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ABSTRACT 
This work is aimed at exploring the rela- 
tionships between a set of articulatory 
parameters, and the acoustic output, in the 
production of French fricatives ls, S]. More 
precisely, we attempt to find out whether 
the dimensions of maximal contrast among 
the fricative spectra, are correlated with 
movements of lingual transducers moni- 
tored by means of an electromagnetic 
(EMA) system. Our results show that the 
EMA measurements can be considered to 
be very reliable. It appears that the spectra 
can be regenerated with a good accuracy 
from these measurements, with the help of 
a statistiœl method the advantages of which 
are pointed out. In conclusion, implica- 
tions of this work in the domain of articu- 
latory modelling are discussed. 

]. INTRODUCTION 
In a recent work [3], Hoole et al. have 
shown that the EPG tongue-contact pat— 
terns in the production of the fricatives ls/ 
and [S] in English, were strongly correla— 
ted with a set of acoustic parameters extra— 
cted from the corresponding spectra by 
means of a factorial analysis. It has appea— 
red that this relationship was close enough 
to allow a prediction of the acoustic data 
from the EPG data, with the help of a 
multiple linear regression. The results 
supported the conclusion that an empirical 
investigation of this kind, was suitable for 
providing information on the artic ulatory- 
acoustic correlations, which could be fruit— 
fully incorporated into a model of frica— 
tive production [2,5]. The present experi- 
ment was based on the same methodolo- 
gical principles, and was aimed at investi- 
gating in a more extensive way two spe- 
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cific points. First, the question could be 
raised to know whether it is possible to 
relate the articulatory parameters with the 
spectra themselves by regenerating these 

spectra from the acoustic factors. Second, 
it seemed important to compare the results 
of the multiple linear regression, with 
those of a method giving the possibility to 
detect non linear articulatory—acoustic re- 
lationships similar to the ones which are 
described in Stevens' quantal theory [6]. 

2. MATERIAL 
Thc experiment has been carried out at the 
Institute of Phonetics of Munich Univer- 
sity. It consisted of an audio recording 
synchronized with a parallel EMA trac- 
king. The electromagnetic system used is 
& commercially available device (Articu— 
lograph AG 100, Carstens, Gôttingen, FRG) 
which has been recently assessed in [4,7], 
and which allows monitoring of articulay 
tory movements with the help of five elec— 
tromagnetic transducers (coils). In the pre— 
sent experiment, three coils were attached 
to the mid—line of the tongue, one was at- 
tached to the lower incisors, and one refe— 
rence coil to the upper incisors. The ton— 
gue rearmost coil was placed as far back as 
possible, the frontmost coil about 1 cm 
back from the tip, and the third coil in 
between these two. The output of the 
EMA system was digitized (sampling rate 
250 Hz) and transferred online to a PC 
AT—386 computer where software com— 
pensation for the effects of possible tilt of 
the receiver coils was applied. The digital 
signal, which represented the displace- 
ments of each of the five coils in the x—y 
plane, was finally stored on a hard disk. 
The audio signal was recorded by means 

of a B&K microphone on a DAT recorder, 

digitized on a LSI 11/73 computer (sam— 

pling rate 16000 Hz, LP filtered at 7500 

Hz), and aligned with the. EMA signal 

thanks to a set of synchrontzatton pulses 

recorded on the second track of the D_AT 

tape. The estimated accuracy of the ahgn— 

ment was +l-3 ms. The Speech _matenal 

consisted of the following combmauons: 

laS#/. laSal. flSal. /#sa/. [#stl, las#/, lasal. 

lasil. [Isa/. fisi! embedded m 9 sentences 

which have been pronounced from 8 to 9 

times by two male native Speakers of 

French (AM, NN). In this paper, results 

will be presented for Speaker AM. 

3. ANALYTICAL PROCEDURES 

3.1. EMA measurements _ . 

To minimize the variations m the articula— 

tory signal which could have been genera- 

ted by any head movements, the coordina- 

tes of the coi affixed to the upper mcrsors 

has been subtracted from those of _the 

other coils. Moreover, for each repetition, 

the whole cloud of data has been rotated 

around the origin in the x-y plane, so as to 

achieve a vertical orientatmn of the first 

principal axis of the jaw movement. F1- 

gure 1 displays the positions, averaged 

over all the repetitions, of the ton gue- 

back, tongue-mid, tongue-tip and Jaw corls, 

at the mid—point of the fricattve (Wth has 
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a coordinate on the time axis determined 

with the help of the acoustic Signal) for 

each item. 

3.1. Acoustic analysis _ _ 

The acoustic analysis consrsted m calcula— 

- ting an FFT spectrum within a 32 ms 

Hamming window centered at the faca- 

tive mid—point. This spectrum was next 

reduced to 21 components by averagmg 

the spectral energy over 1 Bark tntervals 

from 0 to 8 kHz. Moreover, the informa- 

tion below 8 Barks has been ignored, m 

such a way that the acoustic datawere 

finally made up in the present expenment 

of a set of iii-dimensional vectors. For 

reasons that are given below, we have 

chosen to proceed to a new data reduction 

by means of a principal-components ana- 

lysis, which proved that 4 linear combina- 

tions of the 13 original parameters could 

account for more than 90% of the vanance 

among the spectra. It has appearedthat the 

2 first factors were sufficient to differen- 

tiate the fricatives ls/ and [S] from each 

other. Factor 1 is interpretable as a dimen- 

sion of average energy; factor 2 canbe 

considered as underlying an opposmon 

between the spectra which show a local 

maximum within the 12-15 Barks range, 

and those in which the energy ts relauvely 

higher above 15 Barks. 

