for an upp er b ound only and for b oth upp er and lo w er b ounds on our corpus of 346 repair utterances.

If w e try to distinguish repairs from all other p oten tial b oundary sites in this data (N=6150 | including

non-repair dis
uencies and simple w ord b oundaries, as w ell as 
uen t phrase b oundaries), the 400 ms cuto�

prop osal iden ti�es 316 of the 390 observ ed repairs, for a recall of 81%; ho w ev er, this criterion pro duces 4860

false p ositiv es, for a precision of 6.1%. Precision impro v es and recall degrades when the lo w er b ound for

pauses is added to the prediction | to 53% recall and 34% precision. W e conclude that neither prop osal

yields v ery reliable results on our corpus. If w e eliminate other junctures (i.e., w ord b oundaries and non-

repair dis
uences), is sites can b e distinguished from 
uen t pauses using the simple 400 ms cuto� with 81%

recall and 34% precision, while the addition of the lo w er b ound degrades p erformance to 53% recall and 39%

precision. In all cases though, the large n um b er of false p ositiv es mak es the use of pausal duration alone a

rather unreliable criterion for iden tifying repairs. If, in fact, w e lo ok at our en tire lab eled ti corpus, the 400

ms upp er b ound for is pausal duration w ould select fully 58% of all 
uen t phrase b oundaries as p oten tial

repair sites.

O'Shaughnessy prop oses that output from this detection metho d b e �ltered subsequen tly b y searc hing for

iden tical sp ectral-time patterns in the sp eec h signal in the immediate areas on either side of the dis
uency

in terv al. This sp ectral-time pattern matc hing approac h can b e view ed as appro ximating the pro cess of

lexical pattern matc hing at the signal lev el. Whether sp ectral-time pattern matc hing can aid repair detection

remains to b e seen, but w e b eliev e this prop osal merits further examination. Our results from statistical

mo deling of repair detection, discussed in Section IV, supp ort the com bination of pattern-matc hing and

pause duration information.
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3. Pr oso dic Marking A cr oss the Dis
uency Interval

Sev eral in
uen tial studies of acoustic-proso dic repair cues ha v e relied up on lexical, seman tic, or pragmatic

classi�cation of repair t yp es (Lev elt and Cutler, 1983; Lev elt, 1983). Lev elt and Cutler (1983) claim that

repairs of erroneous information ( err or rep airs ) are mark ed b y increased in tonational prominence on

the correcting information, while other categories, suc h as additions to descriptions ( appr opria teness

rep airs ), generally are not. Results of p erceptual studies (Ho w ell and Y oung, 1991) indicate that h umans

can indeed mak e use of mark ed prominence to correct repair utterances. T o examine the p ossibilit y that

in tonational prominence migh t b e used in repair detection, w e in v estigated relativ e pitc h and amplitude

across the di for all repairs in our corpus and compared these to the same measuremen ts for 
uen t pauses

in the a tis ti corpus.

T o obtain ob jectiv e measures of relativ e prominence, w e compared absolute f0 and energy in the sonoran t

cen ter of the last accen ted lexical item in the reparandum with that of the �rst accen ted item in the repair

in terv al. (W e p erformed the same analysis for the last and �rst syllables in the reparandum and repair,

resp ectiv ely , and for normalized f0 and energy; results did not substan tially di�er from those presen ted

here.) W e found a small but reliable increase in f0 from the end of the reparandum to the b eginning of the

repair (mean=+4.1 Hz, p < .01, t=2.49, df=327). There w as also a small but reliable increase in amplitude

across the di (mean=+1.5 db, p < .001, t =6.07, df=327).

W e analyzed the same phenomena across utterance-in ternal 
uen t pauses for the a tis ti set and found

no reliable di�erences in either f0 or in tensit y; of course, this failure to �nd ma y ha v e b een due to the greater

v ariabilit y in the 
uen t p opulation. When w e compared the f0 and amplitude c hanges from reparandum to

repair with those observ ed for 
uen t pauses, w e found no signi�can t di�erences b et w een the t w o p opulations.

So, while di�erences in f0 and amplitude exist b et w een the reparandum o�set and the repair onset, w e

conclude that these di�erences are probably to o small to help distinguish repairs in general from 
uen t

sp eec h.

