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Abstract

We describe a procedure for acquiring intonational
phrasing rules for text-to-speech synthesis automati-
cally, from annotated text, and some evaluation of this
procedure for English and Mexican Spanish. The pro-
cedure employs decision trees generated automatically,
using Classification and Regression Tree techniques,
from text corpora which have been hand-labeled with
likely locations of intonational boundaries by native
speakers, in conjunction with information available
about the text via simple text analysis techniques.

Rules generated by this method have been imple-
mented in the English version of the Bell Laboratories
Text-to-Speech System and have been developed for
the Mexican Spanish version of that system. These
rules currently achieve better than 95% accuracy for
English and better than 94% for Spanish.

Intonational Phrasing

Assigning appropriate phrasing in text-to-speech sys-
tems is important both for naturalness and for intel-
ligibility, particularly in longer sentences and longer
texts (Silverman et al., 1993). This paper describes the
automatic acquisition of methods of assigning these
boundaries in real-time unrestricted text-to-speech.

Intuitively, intonational phrases divide utterances
into meaningful ‘chunks’ of information (Bolinger,
1989). Variation in phrasing can change the meaning
hearers assign to tokens of a given sentence. For exam-
ple, the interpretation of a sentence like ‘Bill doesn't
drink because he’s unhappy’ will vary, depending upon
whether it is uttered as one phrase or two. Uttered as a
single phrase, this sentence is commonly interpreted as
conveying that Bill does indeed drink — but the cause
of his drinking is net his unhappiness. Uttered as two
phrases, with an intonational boundary between ‘drink’
and ‘because’, it is more likely to convey that Bill does
not drink — and that the reason for his abstinence is
his unhappiness.

To characterize this phenomenon phonologically,
we adopt Pierrehumbert’s theory of intonational de-

scription for English (Pierrehumbert, 1980; Beckman
and Pierrehumbert, 1986). In this theory, there are
two levels of phrasing in English. An INTERMEDIATE
PHRASE consists of one or more PITCH AcCENTS (lo-
cal fO minima or maxima) plus a PHRASE ACCENT (a
simple high or low tone which controls the pitch from
the last pitch accent of one intermediate phrase to the
beginning of the next intermediate phrase or the end of
the utterance). INTONATIONAL PHRASES consist of
one or more intermediate phrases plus a final BounD-
ARY TONE, which may also be high or low, and which
occurs at the end of the phrase. Thus, an intonational
phrase boundary necessarily coincides with an interme-
diate phrase boundary, but not vice versa. We employ
Pierrehumbert’s system also for our Spanish corpus,
with modifications that do not affect the description of
phrasing levels.

While we assume phrase boundaries to be per-
ceptual categories, these have been found to be as-
sociated with certain physical characteristics of the
speech signal. In addition to the tonal features de-
scribed above, phrases may be identified by one of
more of the following features: pauses (which may be
filled or not), changes in amplitude, and lengthening
of the final syllable in the phrase (sometimes accom-
panied by glottalization of that syllable and perhaps
preceding syllables). In general, major phrase bound-
aries tend to be associated with longer pauses, greater
tonal changes, and more final lengthening than minor
boundaries. These generalizations appear to hold for
both English and Spanish. In the Bell Laboratories
Text-to-Speech system (TTS), intonational boundaries
are realized by the manipulation of all of these fea-
tures. However, currently, only intonational phrase
boundaries are modelled in TTS, so this is the only
level of phrasing we will discuss below.

Phrasing Prediction for Text-to-Speech

Most text-to-speech systems that handle unrestricted
text rely upon simple phrasing algorithms based upon
orthographic indicators, keyword or part-of-speech
spotting, and simple timing information to assign
phrase boundaries (O’Shaughnessy, 1989; Larreur et
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al., 1989; Schnabel and Roth, 1990). More sophisti-
cated rule-based systems have so far been implemented
primarily for message-to-speech systems, where syn-
tactic and semantic information is available during the
generation process (Young and Fallside, 1979; Danlos
et al., 1986). However, general proposals have been
made which assume the availability of more sophis-
ticated syntactic and semantic information to use in
boundary prediction (Altenberg, 1987; Bachenko and
Fitzpatrick, 1990; Monaghan, 1991; Quené and Kager,
1992; Bruce et al., 1993), although no current pro-
posal integrating such information into the process has
been shown to work well even from hand-labeled in-
put. And, even if such information could be obtained
automatically and in real time for text-to-speech, such
hand-crafted rules systems are notoriously difficult to
build and to maintain.

