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A hybrid PARAFAC and principal-component model of tongue configuration in vowel production

is presented, using a corpus of German vowels in multiple consonant cofftestgoint data for

seven speakers at two speech rates from electromagnetic articulograpyPARAFAC approach

is attractive for explicitly separating speaker-independent and speaker-dependent effects within a
parsimonious linear model. However, it proved impossible to derive a PARAFAC solution of the
complete datasetestimated to require three factprdue to complexities introduced by the
consonant contexts. Accordingly, the final model was derived in two stages. First, a two-factor
PARAFAC model was extracted. This succeeded; the result was treated as the basic vowel model.
Second, the PARAFAC model error was subjected to a separate principal-component analysis for
each subject. This revealed a further articulatory component mainly involving tongue-blade activity
associated with the flanking consonants. However, the subject-specific details of the mapping from
raw fleshpoint coordinates to this component were too complex to be consistent with the PARAFAC
framework. The final model explained over 90% of the variance and gave a succinct and
physiologically plausible articulatory representation of the German vowel spacel999
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INTRODUCTION model of vowel articulation. This approach seems justified

_ _ . _ given that no complete concensus exists for the most appro-

A fundamental task in phonetic research is to arrive at griate articulatory characterization of voweM/ood, 1975;

better understanding of how the set of contrasts required by gischer-Jargensen, 1983onetheless, for the central tech-
particular linguistic system on the one hand is implementedhique to be used, the PARAFAC method of factor analysis, it
by the speech motor system on the other. The linguistic Sysias been claimed that it can uncover structures in the data
tem with which we will be concerned here is the Germanyat are not just convenient statistical constructs but actually
vowel system, which can certainly be regarded as involving, ;e explanatory power.

a rich set of contrasts. Our question essentially boils down to determining how

The search to understand the motor implementation Ofnany dimensions underly the tongue shapes that can be ob-

such a system can lead in a number of different dlrectlonsServed for vowel articulation, and what their nature is. Thus

For example, there is the major question of the mteraruculah is inherently very unlikely that each of the many German

tory coordination of different speech organs. Thus a phono- . S ]
4 ) X ; vowels represents a unique way of configuring the tongue;
logically defined contrast such as rounding proves to involve

. L L rather, one would suspect that vowels scale a few common
not only labial activity but also positioning of tongue and

larynx (Wood, 1986; Hoole and Kroos, 1998n a similar underlying patterns in slightly different ways. Indeed, given

vein, there is the question of how lingual and mandibularthe fact that many descriptions of vowels use a two-

activity are coordinated for vowel articulatiofJohnson d|meQ§|oqal f_rameworl(e.g., th_e trad|t|ongl vowel chart;_
et al, 1993; Hoole and Kanert, 1996. A second important cIaSS|f_|ce_1t|on in terms of I_ocatmn, and Wldth of the main
direction concerns the temporal organization of speech, fofonstriction;F1 versus various combinations of the higher
example, the way in which a contrast such as tense versus [42Mants it would be fairly surprising if the number of di-
is reflected in the organization of elementary CV and VCMenNsions determlned_ from _dlrect measurement of tongue
movements for the production of complete syllahl&soos shape were substantlally- different from Fvyo. But precise
et al, 1997. In this paper we will be concentrating on a third NUmber and nature remain an open empirical question and
important area, namely on the search for an efficient angannot be assumeal priori.
hopefully revealing characterization ofsulting tongue po- We can also consider the question of empirically uncov-
sition in vowel productior(i.e., we leave aside the question €ring the organizational principles underlying observable ar-
of separate lingual and mandibular contributions to resultingiculatory behavior from the point of view of the raw data
tongue position This is a further crucial level, since tongue available to articulatory analysis. We will be working with
shape is largely responsible for vocal tract shape and thus fdleshpoint data from EMMA sensors. The raw data from
fundamental acoustic properties of the sounds prod(seel such a sensor are not particularly revealing in themselves;
Hoole, 1999, for preliminary analysis of articulatory-acousticthe simple act of gluing a sensor to the tongue, however,
relations based on some of the speech material used in tlwarefully and systematically done, introduces an element of
present study arbitrariness to the data. But it is a common problem in psy-
We will explore a data-driven procedure for deriving a chological research, and one of the motivations for the de-
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velopment of factor analysis, that the underlying behaviorathe results of the PARAFAC procedure are contained in
“building blocks” cannot be measured directly, but must be three loading matrice¥, A, andS (for vowels, articulators,
inferred from a multiplicity of (probably correlatedmea- and speakejswith dimensionsnvxXnf, naxnf, and ns
sures made on the behavioral surface. Similarly, direct meax nf, respectively.

