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Abstract

A system for the synthesis of singing on the basis of an ar-
ticulatory speech synthesizer is presented. To enablgtitees
sis of singing, the speech synthesizer was extended in neany r
spects. Most importantly, a rule-based transformationmofia
sical score into a gestural score for articulatory gestweaesde-
veloped. Furthermore, a pitch-dependent articulatioroefals
was implemented. The results of these extensions are demon-
strated by the synthesis of the canon “Dona nobis pacem”. The
two voices in the canon were generated with the same under-
lying articulatory models and the same musical score, tiye on
difference being that their pitches differ by one octave.
Index Terms:. Articulatory singing synthesis

1. Introduction

The presented singing synthesizer is based on an articylato
speech synthesizer being developed at our institute sib@g. 2
For theSinging Synthesis Challenge it has been extended to im-
port and process musical scores with lyrics. The commorntinpu
to the synthesizer for the production of both speech andrging

is a gestural score that represents an utterance as a ioilett
articulatory gestures. The gestural scores are transtbinte

the movements of articulatory models of the vocal tract &ed t
glottis. These models are in turn mapped on a branched tube
model of the vocal system. A comprehensive physical simula-
tion of the flow and acoustical field in the tube system gererat
the radiated sound.

In Section 2, the components of the articulatory synthesize
will be briefly presented. In Section 3, we will describe the
extensions to the synthesizer for the synthesis of singifg.
discussion and conclusions follow in Section 4.

2. Thearticulatory synthesizer

An illustrative overview of the synthesizer is given in Fib.

We will start with a short description of the articulatory dets

of the vocal tract and the vocal folds and then proceed to the
acoustical simulation and the generation of speech movismen

2.1. Articulatory models of the vocal tract and the vocal
folds

The vocal tract model is a three-dimensional wire-frameeep
sentation of the surfaces of the articulators and the voaat t
walls of a male speaker [1, 2]. The shape and position of all
movable structures is a function of 23 parameters. By mefns o
magnetic resonance images (MRI) of sustained speech sounds
parameter values were determined for the replication @eit

man vowels and consonants [2]. Furthermore, usiyrtamic

MRI data, a dominance model has been created that allows to
predict the vocal tract parameters fmarticulated consonants.

The vocal folds in our synthesizer are based on a geomet-
rical model proposed by Titze [3] that has been extended for a
mechanism of glottal abduction/adduction [4] and an option
parallel chink between the arytenoids [5]. The model prtsdic
the time-varying glottal area at the lower and upper edge of
the vocal folds based on parameters for fundamental freguen
pulmonary pressure, degree of abduction, and the size of the
optional parallel chink.

For the acoustical simulation, the vocal tract model isg¢ran
formed into a tube model composed of short abutting ellgbtic
tube sections that can be represented by means of a disate a
function and a perimeter function. The vocal tract tube i®-co
bined with tube sections representing the glottis, thehac
the nasal cavity and the paranasal sinuses. Together,dhay f
a branched tube model of the entire vocal system, which is il-
lustrated by the area function in the middle of Fig. 1. Theetub
sections for the nasal cavity are flipped upside-down, aed th
paranasal sinuses are represented by circles. The tube felmap
the nasal cavity was adopted from Dang and Honda [6, 7].

2.2. Aeroacoustical synthesis

For the simulation of acoustics, the branched tube moddieof t
vocal system is represented by an inhomogeneous tranemissi
line circuit with lumped elements [8, 9, 10]. This transfation

is based on the analogy of acoustical and electrical tresssani
lines as described in detail by Beranek [11] and Flanagan [8]
In this circuit model, each tube section corresponds to a two
port network of the T-type, whose elements are functionbef t
tube geometry. The time-varying distribution of volumeoeel

ity and pressure in the whole network is simulated by means of
finite difference equations in the time domain with a sanmlin
rate of 44.1 kHz. Dedicated techniques were implemented for
the correct simulation of losses due to friction, soundatan,

and wall vibration, as well as for the generation of noise due
to turbulence [10, 12]. Therefore, the simulation supptires
generation of speech sounds of all major types, like sohoran
sounds, fricatives and plosives.

