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ABSTRACT
Whilst TD-PSOLA remains an adequate solution for neutral
speaking styles, it is less suitable for synthesising emotions,
which require more extreme pitch manipulation. With TD-
PSOLA, extreme pitch manipulation can introduce distortions
into the synthetic speech. These distortions could be reduced by
recording concatenative units at a pitch which is similar to the
target intonation. A recording method called Reference Pitch
Prompting has thus been devised in which a speaker records
concatenative units at a set pitch, guided by a ‘Reference Pitch
Prompt’ (RPP), which is a monotonic, hummed note. Speech is
synthesised by concatenating RPP-recorded syllables,
potentially of different f0 values, and manipulating prosody
using TD-PSOLA. This synthesis method, called Multiple Pitch
RP-PSOLA, involves selecting concatenative units to
approximate to the target f0 contour. In Multiple Pitch RP-
PSOLA the waveform inventory contains several versions of
each syllable, each at a different pitch.

Multiple Pitch RP-PSOLA is an extended version of Single
Pitch RP-PSOLA, which uses only monotonic speech units. The
Single Pitch RP-PSOLA and Multiple Pitch RP-PSOLA
synthesis methods were compared in terms of perceived
distortion, via a listening experiment. The stimuli were synthetic
sentences based on three different emotions. Intonation contours
were based on a corpus of emotionally spoken sentences.  The
Multiple Pitch RP-PSOLA stimuli were perceived to be slightly
less distorted than Single Pitch RP-PSOLA stimuli.

1. INTRODUCTION

The production of emotions in synthetic speech is becoming
increasingly important for wider acceptance of TTS. For real-
time TTS systems, TD-PSOLA (Moulines and Charpentier,
1990) remains a popular choice for time-domain manipulation
of prosody. In TD-PSOLA, the pitch (and duration) of speech
waveforms is manipulated directly through windowing, re-
positioning and recombining segments of speech. However TD-
PSOLA can introduce some distortions into the synthetic signal.
These artefacts can be unpredictable and can have several
adverse perceptual effects:

 the resulting synthetic speech can sound like a
different speaker to the original

 alteration of perceived gender

 the synthetic speech can sound non-human

TD-PSOLA can introduce effects similar to comb filtering
(Kortekaas & Kohlrausch, 1997) and in general, algorithms
based on overlap-add can cause slight reverberance during time-
scaling operations (i.e., without altering pitch), particularly
when the speech is slowed down by too great a factor (Verhelst,
2000). Such reverberation can occur due to the repetition of
short-term speech segments, which is necessary to slow down
the speech. One solution suggested by Moulines and
Charpentier (1990) is to time reverse short-term segments when
they are repeated. However, this technique is less effective for
voiced speech.

TD-PSOLA does not work well with breathy or creaky voices,
i.e., when the speech signal has either a very long or very short
open phase in the larynx cycle (Breen, 1998). This can limit its
ability to synthesise emotions such as anger or sadness, since
these emotions often have a creaky voice quality. A further
limitation of TD-PSOLA is that it does not work well with
unvoiced sounds such as fricatives and some affricates and
plosives. With TD-PSOLA, the perceived distortion is likely to
be larger if the signal’s pitch is manipulated to a larger extent
(van Santen, 1997). Compared to neutral speech, the synthesis
of emotional speech generally involves a wider range of both f0
and duration values, with more extreme fluctuations in f0 (e.g.
Murray and Arnott, 1995). This study therefore investigates a
technique for reducing the extent of pitch manipulation
required.

Distortions caused by pitch manipulation could potentially be
reduced by recording each concatenative unit at a pitch which is
similar to the target intonation. In other words, each
concatenative unit, such as a syllable, is uttered by a dictor at a
desired pitch. This novel technique is known as Reference Pitch
Prompt recording (Vine, Longster and Sahandi, 1999). In
Reference Pitch Prompt (RPP) recording, the dictor is guided by
an RPP, which consists of a hummed note, with a constant
pitch, played immediately prior to recording. This enables the
dictor to speak a syllable which is monotonic, for example, with
a fundamental frequency of 142 Hz. One advantage of the RPP
technique is that for simple abutting methods, smoother mid-
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vowel concatenations are obtained (Vine, Sahandi and Longster,
1999). The technique of using monotonic RPP recorded
concatenative units in conjunction with TD-PSOLA is referred
to in this paper as Single Pitch RP-PSOLA.