Recently, efforts have been made to acquire phras-
ing rules for text-to-speech automatically, by training
self-organizing procedures on large prosodically la-
beled corpora (Wang and Hirschberg, 1991a; Wang
and Hirschberg, 1991b; Hirschberg, 1991; Wang and
Hirschberg, 1992; Veilleux and Ostendorf, 1992). Such
methods were used to train a phrasing module for
the Bell Laboratories Text-to-Speech system from la-
beled speech from the DARPA ATIS corpus (Wang
and Hirschberg, 1991a; Wang and Hirschberg, 1991b;
Hirschberg, 1991; Wang and Hirschberg, 1992), which
predicted intonational phrase boundaries correctly in
just over 90% of cases, where data points were defined
at the end of every orthographic word.

For this module, Classification and Regression
Tree (CART) analysis (Breiman et al., 1984) was used
to construct decision trees automatically from sets of
continuous and discrete variables. In this case, these
sets included values for all variables which appeared
potentially useful in predicting phrasing decisions, and
which could be acquired automatically from text anal-
ysis in real time.

To produce a decision tree, CART accepts as input
a vector of all such independent variable values plus a
dependent variable for each data point, and generates
a decision tree for the dependent variable. At each
node in the generated tree, CART selects the variable
which best minimizes prediction error for the remain-
ing unclassified data. In the implementation of CART
used in this study (Riley, 1989), all of these decisions
are binary, based upon consideration of each possible
binary split of values of categorical variables and con-
sideration of different cut-points for values of continu-
ous variables. CART’s cross-validated estimates of the
generalizability of the trees it produces have proven
quite accurate for the current task, when compared
with tests on separate data sets; in every case CART
predictions for a given prediction tree and that tree’s
performance on a hand-separated test set fall within a
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95% confidence interval.!

This procedure performed fairly well, with results
reported in Wang and Hirschberg 1992 of a CART
cross-validated success rate of 90% correct classifica-
tion of intonational phrase boundaries for trees grown
using only information available automatically and in
real time from text analysis. However, the hand-
labeling required for the training data is enormously
time-consuming and expensive, requiring well over one
person-year to accomplish for the phrasing procedure
described here. But automatic labeling of prosodic fea-
tures does not appear to be reliable enough yet to serve
as a substitute, despite some progress made in this area
in recent years (Ostendorf et al., 1990).

Training Phrasing Procedures on Annotated
Text

The current English version of Bell Labs TTS con-
tains a phrasing module which was produced auto-
matically, using procedures similar to those used in
(Wang and Hirschberg, 1991a; Wang and Hirschberg,
1991b; Hirschberg, 1991; Wang and Hirschberg, 1992)
to train phrasing procedures on hand-labeled speech.
However, the prediction tree in this module was itself
trained not on prosodically labeled speech but upon a
hand-annotated corpus of approximately 87,000 words
of text taken from the AP newswire, and labeled for
likely prosodic boundaries by a native speaker of stan-
dard American English. The use of such text training
data cuts the time needed to train a new phrasing mod-
ule from well over a year to just two or three days, by
eliminating the costly hand-labeling of speech. Thus
it is possible to retrain the existing TTS phrasing pro-
cedure quickly, as deficiencies are uncovered, by the
simple addition of exemplars of the (corrected) behav-
ior to the training set. It is also possible to produce
phrasing procedures easily for new domains or lan-
guages without recording or labeling a large corpus.
The Spanish phrasing procedure recently developed is
a demonstration of this technique’s versatility: a base-
line version of this model which performed at about
90% correct was produced in only about a one and
one-half person weeks.