surements of the possible physiological building blocks of  For speakerk the complete dataseY, (dimension
speech are very difficult to make, even with EMBut see naxnv) predicted by the model is then given by

Maeda and Honda, 19%84nonetheless, measurements made -
on the tongue surface should systematically reflect these Yi=ASV, @

building blocks, and we may suspect that, due to the ”miteq/vhereSK is a matrix with thekth row of S on the main
deformability of the tongue, their number is substantially Iessdiagonal and zero elsewhere, avid is the transpose o¥.
than the eight raw articulatory variables we have available in - “tha articulators could be either a set of measurements
our data se(corresponding to two spatial dimensions Mea-giong predefined gridlines or a set of fleshpoirandy co-
sured at four sensor locatigns ordinates. Measurements for these articulators are assumed
At the very least, such an endeavour should lead 0 g, pe expressed as deviations from the mean for each speaker
more readily apprehensible picture of the relation betweeryer a)| vowels(the formulation given here follows Jackson,
vocal tract shape and linguistic structure, and ideally the re19gg . 129. See Niet al, 1996, p. 3708 and Harshman
sults should be characterized by low dimensionality com g1, 1977, p. 699, for alternative notations
p_ared to the raw v.ariabl_es, phonetic interpretai\bility,.a poten-  The simplicity of the model should be apparent from this
tially close relationship to the actual dimensions of formylation. Its potential for a parsimonious representation
organization employed by speakers, and finally by generalean pe illustrated as follows: If two factors are enough to
izability over speakers and perhaps languages. model a hypothetical dataset of ten vowels, ten speakers, and
We will here propose a hybrid PARAFAC and ten articulators, then the total size of the loading matrices is
principal-component model of tongue position in Germanox (10+10+10)=60 compared tq10x10x10)=1000 ele-
vowel production. The initial focus will be on the mentsin the raw dataset.
PARAFAC approach, which has given phonetically interest-  Nonetheless, finding a solution to the PARAFAC equa-
ing results in a range of investigatiorislarshmanet al,  tjon is mathematically more complex than the two-mode
1977; Jackson, 1988; most recently Nbtal, 1996.  case and experimenter judgement plays a greater role.
PARAFAC is one of a class of three-mode analysis proce- | particular, the algorithm must be told in advance how
dures, Contrasting with standard principal-component an%any components to extract, whereas for principa]-
factor analyses, which are two-mode procedures. In the laicomponent analysis one can simply decide afterward how
ter, the data to be analyzed are arranged in a twomany components to retain for further consideration. In ad-
dimensional array of observatiofis our case the individual dition, the reliability of the solution must be assessed: Jack-
vowels for a set of variabledin our case the fleshpoint son (1988 discusses criteria for successful solutions under
coordinates  PARAFAC requires an inherently three- the headings convergence, uniqueness, degeneracy, general-
dimensional data structure, with the third dimension beingzability, and goodness of fiteach of these criteria will be
represented in our case by the speakéss a recent very expanded on where appropriate below
extensive alternative approach to the analysis of multi-  Moreover, there are also two sides to the simplicity of
speaker datasets see Hashal, 1998. The main advantage the model. On the one hand, it is very attractive that speaker-
of PARAFAC over standard two-mode procedures is that itspecific and speaker-independent effects are explicitly sepa-
allows the problem of rotational indeterminacy in the orien-rated in the model; on the other hand, the model makes very
tation of the factor axes to be resolved, giving, it is claimed,strong assumptions about the form that these speaker-specific
greater explanatory power to the factors. A further relateceffects can take, i.e., each factor is simply scaled by a single
advantage, which is particularly important in the context ofspeaker-specific weight for all vowels. As Harshnetral.
our current main goal of understanding the articulatory struc{1977 put it:
ture of a complete vowel system, is that the linguistic iden-  “Thus if speaker A uses more of factor 1 than does
tity of the utterances analyzed is directly reflected in the wayspeaker B for a particular vowel, then speaker A must use
the data are structured for input to the PARAFAC algorithm.more of factor 1 than speaker B in all other vowels. The ratio
In other words, the data structure implicitly captures the in-of any two speakers’ usage of a given factor must be the
vestigator's knowledge as to what constitute linguisticallysame for all vowels”(p. 699.
equivalent observations for the different speakers. This con-  Are these assumptions justified for human speech behav-
trasts with typical use of two-mode principal component orior? Interestingly, more recent work from UCLAJohnson
factor analysede.g., Maeda, 1990 where the aim is to etal, 1993 seems to have seen a turning away from this
sample the space of possible tongue shapes in some appraedel and an emphasis on speaker-specific articulatory strat-
priate way, but without any particular reference to the lin-egies that would not be compatible with the PARAFAC

