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l. Introduction 

From different combinations of a few rather simple articulatory actions, a 
variety of quite complex aerodynamic conditions and acoustic outputs can 
be created. The most basic requirement of all for speech is the creation of 
voice; this is easily aehieved by new-born babies. What is examined here is 
the building up of a repertoire of lung and larynx actions appropriate for 
controlled operation of the voice source. Even app3rently simple SpeeCh 
sounds demand correct coordination. The auditory goal of the simulation 
described here was an [i] vowel quality with ‘modal’ as opposed to ‘breathY' or ‘pressed' (‘laryngealised’) phonation type and with falling pitch. The tasks 
of speech production are by no means clear, but one basic aim is to achieve 8 
subglottal pressure suitable for the onset and maintenance of voice. 

2. The model 

A model of speech production processes implemented on a VAX 11/780 
computer was used. The stages modelled are shown in Figure 1. Inputs to the 
model define speaker dimensions, initial conditions, larynx type for a func- 
t10nal model of voicing and articulatory transitions. Fight quasi-indepen' dent articulators are used, as controllers of the geometry rather than as 
anatomical structures. Most articulatory actions are represented by changes in cross-section area of a few constrictions of the vocal tract. Articulations of 
the lung walls are represented either by air pressure in the lungs Pl, or as in 
the study described here, by the rate of change of lung volume DVLU. Vocal 
fold articulations are represented by the slowly changing (do.) comp°“ent °f glottal area Ag and by a variable called Q, for the effective stiffness and mass 
of the vocal folds. Vertical movements of the vocal folds are not modelled at present. The bases for the modelling have been described (Scully, 1975; Allwood and Scully, 1982). 

Tuning and coordination in the articulatory block determine aerodynafnic condmons throughout the respiratory tract. Articulatory states and aerody' 
namrc conditions combine to determine the magnitude of turbulence n0ise sources for aspiration and frication. A pulse source, derived from rate of 
pressure change in the oral cavity, has been introduced recently, but was not 
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INPUTS: COMMANDS, INITIAL CONDITIONS. SPEAKER TYPE & OPTIONS 

\l‚ 
ARTICULATORY DYNAMICS 5 ms AERODYNAMICS 5 ms 

>|, l—i, - J, 
RESPONSES OF ACOIBTIC ACOIBTIC SOURCES: 
TUBE. OUTPUT 28 Ps VOICE.ASP.FRIC‚PULSE 

\l/ 
RADIATION: HIGH-PASS 6 dB/OCT 
LOW—PASS FIL'I'ER AND DOWN SAMPLING‚ OUTPUT 811 ‚115 

\l/ 
UAVEFORM TRANSFERRED TO PD? 11/03 

J, 
| D—A CONVERTER, ANTI—ALIASING FILTER J 

.I‚ 
ANALOG WAVEFORM WITH BANDWID'I'H 5Kl-lz OUI'PU'I': 

Figure ], Block diagram of the model. 

used in this study. A parametric description of the voice source is used as 
shown in Figure 2 (Pant, 1980). A minimum A P of 2 cm H‚O was assumed 

for the onset and Offset of voicing. Fundamental frequency FO was derived 

fr0m F0 = (D + 4.A P. A voicing ‘plateau’ region was defined between A(Ei= 
0.04 cm2 and Ag = 0.08 cm2. FO decreased for Ag less than 0.04 cmz. K vaned 
inversely with Ag. TCR was constant at 0. ]. Aspiration and frication sources 

were weakened and modulated when voicing was present. In an altematrve 
form of the voicing model the wave parameters VOIA, K and TCRcan all be 
made to vary as linear functions of three controlling physiological varrables: 

Ag, A P and Q. Using the model interdependence of vowel and consonant 
durations have been demonstrated for voiced and voiceless fricatives havmg 
constant supraglottal articulation and for open and close vowel contexts. 

The effects were similar to those of real speech and the model’s outputs were 

intelligible and speech—like (Allwood and Scully, 1982). 