To produce this phrasing procedure, or a phrasing
procedure for a new application or domain or a new
language, we proceed as follows: On-line text from
an appropriate domain is first annotated with likely
intonational boundaries by a native speaker of the lan-
guage for which rules are desired. We are currently
using newswire text from the English and Spanish AP

!CART estimates are derived in (roughly) the following
way: CART separates input training data into training and test
sets (90% and 10% of the input data in the implementation
used here), grows a tree on the training data and tests on the
test data, repeats this process a number of times (five. in the
implementation used here), and computes an average result
for each subtree.
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for general TTS training purposes, but other text could
be used for particular applications, for example. The
unannotated version of the text is itself analyzed to
extract values for features of each potential boundary
site (defined as each position between two orthographic
words < w;, w; > inthe input) which have been shown
or appear likely to correlate with phrase boundary lo-
cation — and which can be extracted automatically and
in real time. For English, these features include:

o a part-of-speech window of four around the site,
< Wioy, Wi, Wi, Wil >3
o whether w; and w; are AcceENTED (intonationally
prominent) or not;

o the total number of words in the utterance;

¢ the distance in words from the beginning and end of
the utterance to < w;, w; >;

o the distance in syllables and in stressed syllables of
< w;, w; > from the beginning of the utterance;

o the total number of syllables in the utterance;
o whether the last syllable in w; is strong or weak;

o the distance in words from the previous internal
punctuation to w;;

o the identity of any punctuation occurring at the
boundary site;

o whether < w;, w; > occurs within or adjacent to an
NP;

o if < w;, w; > occurs within an NP, the size of that
NP in words, and the distance of < wy, w; > from
the start of the NP

For Spanish, the feature set currently includes only
the part-of-speech window, whether or not w; and w;
are accented or not, the total number of words in the
sentence, the distance of the potential site from the
beginning and end of the sentence in words and from
the beginning of the sentence in syllables, the identity
of any punctuation occurring at < w;, w; >, the dis-
tance of < w;, w; > from the last punctuation mark,
and whether or not vowel elision would occur across
< wg, wy >.

Vectors of independent feature values plus the de-
pendent “observed” value — is an intonational phrase
boundary likely to occur at < w;, w; > in the annota-
tor’s reading of the sentence or not — are then input to
an implementation of CART (Riley, 1989). Note that
the features described above represent only a subset of
the features originally proposed to the automatic pro-
cedure; features which are not useful in prediction are
simply ignored, and can be omitted from the final tree
so that those feature values will not have to be obtained
in text analysis in TTS. New features can be proposed
to CART as readily as the requisite information can
be obtained from the text. Features tested for English,
which proved not to improve performance over those
noted above, include: mutual information scores for

words close to < w;, w; > and structural syntactic in-
formation about constituents bordering on < w;, w; >
and immediately dominating that site.

For the phrasing module currently implemented
in English TTS, a new matrix of feature vectors can
be generated for new text simply by running TTS in
training mode. The resulting tree is then compiled
automatically into ¢ code, which can be used for pre-
diction itself in a stand-alone procedure, or which can
be substituted for an existing decision tree module in
the larger phrasing module.

Evaluation and Discussion

Decision trees produced for English using annotated
text for training perform somewhat better than trees
trained on prosodically labeled speech, probably due
to the increased size of the training set. The best result
for English annotated text is a cross-validated score of
95.4% correct predictions on an 89,103 word training
corpus, compared to around 90% cross-validated accu-
racy for the best trees trained on labeled speech. For
Spanish, the best cross-validated success rate is 94.2%
correct predictions of intonational phrase boundaries
for a 19,473 word corpus.

We have described a procedure for training in-
tonational phrasing decisions for unrestricted text-to-
speech on annotated text, using CART techniques to
generate phrasing decision trees automatically. This
procedure has been used to build a phrasing module
which is incorporated in the English Bell Labs TTS
system and has also been used to construct a stand-
alone procedure for the Mexican Spanish version of
this system, for eventual inclusion in the Mexican TTS
system. The advantages of this procedure are sev-
eral: It makes updating an existing phrasing procedure
simple and rapid: One need only provide a new or ad-
ditional set of annotated text. Observed phrasing errors
can often be corrected simply by providing correctly
annotated exemplars of the observed error. Phrasing
for new domains can also be modeled easily, simply
by annotating text for the new domain. And phrasing
rules can be acquired for new languages easily, limited
mainly by the tools for text analysis available for the
new language.
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