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ABSTRACT

One well-known problem with diphone concatenation is the occur-
rence of audible discontinuities at diphone boundaries, which are
most prominent in vowels and semi-vowels. Significant formant
jumps at certain boundaries suggest that the problem is of a spec-
tral nature. We have examined this hypothesis by correlating the
results of a listening experiment with spectral distances measured
across diphone boundaries. The aim is to find a spectral distance
measure that best predicts when discontinuities are audible in or-
der to find out how the diphone database can best be extended with
context-sensitive diphones. The results show that the Kullback-
Leibler measure is the best predictor.

1. INTRODUCTION

Most speech synthesis systems avail able today are based on diphone
concatenation. One well-known problem with diphone concatena
tion is the occurrence of audible discontinuities at diphone bound-
aries, which are most prominent in vowels and semi-vowels and are
caused by contextua influences. Our speech-synthesis system cur-
rently uses diphones from a professional female speaker that were
recorded embedded in nonsense words. Figure 1 shows the spectro-
gram for the vowel /u/ in the synthesized Dutch word /zuk/. It re-
veds a considerable jump in F5 of around 500 Hz at the diphone
boundary (between 180 and 185 ms). This, together with other
informal observations, suggests that the problem is of a spectral
nature. Other causes are discussed in [2]. Severa approaches have
been proposed to solve this problem:

e Thenumber of audible discontinuities can be reduced by using
larger units such as triphones. This does not solve the prob-
lem as discontinuities continue to occur albeit less frequently.
Moreover, theinventory size increases drastically.

e Spectral mismatch can be minimized by varying the location
of the diphone boundary dependent on the context [1]. This
calls for a spectral distance measure that correctly represents
the amount of spectral mismatch. Moreover, it is based on the
underlying assumption that the formant traj ectoriesare not flat,
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Figure 1. Spectrogram showing spectral mismatch in /u/

such that shifting the cut-point reduces the size of the form-
ant jump. Figure 1, along with many other observations in
our database, shows that formant trajectories can be fairly flat
throughout avowel. The F» of the/u/ in/zu/ remainsat around
1500 Hz while the F» of the /u/ in /uk/ decreases very slowly
from approximately 1000 Hz to 800 Hz.

e Spectral mismatch can be reduced by wave-forminterpolation,
spectral-envelope interpolation or formant trajectory smooth-
ing, thelatter of whichispreferred [2]. It requiresasignal rep-
resentation that allows this type of operation. The disadvant-
age of formants as a representation is that they are very diffi-
cult to estimate reliably. Wave-form and spectral envelope in-
terpolation have the disadvantage that smooth transitions are
often achieved at the expense of naturalness.

e The number of discontinuities can be reduced by including
context-sensitive or speciaized unitsin the database [8]. This
implies that one knows which contexts can be clustered so as
to keep the inventory size within bounds. Our investigation is
aimed at gaining insight in this approach.

We present adetailed study of the occurrence of audible discontinu-
ities in our diphone database. To reduce the data set to manage-
able proportions, we restricted the study to five Dutch vowels, which
cover the extremes of the vowel space. Theaimisto find a spectral
distance measure that best predicts when discontinuities are audible
in order to find out how the diphone database can best be extended
with context-sensitive diphones. To thisend, we conducted alisten-
ing experiment and correlated the results with several measures of
spectral distance.



2. LISTENING EXPERIMENT

Five subjects with backgrounds in psycho-acoustics or phonetics
participated in thelistening experiment. The material was composed
of 2284 C;VC; stimuli, which were constructed by concatenating
diphones C;V and VC; excised from nonsense words of the form
C@CVC@'. Thestimuli consisted of fivevowel conditions/a/, /A/,
/i, N/ and /u/ inthe context of all consonant pairsthat can occurin C;
and C; position. Preliminary tests showed that discontinuities and
other effects in the surrounding consonants would overshadow the
effects in the vowel. Therefore, the surrounding consonants were
removed. In addition, the duration of the vowels was normalized
to 200 ms and the signal power of the second diphone was scaled
to equalize the level of both diphones at the boundary. The stim-
uli were randomized and the subjects were instructed to ignore the
vowel quality and focus on the diphone transition. Their task wasto
make a binary decision about whether the transition was smooth (0)
or discontinuous (1). The experiment was divided into six blocks,
presented in three hourly sessions with a short break between two
blocks. Theblock order was different for al subjects. Table 1 shows
the percentage of discontinuities perceived in each vowel. A trans-
ition was marked as discontinuous when the majority of the subjects
(80% or 4 out of 5) perceived it as such.

| Vowel | Magjority scores |

lal 17.1%
hil 43.1%
IA/ 52.1%
n 55.5%
v 73.9%

Table 1. Percentages of perceived discontinuities

Theresults show that the number of audible discontinuitiesin the/al
ismuch lower than in the other vowels, whereasin the/u/ it ismuch
higher. Thisisin linewith findingsin [10], where it was found that
thelargest amount of spectral coarticulation occurred in the/u/. Our
results also reveal adlightly better score for the long vowels /a/ and
/il than for the short vowels/A/, /I/ and /u/.

