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ABSTRACT

This paper describes linguistic and acoustic character-
istics of common disfluencies found in spontaneous speech
taken from human/machine dialogues. A new linguistic
unit, the pause interval, consisting of hesitated speech, si-
lence and filled pauses, is proposed. Syntactic and acous-
tic analyses of spontaneous speech support the notion
of pause intervals, and their constituents are identifiable
with high accuracy in classification experiments.

INTRODUCTION

Spoken language systems can provide a graceful
means for interactive information retrieval and prob-
lem solving via human/machine dialogues. The over-
all goal of much current research is to obtain a better
understanding of the properties of extemporaneous
communicative speech, specifically in the context of
human/machine dialogues.

Spontaneous speech found in human/machine di-
alogues differs from read, non-communicative speech
both intonationally [1] and segmentally [2]. These
differences can be regarded as modifications of the
speech signal which may corrupt or enhance the infor-
mation content. This work was motivated by the con-
viction that common spontaneous phenomena such
as pauses and hesitation noises not only possess ro-
bust acoustic correlates, as supported by the work of
Shriberg and Lickley [3] and O’Shaughnessy [4, 5],
but that they encode syntactic information as well,
as suggested by the work of Soclof and Zue [6].

Disfluencies are articulatory gestures that may be
regarded as “interruptions” of the speech signal. The
most common of these gestures are silences and other
non-speech vocal gestures (e.g., sigh), hesitated or
elongated words, filled pauses, such as um or ah, and
false starts.

Disfluencies may be thought to hinder the extrac-
tion of the speaker’s message. From this perspective,
a better understanding of the acoustic properties of

1This research was undertaken while the author was a mem-
ber of the Spoken Language Systems Group in the Laboratory
for Computer Science at the Massachusetts Institute of Tech-
nology, Cambridge MA USA.
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disfluencies, in contrast to normal fluent speech, could
aid in their detection and accurate classification, thus
allowing a spoken language system to ignore disfluent
intervals. Disfluencies may also be regarded as infor-
mation bearing, and hence, as enhancements of the
signal. Soclof and Zue’s pilot study of the VOYAGER
corpus [6] suggested that some disfluencies, such as
silences, occur at major syntactic boundaries.

In this more comprehensive study of the VOYAGER
corpus, it was found that contiguous sequences of
silences, hesitated words and filled pauses could be
treated as a single linguistic unit, the pause interval,
which, despite its variety of acoustic manifestations,
plays the same linguistic role as a pause containing
only silence.

DATA DESCRIPTION

Linguistic and acoustic analyses were performed
on approximately 4300 spontaneous utterances taken
from eighty-nine human/machine dialogues collected
in conjunction with the development of the MIT voy-
AGER urban exploration and navigation system [7].
The data were collected in simulation mode [2]. The
subjects were not asked to perform specific tasks us-
ing the system, and thus their speech was typically
not goal-directed. Speakers interacted with VOYAGER
in a spontaneous manner for approximately thirty
minutes, receiving both aural and visual feedback.

Disfluencies were explicitly marked as such in both
orthographic and phonetic transcriptions for 3167 of
the utterances. These transcriptions were then time-
aligned to their respective waveforms.

DISFLUENCIES AND PAUSE
INTERVALS

In VOYAGER spontaneous speech, disfluencies fre-
quently co-occurred. In the 3167 examined utter-
ances, 1571 (49.6%) contained at least one pause in-
terval. All told, there were 2518 silences, 564 ver-
bal hesitations, and 148 filled pauses. The major-
ity of pause intervals (74.4%) were composed solely
of silence, while the remainder contained hesitations
(20.0%), filled pauses (5.0%), or both of the latter
two constituents (0.6%). Hesitations and filled pauses
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were usually followed by silence (77.0% and 72.5% of
incidences, respectively). This frequent co-occurrence
supports the hypothesis that filled pauses, silences
and hesitations are different manifestations of a com-
mon underlying linguistic structure. A closer inspec-
tion of adjacent constituents in these intervals re-
vealed that their durations were positively correlated:
lengthening in one member was typically accompa-
nied by lengthening in another. The magnitude of
this effect varied widely. Silences which followed hes-
itated words were lengthened by approximately 46%,
on average, with respect to those which followed nor-
mal fluent speech; those which followed filled pauses
experienced nearly a quadrupling (3.7 times) of their
durations, on average. The co-lengthening effect was
not as pronounced in the verbal hesitations which pre-
ceded the silences. Hesitated vowels were 5.3% longer
when followed by silence than when followed by fluent
speech. These results suggest that there is a mutually
enforcing effect to increase duration among contingu-
ous silences, filled pauses and hesitated words.