2.3. Generation of speech movements

Speech movements, i.e., the time-varying functions of #rap
meters of the models for the vocal tract and the vocal folds, a
generated on the basis of a gestural score. A gestural quere s
ifies an utterance as an organized pattern of articulatosy ge
tures. This concept is similar to the approaches by Browman
and Goldstein [13] and Kroger [14]. However, the definition
and execution of the gestures in our synthesizer diffemfro
both former concepts. A detailed description of gesturates
and their execution within the framework of our synthesiser
described in [15, 16]. In this section, only a brief overview
will be given by means of the the gestural score for the utter-
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Figure 1: An overview of the articulatory synthesizer. The i

put to the synthesizer is a gestural score, and the outpheis t

radiated sound.

ance /ka:nu:/ in Fig. 1. We differentiate between six types o
gestures that are arranged in different rows in the score Th
first three types are tract forming gestures (vocalic geshur
constriction forming gestures (consonantal gestures) vatic
gestures. They control the parameters of the vocal tracemod
The remaining three types of gestures control the glottst re
area (glottal aperture)y, and lung pressure, i.e., the parame-
ters of the model of the vocal folds. The temporal intervdls o
the gestures are separated by vertical lines. Each gegtece s
ifies a target for one or more parameters of the vocal tract or
vocal folds. The targets for vocalic and consonantal gestur
represent certain predefined vocal tract shapes. In thep&am
these are the shapes for the vowels /a:/ and /u:/ and the -conso
nants /g/ and /d/. During the temporal overlap of a vocalit@n
consonantal gesture, the underlying target is given by dcalv
tract shape of the consonant coarticulated with the ovpittap
vowel. To produce the voiceless plosive /k/ and the nasal /n/
in /ka:nu:/, the glottis is opened during the /g/-gesture tre
velum is lowered during the /d/-gesture with the corresjand
glottal and velic gestures. In this way, certain groups ofste
nants, like{d, t, n}, can be represented by only one target shape
(in the example the shape for /d/), and the actual consomant p
duced from this set depends on the simultaneous existence or
absence of a velic or glottal aperture. For the lower fouesyp
of gestures in Fig. 1, the associated parameter targets/ahee
directly represented by the height of the horizontal dasined.

The execution of the gestures consists in the successivexapp
imation of the targets simulated by critically damped, éine
third-order dynamical systems. Gestural scores can be¢ectea
either manually by means of a graphical editor, or by rulénas
the case for singing synthesis.

3. Extensions of the synthesizer for the
synthesis of singing
3.1. Rule-based generation of gestural scores

For the synthesis of singing, we have implemented a few ex-
tensions to the speech synthesizer. First of all, a simple xm
format was devised in order to specify the song notes and thei
attributes. For our demonstration song “Dona nobis pactm”,
file looks as follows.

<song octaveCO fset="0">
<not e beatsPer M nut e="110" pitch="rest"
type="1/2" vibrato="0.5" lyrics=""
| oudness="1.0" whisper="0"/>

<note pitch="g3" type="1/8" lyrics="d o:"/>
<note pitch="d3" type="1/8" lyrics="0:"/>
<note pitch="h3" type="1/2" lyrics="n a:"/>

type="1/8" lyrics="n o:"/>
type="1/8" lyrics="0:"/>
type="1/2" lyrics="b i: s"/>

<note pitch="a3"
<note pitch="d3"
<note pitch="c4"

</ song>

The most important attributes for a note are the pitch (note
letter+octave), type (note length) and the lyrics (hereAIVIBA
notation). Furthermore, attributes can be specified footres-
all speed in beats per minute, the vibrato amplitude in semi-
tones, the loudness, and the degree of whisper. When any of
these attributes are not specified for a note, they take tle va
from the last note, for which they were specified. In our demo



song, all of the optional attributes are set only once foritire

tial note (which is actually a rest) and are therefore camsta
throughout the song. For the transformation of a song into a
gestural score, a number of rules were implemented.

The attributes for the loudness and the degree of whisper
are simply translated in proportional target parametaregfor
lung pressure and glottal abduction. The lyrics attribute o
note is first partitioned into an onset, a nucleus, and a cada p
When there is only one nucleus vowel, a corresponding vocali
gesture is generated from the beginning to the end of the note
With two nucleus vowels (a diphthong) the first vowel gesture
occupies 65% of the note duration and the second vowel 35%,
according to Berndtsson [17]. Consonants of the onset aal co
are implemented as consonantal gestures and aligned with th
beginning or end of the note, respectively. The duratioroofc
sonantal gestures depends on whether or not they occur@lone
in a cluster. When they stand alone, they are assigned a-prede
fined inherent duration. In a cluster, their duration is EtLto
80% of their inherent duration for 2 consonants and to 70% for
3 consonants. Depending on the consonant, additionalrgsstu
are created in order to open the glottis (for voiceless pssi
and fricatives) or to lower the velum (for nasals). The terapo
coordination of these gestures with the corresponding ccons
nantal gestures was implemented according to simple “pbasi
rules”, similar to those described by Kroger [14].