3. ANALYSIS

The results from the listening experiment were correlated with six
spectral distance measures taken from various fields of research.
They were used to measure distances across diphone boundaries
between spectral envelopes. The Euclidean distance between (F1,
F») pairs, or Formant Euclidean Distance (FED), is often used in
phonetics, the Kullback-Leibler measure (KL) [3] comes from stat-
istics. The Euclidean distance between Mel-Frequency Cepstral
Coefficients (MFCC), the Likelihood Ratio (LR) and the Mean-
Squared Log-Spectral Distance (MS LSD) are used in automatic
speech recognition [9]. The Loudness Difference (LD) and the Ex-
citation Difference (ED) [6] come from the area of sound percep-
tion. All measures, except the formant Euclidean distance, were
caculated from LPC coefficients computed over a 40-ms hanning

14 and j areindicesindicating theleft consonant context and theright con-
sonant context, respectively.

window. The formant Euclidean distance and the Kullback-Leibler
measure, will be discussed in more detail below.

In phonetics it is quite common to describe coarticulation in terms
of theformants F; and F>. In thisinvestigation, the formants were
measured by hand at the diphone boundary, which in our database
lies 40 msinto the vowel for short vowels and 80 msinto the vowel
for long vowels, which is typically not in the middle of the vowel.
Close inspection of the stimuli reveals that most formant trajector-
ies are fairly stationary throughout the vowel, except when the sur-
rounding consonants are the alveolars /j/, Inj/, 1tj/, IS/ and /Z/. Fig-
ure 2 displaysthe F; and F values for the five vowels measured in
our diphone database at the indicated locations. It showsthat the /&,
/il and /1/ have small variations, whereas the /A/ and /u/ seem to be
affected to a greater extent by their surrounding consonants. Espe-
cially for the /u/ differencesin F; are considerable. They can be as
large as 1200 Hz. The formant Euclidean distance is calculated by

D(i,j) = \/(Fri — F1;)? + (Fai — Faj)?
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Figure 2: Vowel-subspace for /al, IA/, fil, /I] and /u/

The Kullback-Leibler distance is a measure taken from statistics,
which is used to compute the distance between two probability dis-
tributions f(x) and g(z). Itisgiven by

KL(f,g) = /f(x)log <%> dx.

g(x)

In this study it is used to compare two power-normalized spectral
envelopes. It hastheimportant property that it measures|ogarithmic
differences and that it weighs the difference with the power of the
signal.

Our approach is that the subjects decide whether or not there is an
audible discontinuity (by a 4 out of 5 decision). A spectral dis-
tance measure is said to predict a discontinuity when its outcome
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Figure3: ROC curves for /&l (I€ft), /i/ (middle), and /u/ (right). FED o, KL +, MFCC #, LR %, MSLSD &, LD x, ED *

D exceeds a predefined threshold 3. The first thing that we want
to investigate is to what extent the spectral distance measures are
in agreement with the subjects’ decision. Our second interest is to
use the outcome of the best spectral distance measure to determine
which additional context-sensitive units have to be added to the data
base. Thisis related to the choice of 5. We will postpone the dis-
cussion on 3 and first look at the usability of the spectral distance
measures.

The measures and scores are correl ated asfollows. Firstly, the prob-
ability density functions p(D|0) and p(D|1) of the spectral distance
D given that the transition was marked smooth or discontinuous, re-
spectively, are estimated from thedata. For acertain threshold 3, the
probability of afalsealarm, the casethat atransitioniswrongly clas-
sified as discontinuous, is Pr (3) and the probability of detection (of
adiscontinuity) is Pp (), which are given by

Pe(d) = f T p(DI0)AD, Po(s) = f " p(DaD.
B B

A plot of pairs (Pr(3), Po(3)) for al values of 3 constitutes a Re-
ceiver Operating Characteristic (ROC, [5]). ROC curvesare upward
concave. Generally, a detector based on a given spectra distance
measure is better than one based on another spectral distance meas-
ure, when at afixed Pr it has ahigher Pp or when at afixed Pp it
has alower Pr. Thismeans that the best ROC curve lies above and
to the left of the others.