SYNTACTIC CHARACTERISTICS

A linguistic analysis of regions identified as pause
intervals revealed that they occurred in a syntacti-
cally regular manner, lending further support to the
notion that they share a common linguistic structure.
Regularity of incidence was more strongly evident
in the context of larger syntactic' units than when
highly localized (viz., adjacent words only). Approx-
imately 65% of VOYAGER pause intervals occurred
within noun or prepositional phrases. Pause intervals
were most often preceded by noun phrases or sim-
ple prepositions (63%), and were followed by noun or
prepositional phrases (71%). Approximately 40% of
the phrases in the corpus were of the noun or prepo-
sitional type.

Similar contextual regularities were observed for
pause intervals in utterances collected under the Air
Travel Information System (ATIs) domain [8]. Using
ATIS, one could obtain flight information and simu-
late the booking of tickets. Like the VOYAGER data,
the ATIS utterances were spontaneous, and most were
database queries. The two corpora were therefore
syntactically similar. Unlike VOYAGER, the ATIS dia-
logues were goal-directed and the experimental set-up
was such that only aural information was provided.

A set of 2097 ATIS utterances which contained 1426
pause intervals was analyzed. While noun and prepo-
sitional phrase incidence characteristics were similar
to those of the VOYAGER corpus, ATIS pause inter-
vals were half as likely to be preceded by prepositions
than those in VOYAGER utterances, and were 34% less
likely to be followed by noun phrases. These differ-
ences in pause interval incidence may be attributable
to the non-goal-directedness of VOYAGER spontaneous
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Vowel Type | fbdur (ms) | Cdur(ms)| N | % Pre.| % Post.
Normal 91 48 357071 20.1 | 18.3
Hesitated 234 104 564 | 77.0 | 47.0

Filled Pause 254 155 148 | 72.5 ] 93.0

Table 1: Duration and context characteristics of vowels
in the spontaneous VOYAGER corpus. “Pre.” and “Post.”
refer to prepausal and postpausal vowels, respectively.

Category |% Utt. Initial | % Utt. Final
Normal 9.2 11.0
Hesitated 1.6 0.2
Filled Pause 58.7 0

Table 2: Utterance position statistics for syllables in the
spontaneous VOYAGER corpus.

speech: VOYAGER pause intervals tended to occur
within prepositional phrases in anticipation of con-
tent words such as noun phrases.

ACOUSTIC CHARACTERISTICS

The acoustic characteristics of hesitated words and
filled pauses were examined to determine properties
which could be used to distinguish them reliably from
fluent speech. Like fluent speech, these disfluencies
have normal syllable structure. The syllable nucleus,
that is, the vowel, was considered the object most
suitable for acoustic study. Vowels in hesitations and
filled pauses were referred to as “filled pause vowels”
and “hesitated vowels,” respectively. All other vow-
els were called “normal vowels.” Mean durations and
standard deviations for normal, hesitated and filled
pause vowels are listed in Table 1. The mean duration
of normal vowels was much smaller than in the other
cases. Filled pause vowels are, on average, about as
long as hesitated vowels, but have much broader dis-
tribution.

Table 1 also contains information about the prox-
imity of silence to the syllables corresponding to these
vowels. Hesitations and filled pauses were far more
likely to be followed by silence than were normal flu-
ently-spoken syllables. Hesitations were three times
more likely to be preceded by silence than were nor-
mal syllables. These correlations most likely arise as
a consequence of the speakers’ lack of planning during
extemporaneous speech.

The vast majority of filled pauses were preceded by
silence, but this number is inflated by the fact that
58.7% of the filled pauses in the spontaneous voy-
AGER corpus were utterance-initial. Table 2 shows
that the position of a pause in an utterance depends
to a certain extent on its type. In the VOYAGER cor-
pus, hesitations and filled pauses virtually never oc-
curred in the utterance-final position, and hesitations
were highly unlikely to occur in the utterance-initial
position.
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POSITION IN
first or last gyliable

H: 6.0%
N: 94.0%
H:95.1%
N 4.9%
H:79.1% H: 12.9%
N: 20.9% N: 87.1%

Figure 1: Classification tree showing predictability of
normal vs. hesitated vowels. Percentages of normal (N)
and hesitated (H) vowels in the test data set are shown
at each node.

Figure 2: Classification tree showing predictability of
normal vs. filled pause vowels. Percentages of normal (N)
and filled pause (F') vowels in the test data set are shown
at each node.

Acoustic correlates of filled pauses and hesitated
words were determined with high accuracy. Casting
the detection of these phenomena as a vowel clas-
sification problem, and employing CART.techniques,
the most important factors for identifying these dis-
fluencies in natural fluent speech and for distinguish-
ing them from each other were the syllable position
within the utterance, proximity to silence, syllable
duration and relative mean of Fj.

Normal and hesitated vowels were classified using
the tree shown in Figure 1. The most important fac-
tor for separating these vowels was the position of
the vowel in its utterance; hesitated vowels rarely oc-
curred in the initial or final syllable. For utterance-
internal vowels, duration was the most important dis-
criminant for distinguishing normal from hesitated
vowels. Vowels longer than 178 ms were classified
as hesitations. As hesitations were more likely to be
followed by silence, shorter vowels were so classified if
they were prepausal. Despite the fact that many hes-
itated vowels had relatively constant Fp values, the
standard deviation of Fy was not a significant factor.
The first two columns of Figure 4 show overall clas-
sification accuracies for normal and hesitated vowels
of approximately 90% on test data.