Although it is not en tirely straigh tforw ard to compare our ob jectiv e measures of in tonational prominence

with Lev elt and Cutler's p erceptual �ndings, our results pro vide only w eak supp ort for theirs. While w e �nd

small but signi�can t c hanges in t w o correlates of in tonational prominence, the distributions of c hange in f0

and energy for our data are unimo dal and the distribution's cen ter is only sligh tly ab o v e zero. Note that

our lo ci of measuremen t do not corresp ond precisely to Lev elt and Cutler's, since w e examined the syllables

imm ediately surrounding the dis
uency in terv al.

W e w ould emphasize that the analysis rep orted ab o v e w as aimed at the disco v ery of general cues to

repairs. The study b y Lev elt and Cutler (1983) unco v ered only tendencies for mark edness. F or example,

only 53% of their error repairs w ere judged to b e in tonationally `mark ed'. A study b y Ho w ell and Y oung

(1991) sho w ed similarly that in tonational `marking', measured in terms of increased in tonational prominence,

do es not o ccur consisten tly in repairs. Ho w ell and Y oung conducted a careful analysis of relativ e c hanges

in stress lev els for repairs in a sp on taneous sp eec h corpus that had b een indep enden tly annotated for three

lev els of in tonational prominence (primary , secondary , and zero stress). They found that the stress lev els for

pairs of rep eated w ords or pairs of altered w ords w ere the same in 72% of cases. F or 24%, the stress on the

relev an t w ord in the repair w as mark ed with a higher lev el of stress, while the stress lev el on the `repairing'

w ord w as lo w er in only 4% of cases. It ma y therefore b e a b etter strategy to use a decrease in prominence

to rule out p oten tial repairs instead of using increased prominence to p ositiv ely iden tify repairs.
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C. Empirical Results: The Repair In terv al

Previous studies of dis
uency ha v e paid considerable atten tion to the vicinit y of the di but little to the repair

o�set. The analyses rep orted ab o v e for the reparandum in terv al and the dis
uency in terv al concen trated on

cues for repair dete ction . Our rim analysis of the repair in terv al unco v ered one general in tonational cue that

ma y b e of use for repair c orr e ction , namely the proso dic phrasing of the repair in terv al. W e found evidence

that phrase b oundaries at the repair o�set can serv e to delimit the region o v er whic h subsequen t correction

strategies ma y op erate.

First, w e tested the h yp othesis that repair in terv al o�sets are mark ed b y the presence of in tonational

phrase b oundaries b y examining whether phrase b oundaries observ ed at that o�set di�ered in their o ccurrence

from those observ ed in 
uen t sp eec h for the ti corpus as a whole; this corpus had previously b een lab eled

at Bell Lab oratories for studies on phrasing b y W ang and Hirsc h b erg (1992).

Using W ang and Hirsc h b erg's (1992) phrase prediction pro cedure, with prediction trained on 478 sen-

tences of read, 
uen t sp eec h from the a tis ti read corpus, w e estimated whether the phrasing at the repair

o�set w as predictably distinct from this mo del of 
uen t phrasing.

2

T o see whether these b oundaries w ere

distinct from those in 
uen t sp eec h, w e compared the phrasing of repair utterances with the phrasing pre-

dicted for the corresp onding corrected v ersion of the utterance as iden ti�ed b y a tis transcrib ers. Results

rep orted here are for prediction on only the 63 ti repair utterances, since the prediction tree w e used had

b een dev elop ed on ti utterances.

W e found that in these 63 utterances the repair o�set co-o ccurs with minor or ma jor phrase b oundaries

for 49% of repairs. F or 40% of all repairs, an observ ed b oundary o ccurs at the repair o�set where one is

predicted in 
uen t sp eec h; and for 33% of all repairs, no b oundary is observ ed where none is predicted. F or

the remaining 27% of repairs, observ ed phrasing div erges from that predicted b y a 
uen t phrasing mo del. In

37% of these latter cases, a b oundary o ccurs where none is predicted, and, in the remainder, no b oundary

o ccurrs when one is predicted.