guistic identity of the selected observations. model. This kind of behavior emerged particularly from an
Nonetheless, the PARAFAC model has a simple lineamnalysis of patterns dghterarticulator coordinatioritongue,
form: jaw) but the authors concede that the assumptions of the

Given measurements forw vowels fromna articulators ~ model may still hold for an examination oésultingtongue
for ns speakers, and assuming factors are extracted, then position. Nixet al. (1996 appear to concur with this view:

1021 J. Acoust. Soc. Am., Vol. 106, No. 2, August 1999 Philip Hoole: Tongue configurations of German vowels 1021



“the current claim is not that all speakers articulate the(or at least only one token per voweWould it be possible
same vowels in exactly the same way; the claim made here t® capture effects of consonantal context on vowel articula-
that two specific dimensions form an effective basis for thetion in this kind of analysis? As we will see below, this task

space of tongue shapes.(p. 3716. turned out to be not completely straightforward and required
Thus while one may even go as far as Mixal. (1996 a departure from the basic PARAFAC model.
that the model is “undoubtedly ultimately incorrect(p. Application to data with carefully controlled consonan-

3708, it has nevertheless consistently given phonetically intal contexts was also a necessary first step toward potentially
teresting characterizations of vowel systems. Moreover, byeing in a position to apply the PARAFAC approach to a
applying this attractively simple model we obtain the impor-further more natural corpus we have available for each
tant benefit of aquantitativeestimate of what might remain speaker, in which each vowel is spoken in 15 different con-
to be gained—at the price of greater complexity—from asonantal contexts.
more sophisticated model, and thus of how urgent the search A further difference between our work and earlier work
for such a model really is. In addition to this quantitative lies in the use of fleshpoint data. Net al. (1996 suggested
benefit, it indeed turned out in the course of applying thethat the original PARAFAC work based on cineradiographic
model that we obtained improvegualitative insight as to  measurements made along anatomically defined grid lines
where, in phonetic terms, speaker normalization by themay artificially constrain the possible solutions—i.e., there is
simple PARAFAC linear scaling approach is too restrictive.no straightforward way of capturing horizontal movement of
Specifically, this mainly appeared to involve consonantal intongue tip/blade. In their reanalysis of Harshmainal's
fluences on vowel articulation, and led to the abovemen¢1977 radiographic datd13 gridlines they determined the
tioned hybrid modeling approach, in which the PARAFAC x/y coordinates of 13 “pseudo-pellets” equally spaced on
model was supplemented by a principal-component approadhe tongue contoufop. cit, p. 3712 and suggested that the
that retained as much as possible of the spirit of theesulting solution was more easily interpretable. Yet as far as
PARAFAC approach, while incorporating a relaxation of thewe know, directly measured as opposed to reconstructed
constraints on the possible form of speaker-specific effectsfleshpoint data has not yet been analyzed with the
PARAFAC technique, so the above claim could clearly ben-
|. SCOPE OF THE INVESTIGATION efit from further substantiation. Measured fleshpoint data

The dataset to which we wished to apply the PARAFACaISO have one clear disadvantage compared to radiographic

- ; ; ta, which is that the pharyngeal region is typically not well
approach is richer in two main respects than those reporte .
bp P P rrepresented. However, work by Kaburagi and Hofti204)

elsewhere in the literature. First, we had recorded data for " ult fieul hi d ult d
seven speakers. This is a larger number than has previou%‘f'ng simuftaneous articulographic and uftrasound measure-

been used for PARAFAC analyses of tongue configuratio ents of the tongue indicated that the tongue contour could
(though Linker, 1982, has analyzed lip configuration for e reconstructed quite well from electromagnetic sensors at-

eight speakers of multiple languagesdore significantly, tached to the tongue at realistically accessible locatieas

each speaker recorded the speech material at two differeﬁlso Badinet al, 199.-0' . .
speech ratesnormal and fagtin separate sessions. It has I.n purely.numerl'cal terms we have 8 pieces of articula-
been clear since the investigation of Kuehn and Mbd876 tory information available per utterar_mﬁ_é sensors:2 coor-
that speakers implement an increase in speech rate by diffeg-'m_ites' cqmpared to 13 for the original Harshmanal.