Figure 3 displays three ROC curves for the /d, /i/ and /u/, whose
inspection leads to a number of interesting observations. What can
be seen is that the performance rating of some measures is not con-
sistent across all vowel conditions. The formant Euclidean distance
(o) performs well for the /u/, but worse for the other vowels. We
previously saw that the formants in the /u/ are more affected by the
spectral characteristics of the surrounding segments than the other
vowels. Given that the formant Euclidean distance is a poor pre-
dictor for the other vowelsimpliesthat other factors besides formant
differences are relevant®. The Kullback-Leibler distance (+) quali-
fies as the best measure in all vowel conditions. The Euclidean dis-

2|ncorporating F3 and F4 in the Euclidean distance calculation did not
improve the prediction accuracy of this measure.

tancefor MFCC (#) performsvery badly in al conditions, just above
chance level. Thisisalogical finding, since it is a measure used
frequently in automatic speech recognition, where it is meant to be
insensitive to variations in different tokens of the same phonemes.
The other measures perform quite well for the /u/ but moderately for
the other vowels. Since no measure predicts the subjects’ decisions
perfectly, it seems plausiblethat other, possibly non-spectral, factors
play arolein this phenomenon. Additionally, although the variab-
ility in the subjects’ responses has been reduced by employing ma-
jority scores, there may still be some variability left.

Now we come back to the postponed discussion on the choice of the
threshold 3. Our solution to the problem of discontinuitiesisto ex-
tend the diphone inventory with context-sensitive diphones in such
away that audible discontinuities are unlikely to occur. One way of
doing thisis by clustering.

Suppose we divide the diphone sets C;V, i = 1,..., M, and
VC;,j =1,..., M, for aparticular vowel V' into two sets of N
clusters {L(V)1,..., L(V)n} and {R(V)1,...,R(V)~}, such
that the average spectral distance across diphone boundariesin cor-
responding clusters L(V'), and R(V )i, k = 1,..., N isbelow a
threshold 3. Such a division can for example be done with a vari-
ant of the LBG agorithm [4]. The average distance between non-
corresponding clusters L(V'), and R(V');, k # [ will then be greater
than 3. We now construct additional clusters R(V )i x, k # [, which
contain the diphones of R(V');, but recorded with aleft-side context
consisting of a representative diphone in L(V'), e.g. the diphone
closest tothe centroid of L(V'). Instead of concatenating adiphone
from L(V'), with onefrom R(V'); adiphone from R(V); . will be
used, which will reduce the average spectral distance acrossdiphone
boundaries to approximately 3. This procedure will increase thein-
ventory size by afactor N.

If M islarge enough, the fraction of spectral distances below 3 is
given by

B B
/ p(D)dD = / ((D[0)P{0} + p(D|1)P{1})dD,

inwhich P{0} and P{1} are the probabilities with which a trans-
ition is marked as smooth or discontinuous, respectively. These
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Figure 4: Performance and cost of /& (-), /i/ (- -), and /u/ (-.-)

probabilities can be estimated from the data. This implies that the
number of clusters IV, and therefore the factor by which the V C;
set needs to be increased, is given by

1

B) ~ .
) 2 (p(D]0)P{0} + p(D|1)P{1})dD

Thisfactor can be used as ameasure of cost of improvement. After
the extension of the diphone inventory, the probability of an audible
discontinuity is given by

B
Paic(B) = (1 = Po(B))P{1} = / p(D|1)P{1}dD.

Thiswill be adopted as ameasure of performance. Performanceim-
provement can be expressed as P{1}/ P.iicx (3). Performance (im-
provement) and cost can be related to one another by plotting pairs
(Peick(8), N(B)) or (P{1}/Paick(B8), N(B)) for various values
of 3 (see Figure 4). The threshold 3 can now be chosen accord-
ing to cost or performance constraints. What these figures show for
example, isthat the probability of an audible click for the /a/ in the
original diphone inventory isthe lowest, approximately 0.17, and in
order for the /u/ to reach the same probability, the number of /u/C;
diphones has to be tripled.

4. RESULTSAND CONCLUSION

Our findings can be utilized to improve the quality of diphone syn-
thesis. It supports suggestions to extend the diphone inventory with
anumber of context-dependent diphones in such away that the oc-
currence of large spectral distances across diphone boundaries is
avoided. For instance, the aforementioned problem with the word
/zuk/ will be reduced if, in comparison to a word such as /kuk/,
a different /uk/ diphone is used that better matches the preceding
context. Diphone clustering can limit the number of additional di-
phones. Even though the Kullback-L eibler distance does not predict
with 100% accuracy, it is the best measure at hand, and it is good
enough to be used for clustering.

The experiments were confined to five vowels. In future also con-
sonants will have to be investigated. In [7] many insights are
provided into where spectral discontinuities are likely to occur. The

liquids/I/, /j/ and /w/ are shown to be very susceptibleto the spectral
characteristics of the surrounding phonemes. Fricatives may show
differences in high energy regions, due to the context. In diphone
synthesis especialy problems will occur when a voiced fricativeis
less voiced and more noisy in one context than in the other.
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