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ABSTRACT

In this paper, we investigate the predictive power of dif-
ferent prosodic factorization schemes with respect to pitch
movement. We will use this to propose an extension of
a standard diphone database with diphones that have been
recorded in different prosodic contexts. The goal of this
research is to reduce the amount of pitch modification re-
quired, thereby improving the segmental quality of the syn-
thetic voice. We will present a factorization scheme based
on the foot structure of utterances and show that this effi-
cient scheme results in a fairly small number of additional
diphones that need to be recorded.

1. INTRODUCTION

One major problem with diphone synthesis is that there is
typically only one token for each diphone, generally com-
ing from a stressed context. This results in hyperarticulated
speech, and requires intrusive signal modification to enforce
a target pitch contour on the concatenated diphones.

Inthe last decade we have seen the emergence of corpus-
based synthesis systems to circumvent this problem [1, 3].
The philosophy behind the corpus-based approach is that
one can search a large speech corpus, typically containing
hours of speech, using a limited set of phonetic and prosodic
selection criteria, to find the longest stretches of speech that
match a certain context. This would minimize the amount
of signal modification (or even eliminate it altogether). The
resulting speech can sound very natural, but success is not
always guaranteed. There are a number of drawbacks:

(1) the corpus contains hours of speech, making it unsuit-
able for use in embedded devices; (2) it poses a greater chal-
lenge on the speaker to speak with a constant style, voice
quality, and energy, which also requires stricter monitoring
by the recording staff; (3) the selection criteria must be sim-
ple enough to allow adequate coverage of all the contexts,
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but it must be predictive enough of phonetic/prosodic fac-
tors such as pitch to achieve speech with smooth and ac-
ceptable pitch contours.

In this paper we compare different prosodic factoriza-
tion schemes for predicting the local pitch contour shape
in a syllable. We compute different distances between pitch
contours that capture the shapes rather than the absolute val-
ues of the contours. The scheme with the best predictive
capability can be used either for selecting units in a corpus-
based synthesis system, or for selecting and recording ad-
ditional diphones in different prosodic contexts. Using the
latter approach, one would end up with a much smaller cor-
pus than needed for corpus-based synthesis, have full con-
trol over the prosodic contexts that are covered and maintain
a clear articulation of the units.

The idea of incorporating more tokens for each diphone
is not new. Drullman and Collier [4] presented a diphone
synthesis system with accented and unaccented diphones.
Their synthesis quality did not improve however, due to the
fact that their speaker did not produce any vowel reduction
in unaccented contexts. More recently, Barry et al. [2] have
included diphones in four conditions: +/- stress and +/- ac-
cent and they obtained significant improvements as a result.
Most corpus-based synthesis systems also use these factors
along with a factor signaling phrase-finality. We hypothe-
size that these three factors are not adequate predictors of
pitch contour shapes, and that a more sophisticated scheme
is needed.

2. SPEECH CORPUSANALYSIS

2.1. Prosodic factors

We advocate the use of the left-headed foot in our factor-
ization scheme. A left-headed foot is defined as a sequence
of one or more syllables, such that only the first syllable
is accented (i.e., is the stressed syllable in an emphasized
word). We call that syllable the head of the foot. A foot
is always followed either by an accented syllable or by a
phrase boundary.

The use of feet is based on these considerations. For



a typical accent-lending up-down pitch movement, we ob-
serve a rise-fall within the accented syllable for monosyl-
labic feet, and a rise in the accented syllable followed by a
fall in the subsequent unaccented syllables in polysyllabic
feet [5]. This means that accented syllables should be dif-
ferentiated in terms of whether they occur in mono- or poly-
syllabic feet, but no further distinctions are needed. For un-
accented syllables, the key distinction is whether they occur
right after the accented syllable (with little difference made
between whether there are further syllables in the same foot),
or later in the foot.

In order to substantiate this choice we analyzed pitch
movements in a speech corpus and compared them to four
factorization schemes.

Simple Foot

stress {0,1} last accent {0,1,2}
accent {0,1} next accent {0,1,(2)}
phrase-fin. syll. {0,1,2} | phrase-fin. foot {0,1,2}
Levels || 12 19

Complex1 Complex2

accent {0,1} accent {0,1}

last accent {0,1,2} last accent {0,1,2,3}
next accent {0,1,2} next accent {0,1,2,3}
phrase-fin. syll. {0,1,2} | phrase-fin. syll. {0,1,2}
Levels || 54 96

Table 1. Factors and factor levels in each factorization

scheme.