W e also found more general di�erences from predicted phrasing o v er the en tire repair in terv al. Tw o

strong predictors of proso dic phrasing in 
uen t sp eec h are syn tactic constituency (Co op er and Sorenson,

1977; Gee and Grosjean, 1983; Selkirk, 1984), esp ecially the relativ e in violabilit y of noun phrases (W ang and

Hirsc h b erg, 1992), and the length of proso dic phrases (Gee and Grosjean, 1983). In our repair utterances,

w e observ ed phrase b oundaries at repair o�sets whic h o ccurred within larger np s, as in Example (8); actual

proso dic b oundaries in (8a) and (9a) are indicated b y ` j ', and predicted proso dic b oundaries b y ` k ' in (8b)

and (9b).

In (8), the b oundaries whic h di�er from those predicted for 
uen t sp eec h surround the mo di�er ` r ound-

trip '; it is precisely this mo di�er | not the en tire noun phrase | whic h is b eing corrected in this utterance.

(8) a. A ctual phr asing: Sho w me all n{ j round-trip j 
igh ts j from Pittsburgh j to A tlan ta.

b. Pr e dicte d phr asing: Sho w me all k round-trip 
igh ts k from Pittsburgh k to A tlan ta.

It seems plausible that, b y marking o� the mo di�er in tonationally , a sp eak er ma y signal that op erations

relating just this phrase to an earlier p ortion of the utterance can ac hiev e the prop er correction of the

dis
uency .

W e also found cases in whic h in tonational phrases observ ed in repair utterances w ere m uc h longer than

phrases observ ed in 
uen t sp eec h, as illustrated in Example (9).

(9) a. A ctual phr asing: What airp ort is it j is lo cated j what is the name of the airp ort lo cated in

San F rancisco.
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b. Pr e dicte d phr asing: What is the name k of the airp ort k lo cated k in San F rancisco.

The corresp onding 
uen t v ersion of the repair in terv al is predicted to con tain four in tonational phrases. In

suc h cases, the absence of in tonational phrase b oundaries ma y serv e to iden tify the en tire repair (e.g., ` what

is the name of the airp ort lo c ate d in San F r ancisc o ') as a substituting unit. Th us, in b oth these cases, the

mark ed phrasing of the repair in terv al delimits a meaningful unit for subsequen t correction strategies.

Second, w e analyzed the syn tactic and lexical prop erties of the �rst ma jor or minor in tonational phrase

including all or part of the repair in terv al to determine ho w suc h phrasal units corresp onded to the repair

t yp es in Hindle's t yp ology . W e w an ted to in v estigate corresp ondences b et w een in tonational phrasing and

syn tactic c haracterization of repair t yp e. W e found three ma jor classes of phrasing b eha viors. First, for

43% (165/382) of repairs, the repair o�set w e had initially iden ti�ed (c ho osing the strategy of iden tifying

the minim al string-length repair) coincides with a phrase b oundary , whic h can th us b e said to mark o� the

repair in terv al. Note crucially here that, in lab eling repairs whic h migh t b e view ed as either constituen t or

lexical, w e had originally preferred the shorter lexical analysis b y default. Of the remaining 217 repairs, 70%

(151/217) ha v e the �rst phrase b oundary after the repair onset at the righ t edge of a syn tactic constituen t. It

is p ossible that this set of repairs is more appropriately iden ti�ed as Hindle's constituen t repairs, rather than

the lexical repairs w e had initially lab eled. F or the ma jorit y of these constituen t repairs (77%, 117/151),

the repair in terv al con tains a w ell-formed syn tactic constituen t (See T able 7). If the repair in terv al do es not

form a syn tactic constituen t, it is most often an np -in ternal repair (74%, 25/34).

T able 7 go es here.

The third class of repairs includes those in whic h the �rst b oundary after the repair onset o ccurs neither

at the repair o�set nor at the righ t edge of a syn tactic constituen t. This class con tains lexical repairs (e.g.

Example (8)), phonetic errors, w ord insertions, and syn tactic reform ulations.

In v estigation of repair phrasing in other corp ora co v ering a wider v ariet y of genres is needed in order to

assess the generalit y of these �ndings. F or example, 33% (8/24) of np -in ternal constituen t repairs o ccurred

within cardinal comp ounds (e.g. Example (3)), whic h o ccur often in the a tis tra v el information domain.

Nonetheless, the fact that repair o�sets in our corpus are mark ed b y in tonational phrase b oundaries in suc h a

large p ercen tage of cases (83%, 316/382) suggests that this cue ma y pro v e quite v aluable for repair pro cessing

b y delimiting the in terv al o v er whic h correction strategies ma y op erate.