3.2. Pitch dependent vocal tract target shapesfor vowels

An important extension to the synthesizer for singing sgnth
sis is the implementation of pitch dependent targets forelsw
It is well known that professional singers often apply diffe
ent vocal tract shapes to sing the same vowel depending on the
pitch of the note. Vowels at higher pitches are often sung wit
a more “open” articulation and a higher larynx position than
vowels at low pitches. In this way, the vocal tract formarres a
tuned with respect to the harmonics of the voice source. &or o
synthesizer, we created two “extreme” vocal tract shapes fo
each vowel — one for low-pitch notes (110 Hz and lower) and
one for high pitch notes (440 Hz and higher). The vocal tract
target shape for vowels to be sung at pitches between 110 Hz
and 440 Hz is linearly interpolated between the low-pitcipgh
and the high-pitch shape. For the low-pitch shapes, we gimpl
adopted the vocal tract shapes adjustedsfmech synthesis.
The high-pitch shapes were adjusted manually with respect t
a good match between formant frequencies and harmonic fre-
quencies. Special care was taken that the first formantdurne
out high enough to lie in the vicinity of the first harmonic at
440 Hz.

Figure 2 illustrates the results of this adaptation for the
vowel /i:/. The midsagittal section of the vocal tract in top
left corner of the picture shows the low-pitch shape for &a./
derived from MRI measurements for that vowel. The next row
shows the vocal tract transfer function (magnitude of the-co
plex ratio between the radiated sound pressure and the golum
velocity at the glottis) for the low-pitch shape with the tmam-
ics of the 110 Hz voice source. Obviously, the formant struc-
ture is well represented by the harmonic spectrum. The next
row shows the same transfer function, but the harmonics for a
440 Hz voice source. Here, the first formant is not at all repre
sented by the harmonic line spectrum. Therefore, the iegult
vowel would certainlynot sound like a good /i:/. The spectrum
in the bottom row shows the transfer function of the higtcipit
version for /i:/ corresponding to the vocal tract in the taght
corner of the figure. Here, the first formant has been raised by
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Figure 2: High-pitch target shape and low-pitch target stfap
the vowel /i:/ and the corresponding spectrafge110 Hz and
Fo=440 Hz.
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a higher larynx position and a lower tongue such that it id wel
represented by the first harmonic of the 440 Hz voice source.

3.3. Generation of Fy targets

The pitch and vibrato attributes of a note are transforméal in
corresponding gestures for the fundamental frequencyr€ig
shows the pitch targets generated for a few notes of the demo
song. The phonetic transcription of the lyrics (in SAMPA no-
tation) together with the nominal note pitches are showmén t
upper part of the picture. Vibrato was generated by short suc
cessive pitch targets alternating around the ideal pittievdn
addition to vibrato, we implementef, deflections right before
and after note boundaries due to “overshoot” and “preparati
inspired by Saitolet al. [18]. The degree of deflection was
made proportional to the pitch difference between the sicce
sive notes. Finally, fine-fluctuations &% were added to the
resulting contour.

4. Discussion and Conclusions

An articulatory synthesizer for the synthesis of singing been
presented. The input to the system is an xml-file with the spec
ification of the notes with a number of attributes. This injgut
transformed in to a gestural score by means of a set of rules.
From the gestural score the articulatory speech movemeats a
calculated that finally lead to the generation of the radiate
sound. Diverse improvements of the system are conceivable.
On one hand, more attributes could be added to the notes to
control further properties of the synthetic voice. In thase,

new rules would have to be found to translate these attsbute
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into appropriate articulatory gestures. Furthermore attfjest-
ment of the low-pitch targets and the high-pitch targetstiier
vowels should be accompanied and guided by a professional
singer. Alternatively, articulatory data of a professiosiager

cou
the

Id be collected and used to adapt the phoneme targets. Als
transformation of the lyrics into the correspondingtges

for vowels and consonants needs a lot of fine tuning, especial

with regard to the phoneme durations. Nevertheless, we were

surprised that an acceptable quality of synthetic singim¢he
basis of our articulatory speech synthesizer could be eetie
with relatively moderate extensions.
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