Table 1 presents the different factorization schemes and
the factor levels they distinguish. The Simple Scheme speaks
for itself. The factor stress is binary and distinguishes stres-
sed from unstressed syllables, the factor accent distinguishes
accented from unaccented words. The phrase-final syllable
factor distinguishes syllables in a medial, phrase-final and
utterance-final position. In the Foot Scheme, the factor last
accent refers to the number of syllables the current syllable
is removed from the previous accented syllable. We hypo-
thesize that for the head of the foot the preceding context is
not relevant for the shape of the pitch contour. Hence, when
the current syllable is accented (and stressed), the value of
last accent is 0. For unaccented syllables last accent gets
a value of 1 if it follows the head, or 2 if it is one or more
syllables removed from the head. The next accent factor
is 0 when the current syllable is the last syllable in a foot,
i.e., it is followed either by the head of a following foot or
by a phrase boundary. The factor is 1 when it is at least one
syllable removed from the end of the foot. The value 2 is re-
served for phrase-initial syllables that are either stressed and
unaccented, or unstressed and accented. We call these or-
phan feet. The phrase-final foot factor distinguishes feet in
medial, phrase-final and utterance-final position. The num-
ber of factor levels for the Foot Scheme is 19 and not 24

because syllables in orphan feet never occur in phrase-final
or utterance-final position.

There are two more complex factorization schemes,
where the last accent factor is encoded slightly differently.
It has a value of 0 if the previous syllable is accented and
so on. This allows us to verify our assumption that the con-
text preceding the head of the foot is irrelevant. Because the
last accent factor now looks back and the next accent factor
looks ahead, we lose information about the accent status of
the current syllable. An extra accent factor therefore has to
be included. The difference between Complex1 and Com-
plex2 is that the second scheme has a longer window on
both the last accent and next accent factor.

2.2. Speech corpus

The speech corpus used in our analysis was originally re-
corded for the purpose of training a prediction model for
segmental duration. It contains 472 sentences and was spo-
ken by a female speaker. It was segmented by hand and an-
notated with several factors including stress and accent. The
accent status was indicated by three members of our corpus
group. Because there was a fair amount of interrater vari-
ability, we counted a word as accented when two or more
people marked it as such. The total number of syllables
in the corpus is 8860, but we only included in our analy-
sis syllables starting with a sonorant, to avoid any problems
with segmental perturbations in the pitch and with absence
of pitch in unvoiced segments. We ended up with a total of
1493 syllables. They consisted of a sonorant, a vowel and
zero or more trailing sonorants. The pitch values were mea-
sured at 0.05 ms intervals using ESPS Waves+. A smooth-
ing algorithm was applied to remove outliers. The pitch
contours were then upsampled such that each syllable con-
tour contained an equal number of pitch values to remove
the effect of syllable duration.

2.3. Measures

We computed pairwise distances between each pitch con-
tour and every other pitch contour in the corpus. The dis-
tance measures that we used reflect the following assump-
tions that we make about pitch contour modification:

(1) pitch modifications (within a certain range) that leave
the pitch contour shape intact have a smaller impact on the
speech quality than modifications that change the shape; (2)
pitch modifications that change the slope direction of the
pitch contour have a larger impact on the speech quality than
modifications that don’t.

RMSE: The Root-Mean Square Error is a commonly
used measure to compute distances between two pitch con-
tours. In our case, we wish to separate differences in time
alignment from differences in pitch values. The RMSE is
therefore computed between a pitch contour = and a pitch



contour Z that has been predicted from the other pitch con-
tour y by estimating parameters a and b using a least-squares
fit between £ = ay + b and z. In this way, the overall
shape of both contours is compared, allowing for changes
in the absolute pitch values and in the pitch range. Any
mismatches in peak alignment result in a higher RMSE. In
order to make the distance symmetrical, the RMSE is also
computed for pitch contour y and its derived version g and
the overall RMSE is an average of both RMSE’s.

Delta Distance: This returns the largest distance be-
tween the delta of a template pitch contour (representing
the average of the two contours under investigation) and the
deltas of those two pitch contours. It takes into account the
slope of the pitch contours and the direction of change.

2.4. Resaults

Table 2 provides the within-cell means for each factoriza-
tion scheme. A factorization scheme performs better when
the mean distance within its cells are lower than those in
another scheme. For the Simple and the Foot Schemes all
possible factor combinations are found in the corpus. For
the Complex1 Scheme only 30 out of the possible 54 com-
binations were found, and for the Complex2 Scheme only
48 out of the possible 96 combinations. The RMSE and
Delta Distance decrease with increasing complexity of the
factorization scheme. The exception is the Delta Distance
which is lower for the Foot Scheme than for the Complex1
Scheme.

Mean Simple Foot Complexl Complex2
Levels 12 19 30 48
RMSE 131 1238 12.7 11.9
Delta Distance | 11.9 10.9 11.3 10.4

Table 2. Average within-cell means for the different factor-
ization schemes.

Itis clear that the Foot Scheme performs better than the
Simple Scheme, although the improvement is not large. The
RMSE values between the Foot Scheme and the Complex1
Scheme are almost equal, but the Delta Distance is better
for the Foot Scheme. However, when the number of lev-
els in the complex scheme is expanded, it performs better
than the Foot Scheme. These results are encouraging, espe-
cially when you consider the fact that the recordings were
not controlled for pitch movement and contain odd phras-
ing at times. We want to keep the number of factor levels as
small as possible, to reduce the number of prosodic contexts
in which the diphones have to be recorded. In that respect,
we should rule out the Complex2 Scheme because it has
too many factor levels, and the Simple Scheme because it
is not performing as well as the Foot Scheme. We can fur-
ther compare the adequacies of the Foot and the Complex1

Scheme by looking at two specific hypotheses.