D. Summary of rim Results

Using the rim framew ork, w e ha v e in v estigated a n um b er of acoustic-proso dic cues to the iden ti�cation of

repairs in sp on taneous sp eec h. Our analysis of repairs in the a tis corpus indicates that self-in terruption

ma y b e signalled b y a n um b er of di�eren t cues, including w ord fragmen tation, glottalization, coarticulatory

e�ects preceding silen t pauses, and the duration of the dis
uency in terv al itself. W e ha v e iden ti�ed sev eral

features to aid in fragmen t iden ti�cation, suc h as the distributions of fragmen ts b y length and b y initial

phoneme. In addition to these reparandum in terv al and dis
uency in terv al cues for repair detection, w e ha v e

examined the phrasing of the repair in terv al for p ossible cues for repair correction. W e ha v e determined that

repair in terv als di�er from 
uen t sp eec h in their c haracteristic proso dic phrasing, and iden ti�ed sev eral roles

proso dy app ears to pla y in delimiting the repair in terv al for correction strategies. Giv en these results, w e

next turn to their p oten tial use in repair detection.
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IV. Predicting Rep airs fr om A coustic and Pr osodic Cues

Despite the mo derate size of our sample, w e w ere in terested in exploring the question of ho w w ell the

c haracterization of repairs deriv ed from rim analysis of the a tis corpus w ould transfer to a predictiv e mo del

for lo cating the is of self-repairs in that domain. W e also w an ted to in v estigate ho w acoustic cues migh t b e

com bined with the sort of text-based cues whic h ha v e previously b een used with some success b y others to

predict repair lo cations (e.g. (Bear et al., 1992)) to impro v e the predictiv e p o w er of suc h text-based cues.

T o this end, w e examined 350 a tis repair utterances, including the 346 used for the descriptiv e study . W e

used the 148 ti and sri repair utterances used in the initial descriptiv e study (Nak atani and Hirsc h b erg,

1993a) as training data; the additional 202 repair utterances (con taining 223 repair instances) w ere used for

testing. In our predictions, w e attempted to distinguish repair is from 
uen t phrase b oundaries (collapsing

ma jor and minor b oundaries), non-repair dis
uencies (whic h had b een mark ed indep enden tly of our study

| see note 1) and simple w ord b oundaries. W e considered ev ery w ord b oundary to b e a p oten tial repair site;

w e also included utterance-�nal b oundaries as data p oin ts, to distinguish 
uen t in terruptions of the sp eec h

signal from non-
uen t and for consistency with the prior lab elings of our 
uen t utterances. Th us, our goal

w as to lo cate self repairs b y distinguishing their is s from all p oten tial is s in our test data.

Since eac h utterance in our test set did in fact con tain at least one suc h is , this exp erimen t w as not

equiv alen t to lo cating self repairs in general sp on taneous sp eec h; the ratio of is to non- is data p oin ts is

considerably greater in our test set. Ho w ev er, utterances could con tain more than one repair, so the task

w as not simply to lo cate the most lik ely repair site within an utterance. Nonetheless, our �ndings should b e

seen more as indicativ e of the relativ e imp ortance of v arious predictors of is lo cation than as a true test of

repair site lo cation.

Data p oin ts are represen ted b elo w as ordered pairs < w

i

; w

j

> , where w

i

represen ts the lexical item to

the left of the p oten tial is and w

j

represen ts that on the righ t. F or eac h < w

i

; w

j

> , w e examined the

follo wing features as p oten tial is predictors: (a) the duration of pause b et w een w

i

and w

j

; (b) the o ccurrence

of one or more w ord fragmen ts within the < w

i

; w

j

> in terv al; (c) the o ccurrence of a �lled pause in the

< w

i

; w

j

> in terv al; (d) the amplitude (energy) p eak within w

i

| b oth absolute and normalized for the

utterance; (e) the amplitude of w

i

relativ e to w

i � 1

and to w

j

; (f ) the absolute and normalized f0 of w

i

;