The general speech synthesis method in this study is based on
concatenation of demisyllable-like units. These units are
extracted from an inventory of CV, VC and CC syllables, which
were originally spoken in isolation. For example, in order to
synthesise a CVC word, the speech segments CVmid and VmidC
would be joined together (where CVmid is a portion from the
start of the consonant to the middle of the vowel, and VmidC is a
speech segment starting from the middle of a vowel to the end
of the following consonant). In this method, the concatenation
point can be adjusted to a nearby appropriate zero-crossing,
where necessary.

1.1 Synthesis techniques
The synthesis techniques compared in this study are described
below.

Single Pitch RP-PSOLA:
Single Pitch RP-PSOLA is based on concatenating units of a
constant or near-constant pitch. Single Pitch RP-PSOLA
synthesis involves selecting appropriate units from an inventory
and concatenating them to give a monotonic waveform. TD-
PSOLA is then used to manipulate pitch and segmental
duration. It has been found that smoother sounding
concatenations are produced using RPP-recorded units of
speech.

Multiple Pitch RP-PSOLA:
The Multiple Pitch RP-PSOLA synthesis method (Longster,
Sahandi and Vine, 1999) is based on a waveform inventory
containing ‘multiple pitch versions’ of each speech unit.
The main principle is to select speech segments from the
inventory on the basis of their closeness to a given target
intonation contour. This minimises the extent of the pitch
change required, possibly reducing the artefacts introduced
by TD-PSOLA. When the ‘multiple pitch’ speech segments
are concatenated, the resulting waveform has an f0 contour
that varies in discrete steps.

At this point, each syllable of the word has a static or near-
constant f0. This is shown in Figure 1, for the word crystal.
The first syllable, /krIs/, was synthesised by concatenating
diphones of f0 163 Hz; the second syllable, /t@l/, used
diphones with f0 value 125 Hz. Synthesising this particular
word is fairly simple because the change of f0 occurs during
the unvoiced part of /st/.

Figure 1:  'Crystal', synthesised by concatenating /krIs/
(f0=163Hz) and /t@l/ (f0=125 Hz).

It is worth noting at this point that for a good quality of
concatenation between consecutive speech units, ideally, the
speech units should have the same f0 value. This is generally
possible within individual syllables. However, if there is a large
difference in f0 between adjacent syllables, concatenation
quality is sometimes compromised, particularly when joining
together voiced allophones.

The Multiple Pitch RP-PSOLA method requires several
versions of each speech syllable to be recorded, each at a
different pitch. This of course implies that the speech waveform
inventory would be several times larger than a 'single pitch'
inventory. However, the additional storage requirements may be
justified if the Multiple Pitch RP-PSOLA method results in an
increase in synthetic speech naturalness.

In order to design a Multiple Pitch waveform inventory, it is
important to establish an appropriate range of f0 values for the
RPPs. One must therefore choose a pitch range that is suitable
for the speaker - RPP recording becomes impossible if the
prompt’s pitch is either too high or too low. A preliminary study
was thus carried out and is described below.

One of the authors experimented with RPP recording at the
extremities of his production ability. For low pitches, speech
production of isolated syllables was possible with an RPP of
130 Hz. For high pitches, it was only possible to produce
monotonic syllables with an f0 of approximately 240 Hz. For
instance, when attempting to record a syllable with an f0 of 250
Hz, it was found that the mean f0 value was actually 241 Hz.
This demonstrates the difficulties of RPP recording for high f0
values. It is also inadvisable for a male speaker to attempt to
speak with such a high pitch for any great length of time, since
this would strain the voice.



We concluded from this initial study that the stimuli for the
main experiment should be synthesised using concatenative
units recorded with RPPs of between 130 and 240 Hz. These
RPPs correspond roughly to the musical notes C3 (f0=130.8 Hz)
and B3 (247.0 Hz) and almost span a single musical octave. NB
This range is approximate and may differ in reality between
different phonemes, since different phonemes have different
intrinsic f0 values (Heuft and Portele, 1995).

2. PERCEIVED DISTORTION FOR
SINGLE PITCH RP-PSOLA & MULTIPLE

PITCH RP-PSOLA.

2.1 Motivation
Compared to Single Pitch RP-PSOLA, the Multiple Pitch RP-
PSOLA method involves a lesser degree of pitch manipulation.
This potentially makes it a more suitable method for
synthesising emotional speech. Whilst intuitively, one might
expect fewer distortion artefacts to be present in Multiple Pitch
RP-PSOLA synthesised speech, this question was examined in a
listening experiment. Single Pitch RP-PSOLA synthetic speech
was thus compared with Multiple Pitch RP-PSOLA synthetic
speech in terms of perceived distortion.