Normal and filled pause vowels were classified us-
ing the tree shown in Figure 2. This tree is simi-
lar to that in Figure 1. The position of the vowel
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POSITION IN
UTTERANCE ./ oshars
F: 50.0% #Fy (this syliable)
et uF, (following syllable)
F:97.8% . S

H: 2.2% F:26.0%
H: 74.0%
F.:88.3% F:22.9%
H: 11.7% H:771%

Figure 3: Classification tree showing predictability of
hesitated vs. filled pause vowels. Percentages of hesitated
(H) vowels and filled pause (F') vowels in the test data
set are shown at each node.

was the most important factor for distinguishing be-
tween normal and filled pause vowels. In this case,
however, because filled pause vowels commonly oc-
curred in the utterance-initial position, only vowels
from the final syllable were classified as normal. As
in the previously-described classification, the second
most important factor for distinguishing normal and
filled pause vowels was duration, and the threshold
for separating filled pauses from normal vowels was
almost exactly the same as before (179 ms vs. 178
ms).

The third most important classification factor was,
in both cases, the vowel’s proximity to silence. How-
ever, in the current classification scheme, non-post-
pausal vowels were classified as normal, as opposed
to non-prepausal vowels as was previously the case.
Filled pauses are almost always postpausal, while nor-
mal vowels typically are not (93.0% vs. 18.3%). The
final factor used to separate filled pause from normal
vowels was R, defined as
R= pr{current syllable)
"~ ur,(following syllable)

(1)

and having an optimal value of 0.81. Using this tree,
classification rates of 95.7% and 77.5% were achieved
on test data for normal and filled pause vowels, re-
spectively, as shown in the second pair of columns in
Figure 4.

Hesitated and filled pause vowels were classified
using the tree shown in Figure 3. As in the two
previously described classification schemes, the most
important factor for classifying a vowel into the ap-
propriate category was its position in the utterance.
Utterance-initial vowels were far more likely to be in
filled pauses than in hesitations. Utterance-internal
and final vowels were classified using R, with a thresh-
old value of 0.74. This lower threshold may follow
from the fact that, on average, the mean Fy in a
hesitated vowel was somewhat lower than that of a
normal vowel (154.0 Hz vs. 161.8 Hz). Using this tree,
classification rates of 97.8% and 70.9% were achieved
on test data for hesitated and filled pause vowels.

A relatively small number of factors were needed
to classify vowels as normal, hesitated, or filled pause,
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Figure 4: Pairwise classification rates for Normal (N,

: ; ight Fi [7] Zue, V., Glass, J., Goodine, D., Leung, H., Phillips,

;t:;izd(;?hgzrl]l(s)éoﬁ:;ﬁ:; e‘crlosgl,shgh columns) and Filled M., Polifroni, J., Seneff, S., “The VOYAGER Speech

! : Understanding System: Preliminary Development

and Evaluation,” Proceedings of the International

with a high degree of accuracy. Even when the pho- Conference on Acoustics, Speech and Signal Process-
netic identity of a vowel was not known, classifica- ing, Albuquerque, New Mexico, USA, 1990.

tion accuracies of greater than 70% were achieved in (8] IZ-Il'le, \ Glassl,) h'J"’ G;fd?ul,if D, JGOOd(iing’ %ﬂ;

1 . Th duration t 1d. S irschman, L., Phillips, M., Po Toni, J., and Sene

? I cases 'tI‘ € R,;;lld lf{ratlon hresho ls).we;etsuéu S., “The MIT Aris Sys,tem: February 1992 Progress,

ar across trees. cse lac Ors were combined to de- Report,” Proceedings of the Fifth DARPA Speech and

velop a three-way vowel classification tree. The over- Natural Language Workshop, Harriman, New York,

all classification accuracies were 99.5%, 63.6% and USA, 1992.

77.9% for normal, hesitated and filled pause vowels,
respectively, on test data.

CONCLUSIONS

Syntactic and acoustic evidence points to the ex-
istence of the pause interval as a bona fide linguistic
unit in spontaneous speech. The syntactic regularity
displayed by pause intervals indicates that they are
information bearing and could aid in recognition of
adjacent words and phrases. Pause interval compo-
nents which are confusable with normal fluent speech,
namely, hesitated words and filled pauses, can be de-
tected and distinguished from each other with rela-
tively high accuracy using only a few simple acoustic
measurements. Additional information, such as rela-
tive energy, phonetic label and context, would most
probably further improve the accuracy of their deter-
mination.

The author wishes to thank Patrick Kelly, Rob
Kassel, David Shipman and Victor Zue for their as-
sistance in this work.
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