(g) the f0 of w

i

relativ e to w

i � 1

and to w

j

; (h) and w

i

's accen t status (accen ted or deaccen ted). W e also

sim ulated some simple pattern matc hing strategies, to see ho w acoustic-proso dic cues migh t in teract with

lexical cues in repair iden ti�cation. T o this end, w e lo ok ed at (i) the distance in n um b er of w ords of w

i

from

the b eginning and end of the utterance; (j) the total n um b er of w ords in the utterance; (k) whether w

i

or

w

i � 1

recurred in the utterance within a windo w of three w ords after w

i

; (l) a part-of-sp eec h windo w of four

around the p oten tial is ; and (m) whether, in cases where w

i

and w

j

w ere function w ords, they shared the

same part-of-sp eec h (e.g. prep prep ).

W e w ere unable to test other acoustic-proso dic features that w e had examined in our descriptiv e analysis,

since features suc h as glottalization and coarticulatory e�ects had not b een lab eled in our database for

regions other than di s. Also, w e used fairly crude measures to appro ximate features suc h as c hange in f0

and amplitude, since these to o had b een precisely lab eled in our corpus only for repair lo cations and not for


uen t sp eec h. W e used uniform measures for prediction, ho w ev er, for b oth repair sites and 
uen t regions.

W e trained prediction trees using Classifica tion and Regression Tree ( car t ) tec hniques (Breiman

et al., 1984) giv en these features. car t tec hniques can b e used to generate decision trees from sets of

con tin uous and discrete v ariables b y using sets of splitting rules, stopping rules, and prediction rules. These

rules a�ect the in ternal no des, subtree heigh t, and terminal no des, resp ectiv ely . A t eac h in ternal no de, car t
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determines whic h factor should go v ern the forking of t w o paths from that no de. F urthermore, car t m ust

decide whic h v alues of the factor to asso ciate with eac h path. Ideally , the splitting rules should c ho ose the

factor and v alue split whic h minimi zes the prediction error rate. The splitting rules in the implemen tatio n

emplo y ed for our study (Riley , 1989) appro ximate optimalit y b y c ho osing at eac h no de the split whic h

minim i zes the prediction error rate on the training data. In this implemen tation, all these decisions are

binary , based up on consideration of eac h p ossible binary partition of v alues of categorical v ariables and

consideration of di�eren t cut-p oin ts for v alues of con tin uous v ariables. Stopping rules terminate the splitting

pro cess at eac h in ternal no de. T o determine the b est tree, this implem en tation uses t w o sets of stopping rules.

The �rst set is extremely conserv ativ e, resulting in an o v erly large tree, whic h usually lac ks the generalit y

necessary to accoun t for data outside of the training set. T o comp ensate, the second rule set forms a sequence

of subtrees. Eac h tree is gro wn on a sizable fraction of the training data and tested on the remaining p ortion.

This step is rep eated un til the tree has b een gro wn and tested on all of the data. The stopping rules th us

ha v e access to cross-v alidated error rates for eac h subtree. The subtree with the lo w est rate then de�nes

the stopping p oin t for eac h path in the full tree. T rees describ ed b elo w all represen t cross-v alidated data.

The prediction rules w ork in a straigh tforw ard manner to add the necessary lab els to the terminal no des.

F or con tin uous v ariables, the rules calculate the mean of the data p oin ts classi�ed together at that no de.

F or categorical v ariables, the rules c ho ose the class that o ccurs most frequen tly among the data p oin ts. The

success of these rules can b e measured through estimates of deviation. In this implemen tation, the deviation

for con tin uous v ariables is the sum of the squared error for the observ ations. The deviation for categorical

v ariables is simply the n um b er of misclassi�ed observ ations.

The b est prediction tree trained on our 148 utterance training set w as then used to predict is b oundary

lo cations in our test set. This tree is illustrated in Figure V..

Figure V. go es here.

The v ariables represen ted in this tree | those that car t found most useful in predicting the training data

| include p ause , the duration of pause b et w een w

i

and w

j

; fr ag , the presence of one or more w ord fragmen ts

in the di b et w een w

i

and w

j

; �l le d , the presence of a �lled pause in the di ; lex , a rep etition of w

i

within

a windo w of three w ords to its righ t (measured in terms of distance in w ords of the rep etition from w

i

);

pr evlex , a rep etion of w

i � 1

within a windo w of three to the righ t of w

i

(also measured b y distance from w

i

);

dups , duplication of function w ords with the same part of sp eec h across the p oten tial dis
uency site; j4f , the

part of sp eec h of w

j +1

; and f0 , the p eak f0 of w

i

. The no de lab els are phr ase , a 
uen t phrase b oundary; is ,

the is of a self-repair; o dis
 , the site of a non-repair dis
uency; and na , for simple w ord b oundaries.