Hypothesis 1: The distinction between medial,
phrase-final and utterance-final feet is impor-
tant for predicting pitch contour shapes.

To test this hypothesis we looked at the heads of polysyllabic
feet. In the Foot Scheme these would end up in three differ-
ent groups depending on whether they are medial, phrase-
final or utterance-final feet. In the Complex1 Scheme they
are all classified as phrase-medial syllables. We performed
a t-test on the peak height, peak location and slope between
syllables in medial and utterance-final feet. The peak height
is defined as the maximum value in the contour. The peak
location is the frame at which the highest pitch is found di-
vided by the total number of frames. The slope is deter-
mined by a linear fit. Significant effects were found for
peak height (t = 4.75,df = 44.8,p < 0.001) and slope
(t = 3.81,df = 45.9,p < 0.001), but not for peak location
(t = 1.33,df = 42.2,p = 0.19). The mean peak height
was higher in medial syllables than in utterance-final sylla-
bles (329.5 vs. 281.7 Hz) and the slope was larger for me-
dial syllables than for utterance-final syllables (1.6 vs. 0.6
Hz/nb).

Hypothesis 2: The position of the previous ac-
cented syllable is irrelevant if the current sylla-
ble is the head of the foot.

In the complex scheme we separated the accent status of
the current syllable from the distance to the previously ac-
cented syllable to test whether that is an important distinc-
tion to make. Looking at syllables that form the head of
a foot, we found significant effects for peak location (¢t =
—5.30,df = 296,p < 0.001) and slope (t = —8.25,df =
267.3,p < 0.001), but only between syllables that were im-
mediately preceded by an accented, stressed syllable and
those that were not. This is the case when a monosyllabic
foot precedes the current one. It gives a so-called stress
clash and causes the peak location to be earlier in the syl-
lable (45 vs. 67%) and the slope to be drastically different
(-0.1vs. 1.6 Hz/n). Peak height was not significantly differ-
ent (t = —0.26,df = 298.8,p = 0.79).

3. TEXT CORPUSANALYSIS

3.1. Text corpus

Using the current Foot Scheme, we analyzed a large text
corpus to gain an insight into the frequency distribution of
diphones with different foot tag combinations. The text

In refers to the number of measurement frames in the contour, which
we set to 50



corpus is a collection of 359,576 sentences from newspa-
per texts, the bible and a number of contemporary Amer-
ican novels. We computed foot factor levels for each di-
phone using Festival [6] and ended up with 16,926,727 di-
phones. The type count (i.e., the number of distinct tokens)
was 22,865. We only compute foot factors for vowels. For
consonants we make a distinction between onset and coda.
For simplicity’s sake, we disregard the consonant’s posi-
tion in the syllable for now and assume that we need not
record multiple versions of consonant-consonant diphones.
When we exclude these diphones from the database we end
up with 9,367,407 tokens and 21,458 types of consonant-
vowel (CV), vowel-consonant (VC) or vowel-vowel (VV)
diphones with attached foot tags.

Our standard diphone database contains 3353 diphones,
with 1836 tokens of the CV, VC or VV type and 1285 types.
In fact, we found that only 1043 of those actually occurred
in the large text corpus. Those units not found were gen-
erally rare VV diphones with a rare foot tag combination.
Most of them have been recorded in a phrase-medial con-
text where they are the head of a two-syllable foot.

3.2. Resaults
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Fig. 1. Number of diphone - foot tag types to record against
token coverage.

Figure 1 shows the cumulative token coverage against
the number of diphone - foot tag type contexts that need to
be added to the database. The first 12.6% are the types that
already occur in our standard database. With the basic di-
phone database and an extension of 6020 extra diphones we
cover 95% of all diphone - foot tag tokens in the text corpus,
increasing the size of the diphone database by a factor three.
This is many times smaller than the average corpus used in
corpus-based synthesis.

4. CONCLUSION

In this paper we have presented several factorization schemes
for predicting local pitch contour shapes. We have seen that
the foot-based factorization scheme performs slightly bet-
ter than the Simple Scheme and has some nice properties
that are not captured by the more complex schemes. For
instance, pitch contours are markedly different in heads of
utterance-final feet than of medial feet. The Foot Scheme
can be used to extend a diphone database with diphones
that have been recorded in different prosodic contexts such
that the amount of pitch modification is minimized. An ad-
ditional advantage is that these diphones will show differ-
ent degrees of vowel reduction dependent on the context in
which they have been recorded. Analysis of a large text cor-
pus has shown that in order to cover 95% of the diphone -
foot tag combinations in that corpus, the diphone database
needs to be expanded by only a factor three.

The next step in our research is to actually record these
additional diphones. This allows us to run perceptual exper-
iments to validate our hypotheses and see if we obtain an
improved synthesis quality.
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