
  

Proceedings of the Institute at Acoustics

A Study of Vocal Tract Shapes Using Magnetic Resonance Imaging
and Acoustic Reflectance Techniques

J. W. Devaney & C. C. Goodyear

Department ofElectrical Engineering and Electronics, University ofLiverpool, Liverpool, UK

1. INTRODUCTION

A major dificulty in performing speech synthesis using an articulatory model is the lack of
suflicit data on the range of vocal tract shapes. The vocal tract is usually represented as a
concatenation of short uniform tubes, the areas of which are referred to as the vocal tract area

function. In order to produce synthetic speech, a sequence of these area fimctions is required,
which when used in the synthesiser, willmimic a give: natural utterance.

A commonly used technique for obtaining a sequence of area firnctions employs a very large'code
book, randomly populated with vocal tract shapes The task of searching such a code book is

computationally expensive, though this cost can be somewhat reduced using a neural net mapping
method [1]. For copy synthesis of a single speaker however. a much more eflicient code book
could be generated if area firnctions close _to those used by the sneaker were known.

In some earlier work [2], magnetic resonance imaging was used to determine the vocal tract area
firnctions of a male speaker producing 5 steady state vowel sounds The data was used in an

acoustic tube sinmlation, and the resdting acoustic spectra were compared with those of natural

speech from the same speaker. For all but one of the vowels good agreement, typically within
lZOHz, was obtained for the first three formant fiequencies.

Magnetic resonance imaging is however costly and time consuming. Moreover, a far larger

number of shapes than could be obtained fi'om imaging is needed for the task of acoustic to
geometric mapping. For this reason, we investigated an acoustic technique, first descn'bed by

Soadhi and Gopinath [3]. Preliminary results [4] showed that the basic acoustic technique, when
used in conjunction with finther optimisation, provided a low cost method of extracting both
rubber-model and real vocal tract area functions

Further experiments have allowed us to study the changing vocal tract shape during diphthongs A

parametric model of the vocal tract was employed to simulate the mechanism of the vocal tract
during these transitions '
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2. THE ACOUSTIC REFLECTANCE TECHNIQUE

In this method. an acoustic volume-velocity impulse is directed towards the lips of a chosen

weaker while the subject articulates a particular vowel with closed glottis. The reflected pressure

wave is then recorded. By analysis of this reflected wave, the area fimction of the vocal tract may

be reconstructed. Details ofthe analysis technique may be fotmd in [3] and [4].

The basic analysis technique [3] assumes that the wave propagation within the vocal tract is

planar, and that the vocal tract is lossless. However in a real acoustic tube, losses occur due to

viscous fi'iction, heat conduction, and wall vibration. Sondhi and Restick [5] were able to model

two cases in which losses were included : case 1, for a vocal tract with yielding walls and no

viscous loss and case 2, for a vocal tract with viscous loss and hard walls. To overcome the efi‘ect

of all three sources of loss, we have used the basic no-los analysis to give a starting point for an

optimisation procedure. This is described in figure 2.].
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The diagram shows the measured reflected pressure wave from the vocal tract fira analysed by the

technique descnhed in [3]. This yields a reconmucted area limction, but one which cannot be

identical to the original as losses have not been considered. The reconstructed area function is

therefore placed back into a lossy transmission line model of the vocal tract [6] whose impulse

reflectance is computed. A recursive optimisation procedure is used to match the computed

reflectance to the measured reflectance by manipulation of the area fiinctiou Once the two

reflectances are sufieiently well matched, the optimised area fimction must be close to the
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original area function of the vocal tract, assuming that the transmission line model is a sufliciently

accurate representation ofthe vocal tract being analysed.

3. PARAMETRIC MODELLING OF THE VOCAL TRACT

While it is possible to specify each area independently, this would ignore anatomical constraints A

much better approach is use some form of parametric model of the vocal tract. The parameters of

this model may he used to generate an area profile, which when sampled at a constant gracing,

provides areas for driving a synthesiser. The parametric model [7] utilised in this paper uses nine

parameters, and has the form shown in figure 3.1.

Figyre 34 : __Th§ Mm: Parameter Vocal Tract Model
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The parameters are : the lip area, the cross-sectional area at the tongue tip, the position of the

tongue blade rear, the cross-sectional area at the blade rear, the position of extremum 1, cross-

scctional area at extremum 1, position of extremum 2, cross-sectional area at extremum 2, and the

area at the larynx. Extrema l and 2 refer to positions along the vocal tract profile where the

gradient is zero, The length of the tongue blade is fixed at 2cm, and both the larynx section length

and lip length are fixed to 0.87Scrn. The position of the sub-lingual well is dependent upon the

position ofthe tongue tip, and the area at this point is constrained to a maximum of8emz,

4. ACOUSTIC EXPERIMENTS

Figure 4.1 shows the apparatus used for the acoustic experiment. An ultrasonic transducer was

used to generate an impulse in volume-velocity. This impulse was not ideal, and our reflectance

measurements were corrected in the frequency-domain to compensate for its non-ideal spectrum

up to our band limit of Ski-12. The corrected reflectance was sampled at a rate of lOkI-lz. With

velocity of sound I: = 35000 cmlsec, this implies an area fimction resolution of 10 concatenated

sections, each 1.75cm long.
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4.1 Evaluation queoustie Reflectance Method.