When this tree is used to predict the test set, it iden ti�es 192 of the 223 observ ed repairs, with 19

false p ositiv es, represen ting a recall of 86.1% and precision of 91.2%. Note that all repairs are iden ti�ed

in part b y the duration of the in terv al b et w een w

i

and w

j

. F ully 106 of the correctly iden ti�ed is s w ere

also distinguished b y the presence of w ord fragmen ts in the di . Others w ere iden ti�ed from (a) pause �ller

and part-of-sp eec h information; (b) lexical matc hing across the di ; and (c) duplication of part-of-sp eec h

across the di . The utilit y of com bining general acoustic-proso dic constrain ts with lexical pattern matc hing

tec hniques as a strategy for repair iden ti�cation th us app ears to gain supp ort from this exp erimen t.

The prediction tree in Figure V. utilizes certain features h yp othesized to b e critical for repair iden ti�ca-

tion. F or example, the presence of a pause app ears at the top of the tree as a strong predictor of repairs.

In the tree in Figure V., the presence of a pause is a necessary condition for a repair, although it is not a

su�cien t one, as discussed in Section I I I.B.2. The presence of a w ord fragmen t at the IS, whic h c haracterizes

the ma jorit y of repairs in our corpus, turned out to b e the next strongest predictor in the tree. As prop osed
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in the literature, �lled pauses ma y indicate repair, but since 
uen t phrases and other dis
uencies suc h as

hesitations ma y also b e mark ed b y �lled pauses, this cue is more pro ductiv ely used in com bination with

other lexical and proso dic cues as sho wn in Figure V.. Finally , the tree no des lo w er in the tree that test for

rep etitions of lexical items or part of sp eec h within a small windo w, seem to capture lexical pattern matc hing

information.

Sev eral features that had b een h yp othesized to b e strong repair cues do not in fact app ear in the prediction

tree in Figure V.. There are no no des for repair iden ti�cation that sp ecify maxim um pausal duration during

the DI, or that mak e reference to fundamen tal frequency or amplitude v alues, for example. As discussed

in Section I I I.B.2, w e found that pausal duration is most useful in distinguishing fragmen t DI s from non-

fragmen t DI s, but less useful in distinguishing all DI s from 
uen t pause in terv als. W e sp eculate that the

absence of suc h maxima l pausal duration cues for the DI in the tree in Figure V. ma y b e related to the fact

that the presence of a fragmen t w as directly represen ted in our car t mo deling, enabling direct classi�cation

of fragmen t repairs. Relativ e c hange in pitc h and amplitude also ha v e b een claimed to b e signi�can t repair

cues in the literature but do not app ear in the prediction tree. In Section I I I.B.3, w e conjectured that since

these cues are sp eci�c to certain repair t yp es, and ev en then do not o ccur obligatorily to mark repair t yp es,

they w ould not serv e as robust cues to repair.

Although the practical in tegration of our acoustic-proso dic �ndings with existing prop osals for repair

detection and correction remains to b e done, our predictiv e mo deling of repairs in the a tis domain using

car t analysis tak es a �rst step in this direction. Larger corp ora m ust b e examined, but our results of 86%

recall and 91% precision, while preliminary , pro vide additional evidence that su�cien t cues ma y exist in the

vicinit y of the di to iden tify the ma jorit y of repairs in a lo cal manner.

V. Discussion

As w e noted in the in tro duction, one approac h to repair pro cessing is to comp ensate for sp eec h recognition

errors b y emplo ying robust parsing and in terpretation tec hniques. Man y text-based metho ds em b o dy this

approac h b y assuming h yp othesized strings of text as input to repair pro cessing strategies. In con trast,

the motiv ation for this study w as to explore the exten t to whic h the sp eec h tec hnologies themselv es ma y

b e enhanced. T o this end, w e dev elop ed the rep air inter v al model to pro vide a general mo del of the

temp oral in terv als that comprise a repair, and w e explored a v ariet y of acoustic and proso dic signals that

ma y b e asso ciated with computationally critical regions of these in terv als. Sev eral repair cues iden ti�ed b y

our analysis also pro v ed useful in statistical prediction mo dels for repair.

