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Introduction

Many models of generation of segmental du-
ration are based on statistical characteriza-
tion of ad hoc corpora. A large set of coef-
ficients accounting for rate, context, mode
and place of articulation effects is obtained
from this kind of description {5, 3, 10].

In these models pause is generally consid-
ered separately. For example, in Klatt’s
model pause durations are given a pri-
ori and not integrated in the same mech-
anism for generating segmental durations:
“Rule 1: Insert a brief pause before each
sentence-internal main clause and at other
boundaries delimited by an orthographic
comma.” [5, p. 761] The models proposed
by Bartkova & Sorin for French and by
O’Shaughnessy for Canadian French mod-
ify also an inherent (or intrinsic) segment
duration following modifications induced by
phonemic environment. Their models also
take a-priori durations for pauses that are
placed according to phonotactic and syn-
tactic criteria. In this kind of generation,
corpus dependent results may be easily ob-
tained due to exhaustive computation of
specific context effects. The main prob-
lem with these models is the choice of the
phoneme as the basic unit for duration gen-
eration. The choice of a higher level unit as
the foot or the syllable (see [4] for a review)
avoids the tuning of a large set of coeffi-
cients (about 63 in Bartkova-Sorin’s model!)
and an easier integration of duration in the
prosodic structure.

A high-level basic unit for duration is
presented here: the inter-Perceptual-center
group (IPCG). This unit has allowed us to
elaborate a model integrating the automatic

tSupported by CNPq-Brasilia/Brasil.

placing and calculation of pauses. This
model is guided by rhythmic constraints in
a coherent and homogeneous framework.

The Perceptual-center

Research developed by Marcus and his col-
leagues [9, 7] on Perceptual-center (PC)
show that listeners perceive regularity in
syllable sequences despite important differ-
ences among absolute durations: “we were
forced to ask ourselves what it was that
was regular in a rhythmic list. To sim-
plify our discussions we defined this as the
P-center of each item.”[9, p. 405] The PC
does not seem to correspond to any simple
articulatory or acoustic correlate but there
is a clear interaction between speaker pro-
duction and perception systems in order to
produce speech sequences that the listener
perceives as isochronous. This tendency to
isochrony seems to be a major characteristic
of the rhythmic control system as attested
by the discussion on isochrony [6].

Experiments carried out by Marcus [8],
Pompino-Marschall [11] and Scott {12] have
shown that despite the nature of experimen-
tal conditions (perception or production ex-
periments) and the nature of phonemes, the
PC seems to be located at the vicinity of
vocalic onset. Although their experiments
do not concern connected speech, we have
set the location of the PC at the vocalic
onset, when there is no silence before the
syllable. If there is a silence before it, the
PC is usually placed early in the syllable!:

1Scott has implemented a model for PC location
based on the first derivative of the intensity function
of the acoustic signal. According to her model, sig-
nificant increases of intensity in the band frequency
from 195 to 1638 Hz strongly determines the PC
location.
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We have taken the beginning of the left-
most voiced consonant of the syllable on-
set as the PC. Two consecutive PCs de-
fine the boundaries of the inter-Perceptual-
center interval (IPCI). The segments it con-

tains form the IPCG.
The Campbell model

The elasticity principle [4] in its strongest
version says that all segmental durations in
a syllable frame are obtained by a same
and single factor k& — the so-called z-score
or normalized duration [13]— as follows:

Dur; = exp(pi + ko) (1), where p; and
o; are the mean and standard deviation of
the log-transformed durations (in ms) of the
realizations of the phoneme :. These k-
factors are computed over the syllable by:
> Dur; = syllable duration (2). The suc-
cessive use of formulas 2 and 1 is refer-
enced as the repartition model. Campbell’s
model proceeds in two steps: (a) prediction
of the syllable duration from phonotactical
and phonological information by a statisti-
cal model (a multilayer perceptron); (b) ap-
plication of the repartition model [4].

We have already demonstrated the opti-
mal consistency of the rhythmic behaviour
of the segmental units inside an IPCG [1]:
the k-factors of the syllable onset are pos-
itively correlated with the preceding rime
whereas they are negatively correlated with
the following nucleus. If the k-factors of all
IPCGs of a sentence are represented graph-
ically, temporal organization of these units
exhibits monotonous ascending movements
towards each phrase accent with resetting
just after accent realization. These patterns
can be easily captured by dynamical nonlin-
ear predictors synchronously with FO move-
ments.

The Barbosa-Bailly model

A five-rate?, 20-sentence corpus was rec-

2Effective separated rates were obtained by con-
trolling the speaker’s utterance with five sets of syn-

orded to study the influence of pause emer-
gence on the overall rhythmic structure. In
order to simplify the problem of locating
PCs, all sentences of the corpus are CV
sequences (all pauses were preceded by a
vowel).

As in the Campbell model, our duration
predictor proceeds in two stages. Neverthe-
less, significant differences have to be no-
ticed: (a) a sequential network constrained
by an internal clock (a measure of each ut-
terance rate represented by the mean of
the non accentuated IPCIs of the utter-
ance [2]) generates timing of PC locations;
(b) the IPCIs are then shared out among the
IPCG constituents according to the repar-
tition model which presently includes the
emergence of pauses.