2.2 Speech Corpus
Speech was recorded for a set of 5 sentences. Three versions of
each sentence were spoken: ‘neutral’ emotion, ‘anger’ and ‘joy’.
The labelled emotions were verified by five subjects, who
listened to the three versions of each sentence and then assigned
each an emotion from the choices Joy, Neutral and Anger. It
was found that the subjects’ choices fully agreed with the
designated labels.

The f0 information for each sentence assisted in choosing RPPs
for the main experiment. The mean f0 value for each sentence
ranged from 108.8 Hz to 398.4 Hz.

2.3 Stimuli
Two sets of 10 sentences were synthesised via concatenation of
RPP recorded speech segments (CV, VC and CC). The pattern
of concatenation points followed that which would be used for
demisyllable synthesis. The two sets of stimuli are described in
more detail below.

Sentence Set A: Single Pitch RP-PSOLA

All words were synthesised using concatenative units based on a
single RPP (f0 = 142 Hz). The intonation contour was then
applied to the synthetic sentence using TD-PSOLA. This f0
information was based on the original set of spoken sentences
(see Section 1.2). However, the segmental timing was adjusted
by hand where necessary, to fit the recorded concatenative units.

Sentence Set B: Multiple Pitch RP-PSOLA

For this set of sentences, the Multiple Pitch RP-PSOLA
technique was used. Appropriate RPP values for each syllable
were chosen so as to approximate the target f0 contour. The
target f0 information was based again on the speech corpus.
However, for extreme target f0 values, the RPP’s f0 value was
limited to either 130 or 240 Hz as appropriate, due to the limits
of the particular male speaker’s production.

Since the pitch seldom remains constant for any particular
syllable the choice of RPP value is not straightforward and
could influence the amount of distortion introduced by TD-
PSOLA later on. For this study, RPP values were calculated
using the average of the maximum and minimum target f0 values
for a syllable.

2.4 Subjects
Twenty subjects participated (17 male, 3 female), all of whom
professed to have normal hearing. The subjects were students,
aged between 21 and 35.

2.5 Method
The listening experiment followed a Two-Alternative Forced
Choice (2AFC) format. Subjects listened to two versions of a
sentence, synthesised using two different methods: Single Pitch
RP-PSOLA and Multiple Pitch RP-PSOLA. Subjects were
asked to decide which sentence was ‘the least distorted’. Stimuli
were presented in such a way that each version of a sentence
was presented with each other version of the sentence, as a pair.
The presentation order was randomised for the entire set of
stimulus pairs.

2.6 Results And Discussion
Overall, the Multiple Pitch RP-PSOLA stimuli were perceived
to be less distorted than the Single Pitch RP-PSOLA stimuli.
For 53% of the presented sentence pairs Multiple Pitch RP-
PSOLA were perceived as less distorted (see Figure 2). For the
‘Neutral’ and ‘Joy’ sentences, Multiple Pitch RP-PSOLA was
preferred for 10% more of the presentations.



A Wilcoxon test revealed no significant difference (p>0.05)
between the overall subject preferences for Single Pitch RP-
PSOLA and Multiple Pitch RP-PSOLA. Individual Wilcoxon
tests were also carried out (Single Pitch RP-PSOLA v. Multiple
Pitch RP-PSOLA) on the results for each individual emotion. In
each case, no significant difference (p>0.05) was found.
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Figure 2: Subject responses categorised by emotion

Although the Multiple Pitch RP-PSOLA stimuli require less
pitch manipulation, it would be expected that concatenation
quality would be perceived as smoother for the Single Pitch RP-
PSOLA stimuli, since the spectral characteristics of speech
segments at the same pitch would tend to be more similar.

3. CONCLUSION

The Multiple Pitch RP-PSOLA method reduces the amount of
pitch manipulation applied to the speech waveform. This
potentially makes it a more suitable method for synthesising
emotional speech. It was found by experiment that Multiple
Pitch RP-PSOLA stimuli are perceived as being slightly less
distorted than Single Pitch RP-PSOLA stimuli. However, there
was no significant difference (p>0.05) between the results for
the two methods in terms of perceived distortion. Since there
was no statistical difference between the results for either
method, we favour Single Pitch RP-PSOLA, as it is the simpler
method. Whilst further evaluation of Multiple Pitch RP-PSOLA
is in progress, this study's results do not justify the additional
complexity and storage requirements for Multiple Pitch RP-
PSOLA.
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