W e conclude from our empirical in v estigations and statistical mo deling of repairs that di�eren t repair

phenomena migh t b e handled most aptly b y di�eren t sp eec h recognition tec hnologies and tec hniques. P ausal

duration cues to repair could b e exploited in w ord-based recognition systems with accurate silence detection

capabilities. Also within the w ord-based recognition paradigm, sp ectral-time pattern matc hing of rep eated

w ords migh t b e implem en ted as an appro ximation of lexical pattern matc hing at the signal lev el. This

pro cedure conceiv ably could pro ceed b efore all w ord iden tities are h yp othesized and could b e triggered b y

the presence of a pause.

One problem that p oses di�culties for w ord-based metho ds is that of detecting w ord fragmen ts. A default

strategy that has b een prop osed for fragmen t recognition has b een that all fragmen ts in a corpus b e treated

as instances of a single generic tok en. The length distributions and the wide phonetic and phonemic v ariation

of fragmen ts in our corpus suggest that a more fruitful approac h migh t b e to recognize fragmen ts b ottom-up
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rather than top-do wn. Preliminary in v estigations suggest that phone-based recognizers ma y b e w ell-suited to

suc h a task. Informal testing of the phone-based recognizer describ ed in (Ljolje and Riley , 1992) on a subset

of our corpus indicated that suc h a recognizer could iden tify man y of our fragmen t phonemes in the same

manner as non-fragmen t phonemes | ev en certain fragmen t-�nal phonemes that w ere hea vily coarticulated

with their preceding phonemes. Ho w ev er, imp ortan t theoretical questions remain concerning ho w fragmen ts

ma y b e recognized ev en giv en accurate phonemic transcriptions. In what manner do fragmen ts violate

phonotactic constrain ts? Can these b e exploited in b ottom-up prediction of fragmen t regions? Careful study

of the sp ectral and durational c haracteristics of abruptly cut o� segmen ts are needed to determine whether

these reparandum-�nal phonemes di�er signi�can tly enough from 
uen t phrase-�nal phonemes to pro vide

direct acoustic-phonetic evidence of repair.

It app ears lik ely that certain repair phenomena ultimately will receiv e an explanation in terms of their

articulatory bases. The phenomenon of in terruption glottalization and its related phenomenon of holding

silences, together with other cases of partly articulated phonemes at the is , ma y b est b e mo deled in terms

of the partially completed articulatory gestures in v olv ed in their pro duction.

The phenomena realizing the in terruption of 
uen t sp eec h can e�ect c hange at m ultiple lev els of lan-

guage, from the syn tactic constituen t to the phone. Th us, our mo dels of repair m ust pro vide for phoneme

fragmen ts as w ell as sen tence and w ord fragmen ts. View ed from this p ersp ectiv e, the sp eec h pro cessing of

repairs presen ts itself as a promising area in whic h to explore the in tegration of v arious paradigms of sp eec h

pro cessing in a pro ductiv ely fo cused manner. Our study illumi nates some of the w a ys in whic h v arious

asp ects of this problem can b e directly mo deled in sp eec h recognition and sp ok en language understanding

systems.
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Notes

1

Here and b elo w w e treat the 
uen t a tis ti utterances as a sample corpus of 
uen t a tis utterances against

whic h w e compare our repair corpus �ndings. The full a tis ti corpus, including b oth repair and non-repair

utterances, w as indep enden tly lab eled for a previous study: Lab elers for this study ,rep orted in (W ang and

Hirsc h b erg, 1992), w ere told to mark the follo wing dis
uencies: rep air (self-correction of lexical material),

hesit a tion (\unnatural" in terruption of sp eec h 
o w without an y follo wing correction of lexical material,

including all ev en ts with some phonetic indicator of dis
uency that w ere not in v olv ed in a self-repair, suc h

as audible breath or sharp cut-o� ), or other disfluency (material deemed dis
uen t but not falling in to

either of the previous categories). See W ang and Hirsc h b erg (1992) for further information on the lab eling

of this corpus.

