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ABSTRACT

In order to find the best way of synthesis unit concatenation,
this paper focuses on the auditory detectability of discontinui-
ties. These may appear as jumps in energy, fO and spectral
characteristics due to concatenation. After introducing the
main causes and effects of different discontinuities, a new test
method is presented aiming at investigating the detectability
of concatenation phenomena. As stimuli for this test synthetic
sentences have been produced under controlled conditions.
From the test results conclusions will be drawn on concatena-
tion techniques and the test method itself.

Keywords: text-to-speech; synthesis-by-concatenation; con-
catenation quality evaluation; speech perception

1. INTRODUCTION

Surprisingly enough, not only the special liking for speech
synthesizers varies widely between rule- and concatenation-
based methods for voice generation. But also the judgements
of experts are wide-ranging in this field about the problems
still to be solved for time-domain unit concatenation. Two ex-
treme examples of positions in this field about the degree of
difficulty of time-domain synthesis are -1- “concatenation of
speech synthesis units is straight-forward: cutting appropriate
segments is a time-consuming, but non-sophisticated job, and
demands on research cannot be seen here” against -2- “time-
domain synthesis in principle cannot work satisfactorily,
mainly because of coarticulation. The proof that this problem
can be solved still has to be furnished”.
On the one hand, the choice of how to generate high-quality
voices depends on the main research interest (i.e. more pho-
netically versus more signal-processing focused) and, if neces-
sary, on the specification of the target application. On the other
hand, the questions
* “How accurate does the unit concatenation have to be?”’

( > speech perception),
*» “How accurate does unit concatenation work today?”

(> speech assessment), and
* “How accurate can unit concatenation work theoretically?”

( > phonetics and speech signal processing)
can and should be answered objectively.
This paper applies a new method which goes into this direc-
tion: A test setup has been designed to investigate the first of
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these questions, which is, in other words, “how sensitive is the
auditory system of a human listener to speech signal disconti-
nuities conditioned by concatenation?” For this aim, three
kinds of discontinuities are considered in the signal domain,
which can - under certain circumstances more or less - occur
during the speech synthesis process, namely discontinuities in
signal energy, fundamental frequency and spectral characteris-
tics. The latter is by far the most interesting one in current syn-
thesis technology.

Investigating concatenation, we usually focus on the signal
domain of speech. But the problem complexity originates
from the multi-dimensionality both in the system domain
(causes) and in the perception domain (effects) . In the follow-
ing chapter the text-to-speech (TTS) system components
which are most responsible for such discontinuities and which
contribute to an accumulated degradation of speech quality
will be considered. Afterwards, the TTS system under test, a
new test method and some first conclusions, which can be
drawn from the results of the pilot test, will be pointed out.

2. TTS SYSTEM COMPONENTS
AND OVERALL SPEECH QUALITY

For the selection of the test stimuli for the pilot test we decid-
ed to utilize - more or less (cf. chapter 4) - real-life synthetic
speech. Therefore, all system components which are involved
in the stimuli generation process should be mentioned here
briefly.

ﬂ speech output

symbolic
processor

Fig. 1: Main influencing factors on the overall quality
in synthesis-by-concatenation
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The main components which influence the output speech qual-
ity in synthesis-by-concatenation are scetched in Fig. 1. Be-
sides the unit inventory the modules for symbolic processing,
prosody generation and speech signal manipulation/-concate-
nation have to be taken into account.

2.1 The unit inventory

Apart from other pros and cons of different kinds of inventory

structures for synthesis (ref. /1/ for an overview) and the origi-

nal quality of the speech units, the following factors are rele-
vant to our formulation of the question:

» positions of concatenation points: only in vowels for demi-
syllable units or in each phoneme for diphone synthesis,

« ability of the reference speaker to pronounce all sounds that
have to be concatenated within their boundaries homoge-
nously, disregarding coarticulation effects, and

« the quality of additional information besides the speech sig-
nal itself, which are a segmentation of each unit into phones,
the locations of concatenation points at the unit borders and
the period markers for pitch-synchronous signal-processing.

2.2 Symbolic processor and prosody generation

The symbolic processing part of the TTS system converts as
much as possible the input text into structural information
aiming at a phonetic transcription and prosodic information in
order to drive a voice generator. Prosody, which is mainly
based upon the build-up syntactic knowledge, includes sound
durations, an fO- and energy-contour.

This module is not responsible for discontinuities in the output
speech signal, but has an enormous effect on the extent to
what concatenation is detectable by the listener. Both, any de-
viation from naturalness and the degree of dynamic changes of
speech characteristics, favour the masking effect of disconti-
nuities.