To evaluate the acoustic analysis and optimisation procedure, experiments were performed

using rubber vocal tract models. The rubber models comprised three shapes, and the use of two

materials. The wall yielding losses of each material were initially set to values of rs=10000 and

ls=2H These values were then adapted using a recursive procedure to improve the geometric

match. The adapted losses (different for each material) were kept constant for each of the shapes.

Results for one of the rubber models are shown in figure 42. Further results using rubber vocal

tract models may be found in [4].

Figre 4.2 : Acoustic Zechnique Agglied 12 Rubber Vocal Tract Model
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1! was found for both materials, and all shapes, that the efiect of losses on the computed shapes

was quite substantial However. the optimisation method descnhed in section 2 was found to

overcome this efi‘ect in all cases.
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4.2 Analysis of a Real Vocal Tract for Sustained Vowels

The investigation was continued using a real vocal tract. In this ease, the subject silently

articulated a particular vowel while the acoustic reflectance was captured. The reflectance was

used to compute a 'real' vocal tract shape ug the acoustic technique To estimate the area at the

lips, the lip shape was assumed to be an ellipse, and its area was calculated by direct measurements

ofthe major and minor axis. The wall yielding loss parameters for the optimisation procedure were

fixed at [5:10009 and ls=2H.

Six vowels were studied, IIYI, IERI, IARI, /AH, /00/ and 10R]. taken liom the words "heat",

"heard", "land", "had". "who’d", and "haw " respectively. In each case, the shape was used in a

Kelly Lochbaum model with losses, as employed by Geenwood [2]. The loss factor in each section

is such that it crudely approximates the fi'equency dependent losses present in the vocal tract The

formant frequencies were identified from the models impulse response, and are lised in table 4.1.

Zable 1.1 : Fmam Freggenciesfl Naturalm éynthetic Smech
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The overall rms. error between natural and synthetic formants is 233Hz. A possible source of error

in the analysis technique was thought to be the modelling of vocal tract losses during optimisation

To improve the match with the subjects natural spectmm, a second stage of optimisation was
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therefore applied to the reconstmcted area function which incorporated both geometric and

spectral penalties. The spectral penalty employed was the mean square difi‘erence between the first

three synthetic and natural formants. The geometric palty was taken to he the mean square

difi‘erence between the adopted area function and the original starting point area fiinction. The

geometric penalty was weighted by an empirically chosen value, which for the results reported

here was 0,1.

Figures 4.3(a) to 4.5(a) show the resulting vocal tract shapes for the vowels IARI, IIYI, and /AE/,

where the area fimctions are compared with those obtained by magnetic resonance imaging for the

same vowel.
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Figures 4.3(h) to 4.50)) show a comparison of the synthetic spectra to the natural spectra of the

same speaker. The acousticptube model of the vocal tract assumes plane wave propagation,

therefore the spectral comparison is only valid for frequencies up to about 3.5km Although this

upper fi'equency limit may he reduced somewhat due to the finite section length ofthe model.
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4.3 Analysis of a Real Vocal Tract During Gestures V
In- this case, a sequence of six acoustic reflectances was captured while the subject silently
articulated a particular diphthong. The vocal tract shape was computed using the acoustic
technique. With view to obtaining smoothly evolving shapes, the parametric model was applied to
each of the reconstructed area Emotions during the gesture. This was achieved by optimising the
nine parameters of the model to fit the reconsmlcted area fiinction whilst targeting on the natural
formant positions at a corresponding instant in the gesture. The optimisation procedure used the
same cost penalty as that described for the sustained vowel case. '

The natural formant track was obtained by recording the utterance, and ug a eepstral smoothing
and peak picking algorithm to daterminc the formants. Ten diphthongs were studied. Typical
remits obtained for the transition of IIY/ to IER/ located in the word "hear", and IOR/ to II]
located in the word " oil" are shown in figures 4.6 and 4.7.

Figye fl .' Vocal chtM/I_Y/ - /ER/ Area Function é [rumba Sgecrra
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5. CONCLUSIONS

The between the area functions derived from the acoustic and MR methods is

encouraging, although it is not known how large were any real difl‘erences in the speaker’s

articulations of the same vowel imder the very difi'erent experimental conditions. The changes to

the area functions afier optimisation to the natural spectra were generally small, due to the

geometric penalty. However, these changes were suficient to reduce the overall rms error

between the natural and synthetic formants fiom 233141 to 88Hz for the six vowels.

The investigation into the changing vocal tract shape during diphthongs, and the use of parametric

modelling, has provided smooth transitions in the vocal tract area fimction. These data when used

to synthesise speech were found to generate formant tracks similar to the natural diphthungs.
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