2

W ang and Hirsc h b erg use statistical mo deling tec hniques to predict phrasing from a large corpus of

lab eled a tis sp eec h; w e used a prediction tree that ac hiev es 88.4% (estimated) accuracy on the a tis ti read
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corpus using only features whose v alues could b e calculated via automatic text analysis. These utterances

con tained no dis
uencies. The confusion matrix for prediction of b oundaries vs. n ull b oundaries is presen ted

in T able 8; note that the 91.7% success rate is higher than the car t estimated accuracy of 88.4%, since

the confusion matrix is deriv ed from the full car t tree, and th us should b e tak en as indicativ e only of

p erformance predicting b oundaries vs. n ull b oundaries:

T able 8 go es here.

Read the table as, for example, 62.8% of data p oin ts w ere correctly iden ti�ed as `n ull b oundary'.
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Lexical Class T ok ens %

Con ten t 128 43%

F unction 14 5%

Un transcrib ed 156 52%

T able 1: Lexical Class of W ord F ragmen ts at Reparandum O�set (N=298)

Syllables T ok ens %

0 119 40%

1 153 51%

2 25 8%

3 1 0.3%

T able 2: Length of Reparandum O�set W ord F ragmen ts (N=298)

Length F ragmen t Repairs Non-fragmen t Repairs

in w ords N (280) % N (102) %

1 183 65% 53 52%

2 64 23% 33 32%

3 18 6% 9 9%

4 6 2% 2 2%

5 or more 9 3% 5 5%

T able 3: Length of Reparandum In terv al for F ragmen t and Non-fragmen t Repairs

Class of % of All % of All % of One Syllable % of One Consonan t

Initial Phoneme W ords F ragmen ts F ragmen ts F ragmen ts

stop 23% 23% 29% 12%

v o w el 25% 13% 20% 0%

fricativ e 33% 44% 27% 72%

nasal/glide/liquid 18% 17% 20% 15%

h 1% 2% 4% 1%

T otal N 64896 298 153 119

T able 4: F eature Class of Initial Phoneme in F ragmen ts b y F ragmen t Length

Filled P auses/Cue Phrases Un�lled P ause

F ragmen t 16 264

Non-fragmen t 20 82

T able 5: Occurrences of Filled P auses/Cue Phrases and W ord F ragmen ts
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P ausal Juncture Mean Std Dev N

Fluen t P ause 513 msec 676 msec 1186

DI 334 msec 421 msec 346

F ragmen t 289 msec 377 msec 264

Non-fragmen t 481 msec 517 msec 82

T able 6: Duration of Silen t di s vs. Utterance-In ternal Fluen t P auses

Repair Constituen t T ok ens %

Noun phrase 42 36%

Prep ositional phrase 36 31%

Sen tence 24 21%

V erb phrase 8 7%

P articipial phrase 6 5%

Relativ e clause 1 0.9%

T able 7: Distribution of Syn tactic Categories for Exact Constituen t Repairs (N=117)

No Boundary Boundary Observe d

No Boundary 62.80% 3.73% 66.53%

Boundary 4.57% 28.90% 33.47%

Pr e dicte d 67.37% 32.63% 91.70%

T able 8: CAR T Predictions on Read TI Utterances, N=5471



Nak atani&Hirsc h b erg, JASA 25

tisri.10.snp

pause:<0.000129
pause:>0.000129

2001/3120

na

2
1980/1999

na

frag:no
frag:yes

890/1121

phrase

filled:no
filled:yes

886/1004

phrase

lex:<0.5
lex:>0.5

862/945

phrase

prevlex:<0.5
prevlex:>0.5

852/910

phrase

dups:AT,IN
dups:CD,NA

836/885

phrase

96
5/6

is

97
835/879

phrase

prevlex:<1.5
prevlex:>1.5

16/25

phrase

98
6/8

is

99
14/17

phrase

25
23/35

is

j4f:$,0,CD,ONIN,TOIN
j4f:AT,CS,FORIN,IN,ININ,TO,NA

24/59

phrase

26
7/11

is

f0:<125.16
f0:>125.16

24/48

phrase

54
11/14

odisfl

55
22/34

phrase

7
106/117

is
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Figure Captions

FIG. V.. Predicting Dis
uencies F rom Acoustic and Lexical Information