2.3 Unit manipulation and concatenation

Signal manipulation of synthesis units first aims at adapting to
the target prosody, for instance by means of PSOLA tech-
niques /2/. It has been shown already that this module can be
realized without any relevant quality loss for undivided speech
segments.

The situation is more difficult for the concatenation process:
Since the chained-up synthesis units like diphones or demisyl-
lables have been realized originally in different carrier words
or phrases, discontinuities at the concatenation points cannot
be avoided in general. This effect, which is based on slightly
different realizations of the same phoneme due to context-de-
pendent and random variations, can be minimized for a given
unit database by

« an optimal choice of concatenation positions,

« pre-normalization at unit boundaries,

« on-line interpolation during synthesis or by

» multiple versions of single synthesis units.

A first insight into this problem can be gained through the
spectral domain, i.e. via spectrograms or formant plots. Be-
yond that, jumps in the energy contour can occur, or in the f0-
course due to errors in period marking.

So far, we explained different sources and phenomena of dis-
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continuities in concatenated synthetic speech. To answer the
question of how serious these effects are to be found in the
perceptual domain we will present an evaluation method for
concatenation quality. But previously, the TTS system that we
used for our stimulus preparation will be introduced briefly.

3. THE TTS SYSTEM UNDER TEST

3.1 Symbolic processor and prosody generation

Starting off from text input the complete symbolic processing
including prosody assignment was carried out by SyRUB Ver-
sion 4.0, the TTS system of the Ruhr-University Bochum
developed during the last decade /3/. In spite of the high quali-
ty of the implemented fO- and duration control, the resulting
prosody is still a clear indication of the fact that the resulting
output speech is synthetic. All other modules such as morpho-
logical analysis, grapheme-to-phoneme conversion or word
class assignment have been verified in being 100% correct for
the chosen test material (ref. chapter 4).

As an intermediate and manually adjustable output of this
stage can be used a text file, describing the synthesis units to-
gether with their sound durations, f0- and energy-contour. This
file serves to input information for the voice generator, too.

3.2 Structure of the unit inventory

The synthetic male voice is generated by time-domain synthe-
sis-by-concatenation, mainly based upon an inventory of
roughly 2000 demisyllables as synthesis units /4,5/. The
length of the synthesis units (particularly on the basis of the
complex consonant clusters in German) helps both to reduce
the temporal density of concatenation points and to keep unit-
inherent coarticulation as much as possible in a good condi-
tion compared to a diphone or cluster-based approach. This in-
ventory was extended by vowel-to-vowel diphones and some
complete words for different reasons /4/. One consequence of
this structure is that all concatenation points which do not cor-
respond with phone boundaries are located within a vowel,
thus dividing a syllable into an initial and a final demisyllable.

3.3 Unit preparation

Supplementary to the time signals of the units different kinds

of information are required during the synthesis process. After

the units had been roughly cut out of the carrier sentences, this
data have been provided by the following preprocessing steps:

*Period markers have been set fully automatically by the
EMARK-algorithm /6/, which works speaker-independent
and with sufficient accuracy for PSOLA-purposes.

« Phone boundaries have been determined by autosegmenta-
tion based on LPC-analysis and a dynamic programming ai-
gorithm /7/. For the current implementation manual
corrections of the results were necessary for about 10% seri-
ous segmentation errors. A fully hand-segmented inventory
is under development for verification and improvement of
the autosegmentation module.

« Inside each syllable nucleus group spectral feature vectors
were analysed pitch-synchronously for all initial and final
demisyllables. Then the optimal concatenation positions
were located in periods which are spectrally as similar as
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possible and centered in the stationary part of the vowel /7/.
During the synthesis process, three optional sources for con-
catenation positions are available: a) one concatenation ma-
trix per syllable nucleus with context-dependent positions, b)
one context-independent position per unit or ¢) the ‘rule of
the thumb’ to concatenate at 40%/60% of the vowel duration.
As acceptable results can be achieved even with method ¢),
the presented investigation (ref. chapter 5) should help to
check if the expenditure of b) or even a) is worthwhile.
Additionally, a simple energy adjustment for vowels has been
performed.

3.4 Unit concatenation and manipulation

In this step, the synthesis units given by the symbolic proces-
sor are concatenated and the target prosody is adjusted by TD-
PSOLA techniques.

4. STIMULUS PREPARATION ‘BETWEEN’
NATURAL AND SYNTHETIC SPEECH

The test stimuli have been generated according to the setup in

fO jumps +

energy jumps
original f0
original:dur.

stand. inventory

displacement of _
concatenation points

synthetic
speech
Fig. 2: Stimuli generation setup

Fig. 2: The left vertical branch shows the generation of com-
plete synthetic versions, in this test the two German sentences
“Der Oberstleutnant bringt Schrumpfschlauch zum Markt-
platz” and “Sumpfdotterblumen wachsen ein Stiickchen weiter
siidlich von der UmgehungsstraBe”. For f0 and the signal ener-
gy , artificial discontinuities which appear at the concatenation
points and vanish at the vowel boundaries can be introduced
by editing the prosodic control information. Additionally, a
displacement of the concatenation points from the reference
position can be forced to a certain number of periods to the left
(initial) or right (final demisyllables) without affecting the
sound durations.