c
o

u
-

+
 

FIGURE 1 
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4. RESULTS 
4.1. empirical regression of the acoustic 
factors from the EMA data 
One approach to exploring EMA-acoustic 
relation ships consists of analyzing separa- 
tely the way in which the data are distribu— 
ted in the EMA space, and in the acoustic 
space, to examine whether the sources of 
variation can be considered as being the 
same in the two cases (pronounced conso— 
nant, immediate context, carrier sentence, 
etc.). But it is also possible to check the 
existence of such relationships, by attemp— 
ting to predict the acoustic parameters 
from the articulatory ones. At the present 
time, the information obtained with EMA 
on the midsagittal section of the vocal 
tract, doesn’t allow calculation of the area 
function required by a standard acoustic 
model to resynthesize the output signal. In 
this experiment, the predictions have been 
based on the so—called statistical regres- 
sion, which has been performed in two 
different ways, since we have compared 
the results of a classical, multiple linear 
regression, with those of an empirical, non 
linear variant [l]. In the second case, the 
predicted value of a given acoustic 
parameter y for a given articulatory input 
(a tongue «profile» composed of 3 points) 
was simply defined as the y mean value 

TABLE 1: correlation coefficients between 
measured and predicted values l'or the first 4 

acoustic factors (results given for two different 

regression techniques). 

R E G . 1  R E G . 2  

fac.1 0.765 0 . 8 8 2  

fac.2 0.851 0.925 

f a c . 3  0.722 0 . 8 7 7  

f a c . 4  0 . 3 8 4  0.536 

associated with the input k-ncarest neigh- 
bours in the articulatory space (k being de— 
termined by the user). It can be easily 
shown that the regression achieved by 
means of such a local approximation, is 
suitable for modelling non linear rela— 
tionships, between any number of inde- 
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pendent variables and the to-be-pre- 
dicted one. _ 
The calculations have involved the ar- 
ticulatory and acoustic data relative to 
all the (V)C(V) sequences recorded by 
speaker AM. The prediction quality 
has then been assessed on a test set 
which was composed of the tongue 
«profiles» averaged over all the repe— 
titions for each of the two consonants, 
in each possible context. In table 1 are 
given the r 's corresponding to the 
correlation between the measured and 
the predicted values for factors 1, 2, 3 

and 4. It appears clearly that the r 's are 
high whatever regression technique is 
used, and reflect a close relationship 
between the EMA parameters and the 
dimensions of maximal variance among 
the spectra, while the empirical re— 
gression (referred to as REG.2 in table 
1) produces results which are systema— 
tically superior to those of the multiple 
linear regression (REGJ). The num- 
ber of neighbours, on the basis of which 
a value has been given to each tongue 
profile for each of the 4 factors in 
REG.2, was fixed to 5. 

4.2. Regeneration of the original spec— 
tra from the acoustic factors 
The fricative spectra have been finally 
regenerated from the output parame- 
ters of the empirical regression, through 
the usual Operation based in the pre- 
sent case on the eigenvectors of the 
covariance matrix relative to the 14 
original acoustic variables [8]. Figure 
2 proves that the accuracy of this re ge— 
neration is quite good (average r bet— 
ween the measured and predicted com- 
ponents for each of the spectra in the 
test set >O.9). It“ is especially encoura— 
ging to note that the shape shown by a 
spectrum is restored in a very satis- 
fying way. 

6. CONCLUSION 
Our results could be explained in part 
by the fact that speaker AM has pro- 
nounced ls/ and /S/ in a rather stable 
way across repetitions and across 
contexts. Consequently, the variabili- 
ty among the spectra was likely to be 
accounted for by a relatively small 
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FIGURE 2: average spectra for ls/ and ISI displayed together Wlfll the output of the emp 

regression from the corresponding EMA profiles. 

number of factors which in return allowed 

to regenerate these Spectra Without any 

major distortion. It remains that the fac- 

tors themselves (which can be consrdered 

as dimensions of maximal contrast among 

the acoustic data) have proven to be accu- 

rately predictable from the EMA measu- 

rements. Therefore, it can be said that 

under the conditions adopted rn this expe— 

riment, the articulatory parameters extra— 

cted by EMA are closely correlated With 

the acoustic output. _ _ _ 

The empirical regressron 1s very interes— 

ting in that it is gives the possrbrhty to 

make predictions Wth have an accuracy 

calculated for each point m the aruculatq- 

ry space (while this calculation wouldn t 

have much sense in the case_of _the linear 

regression, in which the cntenon to be 

optimized concems an average accuracy). 

From our point of vue, this issue should 

give rise to a more systematic investiga— 

tion. An experiment carried outaccording 

to the same methodologrcal pnncrples as 

those of the present work, on a more 

extensive material, would probably allow 

to determine whether a given aruculatory 

neighborhood is stable (wrth respect to the 

acoustic output), or unstable. lt seems to 

us that this kind of empirical exploration 

of the articulatory space, could consume 

an quite interesting way to verify hypOthe— 

ses on the mechanisms of speech produc- 
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tion, such as the ones which are supported 

in the quantal theory [6]. 
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