3. Modelling of aerodynamic processes 

The s3'stem in Figure 3. A set of first order differential equations expresses 

the assumptions made and the physical principles invoked in the model, 
which are as follows: 
l -  The complianee of the lung walls need not be included. It is assumed that 

the speaker takes the nett compliance (recoil) into account when admstmg 

muscle pressures at different lung volumes so as to give a pre-planned rate 

of lung volume decrement. Passive changes in rate of lung volume de- 

crease are not modelled at present. 
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TCR=LQ K IS ASYMMETRY 
TO VO£A FACTOR 

<TC + 
< TO # 

Figure 2. The parametric description for the voice source. 

Figure 3. The aerodynamic system. 

2. The walls of the subglottal airways are taken as rigid, with flow rates i" speech well below limiting flow rate. 
3. The supraglottal cavity has an active component of volume Change due to articulatory actions, added to a passive component associated with wall _ compliance (Rothenberg, 1968). 
4. All but 4% of the subglottal volume is located in the respiratorY Z°“° °f small airways, with generations higher than 16. Subglottal flow resistance is almost totally confined, on the contrary, to the large tubes of generation less than 10. This striking separation of subglottal volume and fl°w resrstance justifies a model with one lumped lung volume and a separate smgle flow resistance linking it to the glottal orifice. This constrasts with 

the more complex representation in the model of Rothenberg (1968) 5. S_“bglottal flow resistance is an ‘ohmic’ conductance which increases lmearly with lung volume, up to a maximum value of about 2 L/cm H20' 6. Inertance of air and tissues may be neglected. 7. The air in the respiratory tract is assumed to be an ideal gas and to be compressible. Departures from atm08pheric pressure are small. Isothef' 
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mal conditions are assumed. The flow is taken as one-dimensional. There 
is continuity of mass flow for each of the two cavities. 

8. For each of the two orifices (constrictions) there is conservation of energy 
at the inlet (the Bernoulli effect), but energy is lost in the turbulent mixmg 
region at the outlet. This gives a turbulent, flow-dependent component of 
pressure drop. A laminar ‘ohmic' component of pressure drop is added to 

this. The same empirical constants are used for both _onf1ces._ 

(Space does not permit reference to the relevant respxratory hterature). 

Parameter values are chosen to define cavity wall compliance, subglottal 

properties and initial conditions, Lung volume VI, lung andsupraglottal a1r 

pressures Pl and Pc are integrated at each time step to obtam values for the 

next sample. Merson’s method (NAG library, 1981) was used_here.There 

were problems with numerial instabilities in the aerodynamrc var1ables, 

especially when oral pressure Pc was very low, in vowel—hke segments. (?ther 

methods for the integration, including Gear’s method for dealmg with st1ff‘ 

equations (NAG library, 1981), have recently given nnproved stabrhty and 

much reduced computation time for the aerodynamncs. 

4. The modelling of lung and larynx coordination 

Some articulatory plans yielded inappropriate pitches, voice c_1ualities o; 

vowel lengths. Two of a series of articulatory plans are shown in Figure 
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. ’ A figure 4. Two contrasting coordinations for the lung walls (DV_LU ln'cm ls) and Ihr,-‚la;n imcgl 
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together with some of the aerodynamic and acoustic results. Unwanted 

sounds were generated in both cases. (a) was an  attempt a t  ‘braethy’ attack. It  

was transcribed auditorily as [ghi‘Pi] with falling pitch. (b) was an attempt at 

‘hard’ (or ‘glottalised’) attack and was transcribed as [hi?i-] with ‘gulp’ effect, 

sudden onset and falling pitch. Spectrograms for (a) and (b) are shown in 

Figure 5. Two other unsuccessful attempts at the auditory goal are shown as 

(c) and (d) in Figure 5. (c)  gave [ breath drawn in sharp ly]  then [i] falling 

pitch. (d) gave a ‘strong’ [i] sound with no audible noise, but  not a falling 

pitch. In another set of syntheses for target words ‘purse’ and ‘purrs’, 

unwanted vowel-like segments were often generated at  the speech offset. By 

trial and error, combinations of lung and larynx actions could be found 

which avoided unwanted onset and offsets. It  is suggested that auditory feed- 

back must be of overwhelming importance for the acquisition of speech, as in  

our modelling. The onset and offset of speech present speakers with specific 

problems. The options selected by a particular speaker for the achievement 

of rather broadly defined auditory goals will be reflected in the details of 

acoustic structure. Modelling of the kind outlined here may be able to assist 

in defining the probable acoustic variations within one accent, with potential 

applications in automatic recognition of speech. 
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