Since these two sentences were realized originally by the
speaker of the inventory, this material could be cut into ‘origi-
nal units’ as an alternative with respect to {co-)articulation to
the standard inventory.

Summing up, the following options can be chosen for the gen-
eration of discontinuity carriers:

» speaking rates: low, normal or high

« prosody: durations and/or fO synthetic or original

» synthesis units: standard or original
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* location of discontinuity

5. THE PILOT TEST

For the pilot test the two sentences were prepared in different

configurations, where the following discontinuities were intro-

duced into various concatenated vowels both in stressed and

unstressed positions:

*spectral: 3 and 5 periods concatenation displacements; one
synthetic unit within original units

« f0: jumps/[cent] +900; +600; +400; -400; -600; -900

* energy: attenuation/[dB] 3; 5;7; 9

After some sentences introducing representative examples

which were not to be evaluated, all test sentences were pre-

sented by turns and via headphones. The task for the 22 nor-

mal listening subjects was to mark all vowels per sentence

where a discon-tinuity was perceived. Initially, subjects were

informed that each stimulus could contain none, one or two

discontinuities.

6. FIRST RESULTS AND DISCUSSION

6.1 Test results

Although the pilot test bears some places for improvements of
the test method (cf. below), a.o. the following conclusions can
be drawn from the results:

* Listeners are extreme insensible to jumps in signal energy.
The first detection rates >20% occur for only 3 of 48 stimuli
in the 7 dB case. Even for 9 dB attenuation the detection rate
is <10% for 75% of these stimuli.

* FO jumps can be recognized significantly better in case of in-
creasing compared to decreasing frequency changes (i.e.
mean detection rates are 20% against 59% for -900 and +900
cent, resp.). One possible reason is that negative jumps often
lie within the original fO range, especially in the first phase of
a sentence.

*Detection rates of embedment of single units out of the
standard inventory between original units are shown in the 2
upper diagrams of Fig. 3. For the most cases detection at ini-
tial demisyllable position is less frequent than in final posi-
tion. For instance, the detection threshold of 50% was
exceeded for all embedments of the final demisyllable unit in
<de-er>, which can indeed be shown to be a non-typical re-
alization.

3 and 5 periods of concatenation displacement are not relia-
ble cues for spectral discontinuity detection (2 lower dia-
grams in fig. 2).

* A significant influence on the detection rates could not be
shown for the speaking rate and duration pattern for the spec-
tral variation, but energy and fO jumps are better detectable
within original than synthetic units.

6.2 Reviewing the test procedure

Subjects reported the following problems: First, it was diffi-
cult to decide on an artificial discontinuity or on one conse-
quence of (mainly prosodic) unnaturalness. A forthcoming test
will be based on full original prosody to get an insight into this
problem.
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initial demisyllable synthetic

% detection rate

% detection rate

% detection rate

14
nso ndo Iso Ido hso hdo

% detection rate

{1
nso ndo Iso ldo hso hdo

N de-er
[CJzu-um

Il .stra-asse B bri-ingt
Marktpla-atz [ Su-umpf..

Fig. 3: Detection rates of spectral discontinuities for 6
positions in 2 sentences. X-label xyz: x=normal/low/high
speaking rate, y=synthetic prosody/original duration pattern,
z=original speech units

Secondly, it was stated that the discontinuity position could of-
ten not excactly be marked, therefore the surrounding sylla-
bles should also be considered for evaluation. Moreover, the
possible number of discontinuities per stimulus (0, 1, 2 in our
test) should not be specified to reduce subject’s stress.
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For a more detailed assessment of (slight) different concatena-
tion techniques, we will perform also a pair comparison test on
word level.

6.3 Conclusion on concatenation techniques

The pilot test shows that fO and energy discontinuities at con-
catenation points are uncritical. Today most synthesizers are
able to avoid these effects completely, i.e. by pre-normalisa-
tion techniques.

The problem of multi-dimensionality became clear, especially
for spectral discontinuities. In order to gather more significant
results, some test modifications and additional test methods
are required. Particularly, the global effect of concatenation
and the influence of the density of concatenation points (in
contrast to our test with single positions in focus) has to be
further investigated.

But even the pilot test indicates that the problem of spectral
discontinuities due to concatenation is widely overestimated.
This result puts the often found expenditure for inventory nor-
malisation (i.e. /8/) in question.
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