Incorporating pause phenomenon to the
repartition model

In order to know the amount of silence du-
ration that must be assigned to each IPCI
in the generation stage, we have studied
the relation between the actual k-factors
of vowels: k, = (In(Duryowerv) — puv)/ov
and the virtual k-factors of the same vowel
added to an eventual adjacent silence dura-
tion: k, = (In(Duryouerv + Durog;. sitence) —
pv)/ov. The critical k is the point where
the regression line, computed for k, # k,°,
crosses the straight line k, = k, (see figure 1,
where critical k = 0.83).

A minimum silence duration was set for
each speech rate as a result of analysis car-
ried out on the corpus (see Table 1).

The repartition algorithm proceeds as fol-
lows: (a) computation of the k-factor for a
given IPCG (k,); (b) if k, is greater than the
critical k, the corresponding k, (sound part)
is obtained by the regression formula (by

thetic questions obtained roughly using our text-to-
speech system. We thank especially Frédéric Bim-
bot who offered his voice.

3Equation: (k, + 5) = (k, + 5)°%%exp(0.72)
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Figure 1: Scatterplot of log-transformed ac-
tual k-factors versus log-transformed virtual
k-factors for all speech rates.

setting k, = k,); (c) the segmental du-
rations are computed with the repartition
model and added up. The difference be-
tween this result and the IPCG original du-
ration is assigned to the silence; (d) if the si-
lence duration is greater than the minimum
the procedure is over; (e) if not, no silence is
inserted and the k-factor to be used to com-
pute the corresponding segmental durations
is kg; (e) If kg is lesser than the critical k, the
segmental durations are computed using k&,
as the k-factor and no duration is assigned
to the silence.

It is important to note that no constraints
on location —like accentuable position —
are imposed to the silences: they are placed
as a result of the repartition algorithm de-
scribed above.

Using original IPCG durations, only few si-
lences were placed in such positions not ac-
tually chosen by the speaker (see table 1)
but all positions were assigned to a latent
location for accent realization (a prosodic
marker).

As described above, a sequential network
was trained in order to generate the succes-
sive IPCls for each sentence of the corpus.
Fifty sentences (ten sentences in five rates)
from the corpus (learning set) were chosen
for the learning phase. The network gen-
eralizes with more or less success the corre-
sponding IPCI sequences for all sentences in
the corpus (compare standard deviations of
errors between learning and test sentences

Table 1: Number of errors obtained by the
repartition algorithm in placing the silences.
The number of actual silences by speech rate
in the natural utterances is also given (there
are 285 IPCGs by rate in the corpus).

min.
rate | clock | pause loc. | actual
(ms) | (ms) || errors | silences
v. slow 360 75 15 99
slow 325 67 13 64
normal 270 57 11 32
fast 210 51 - 26
v. fast 165 59 1 3
in table 2). Synthetic segmental and silent

durations were obtained by applying the
repartition model described above.

The errors between the original segmen-
tal durations and the ones obtained by
our model were computed for each speech
rate and two types of unit: realizations of
phonemes and silences (see table 2). The
histograms of these errors for all learning-
set sentences were strongly correlated with
the normal distribution (minimum 95 %).

Table 2: Mean (and standard deviations) in
milliseconds from the histograms of errors
between the segmented and generated dura-
tions for learning-set and test-set sentences.

learning set test set
rate sil. seg. sil. seg.
v.sl || -41(137) | -1(49) 3(207) | 4(56)
sl. 70(116) | -2(40) || -82(147) | 6(46)
nm. || 67(122) | 0(37) || -105(113) | 5(43)
ft. || -189(84) | 3(30) 64(144) | 0(28)
v.ft -4(170) | 2(25) || -49(193) | -1(23)

We conducted an experiment in order to

test the perceptual relevance of IPCGs or-
ganization.The stimuli were obtained by an
analysis-resynthesis technique where only
the segmental durations were modified.
Two versions of each utterance were com-
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pared: the first one (tagged as model) is
paced by our model and the second (tagged
as random) is obtained by modifying the
original segmental durations according to a
random amount from a normal distribution
with the same mean and standard-deviation
of the associated histogram of errors (see ta-
ble 2).

Perception test

Fifteen subjects* working at ICP partici-
pated in this perception experiment. Each
session lasted between 7 and 10 minutes. In
a test ABBA the subjects were asked to se-
lect the most natural utterance. Listening
may be repeated once. A question mark
could be used if both utterances seem simi-
lar to the subject. All subjects considered,
89% of model utterances were chosen as be-
ing the most natural. In 15% of the answers
there was a doubt between the utterances
in the pair. Individual scores can be seen in

Fig. 2.
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Figure 2: Individual scores for the choice of
“model” utterances. Please note that inter-
subject results are similar.

Some comments: “When the utter-
ances continuous without interruption they
seemed natural to me” (HL), “Utterances
with rhythm change at the middle of a word
did not seem natural to me!” (LV).

Discussion

Subjects’ preference for an utterance in the
pair involves judgements of global aspects of
rhythm (see two comments above). In both

4We thank our listeners who offered their ears to
the perception task.

stimuli the nature of the segments does not

seem unnatural to them.

Results seem to show that the clear prefer-
ence for the utterances obtained with our
paradigm claim for a model that main-
tains the basic rhythmic structure of natural
speech by using a new higher-level rhythmic
programming unit: the IPCG.
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