ent means. The main possibilities appear to be either a geﬁgdlogr_aphlc _study. . :
eral scaling down of articulation, or a pattern in which there A flnal.mlnor point where our work supplements previ-
is little target undershoot, but in which temporal compressionOus work IS thaF the German vowel system has yet to pe
(not considered directly here; see Kroesal, 1997 is analyzed with th!s approach. The Ggrman prel SySte”? dif-
achieved by increasing velocity. Both these patterns repref-ers both phonetically and phonologically quite substantially

sent consistent types of articulatory behavior, which shoulc]rom the Anfwirlcatn Eng(ljlsz system. :jn Ipart.'CUI%r.’ ﬂfhe to the
emerge as such in the speaker weights derived by thgresence of front rounde voweland leaving diphthongs

PARAFAC algorithm. For the present purposes the main in_out of considerationthere are 50% more vowels to be con-

terest is methodological: The claim that the PARAFAC a|_5|dered.
gorithm allows us to capture underlying principles of articu-||, THE DATASET
latory organization would be seriously compromised if
speaker weights varied haphazardly over sessions. Thé‘
would suggest that the algorithm is unduly sensitive to inci-  The speakers consisted of seven adults, six males and
dental but unavoidable differences in recording condition®ne female, all phonetically trained and experimentally ex-
over sessions. In practice, for the purpose of running theerienced. Their dialects showed no marked regional charac-
algorithm the seven speaketsvo sessions are simply teristics but conformed to general High German.
treated as 14 different speakers. After running the algorithn%3
the patterns in the speaker weights for the two sessions cari
then be compared. The speech sample consisted of(ab) monophthongal
Second, our speech material also included all vowels irvowels of German. These can be grouped with one exception
three different consonantal contexts. Previous PARAFAQE:) into tense—lax(long—shor} pairs: i:,1/, fyi,Y/, leel,
analyses have typically analyzed vowels in only one contextg:,ce/, /az,a/, lox,0/, luz,ul.

Subjects

Speech material
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at normal speech rate, in the second recording at a fast
speech rate. The consistency of the speech rate across an

PC ledenma D experimental session was controlled by regular presentations
- 0 of taped example utterances which were determined for each
g subject individually in a previous pilot study.

“ | Mike O( During the recording sessions transducers were moni-
DAT tored with a set of online procedures for evidence of mis-

alignment relative to the transmitter assemlity. Perkell
et al, 1992; Hoole, 1996

In a separate session, a reference trace of the midsagittal
contour of the subjects’ hard palate was made from a dental
ression.

For each vowel, one frame of articulatory data was ex-
acted at the acoustically defined midpoint of the vowel.
his was generally very close to the point that would be

g_xtracted by means of a minimum articulator velocity crite-

rion, but avoided problems with a few systematic cases
where minimum velocity was poorly defined, particularly

FIG. 1. Experimental setup showing approximate sensor locat@niting
reference sensor on bridge of npse

The test utterances were formed by inserting the voweldMP
into three different consonant contextg_p/, /t_t/, and
/k_kl. These contexts were chosen to give three strong a
clearly defined directions of coarticulation with neighboring
sounds. Each symmetric CVC sequence, in turn, was embe
ded in a carrier phrase of the structueh habe geCVCe
gesagt(l said ) with stress on the target vowel. The

resulting test words are not lexical items in German but allbacergvtvjifaI\r/]v]é/r:(t)rr]];enxgvera ed over the five repetitions of

conform to regular word formation rules. Spellings were de- . 9 P X
. gach vowel in each of the three consonantal contexts. This

can be expected to improve the fit of the model to the data by

were presented to the subjects in ordinary German orthogra-

phy. The speakers read five repetitions of each of the CVéemoving some random variation and represents a slight de-

combinations at two different speaking rates, normal an&)artur.e frgm.the procedure followed in earlier mvesﬂgaﬂons
fast. In which individual vowel tokens were analyzéuh radio-

graphic studies multiple repetitions have generally not been
availablg. The use of averaged data appears justified since
we are principally interested here in regularities in tongue
Articulatory movements were monitored by means ofconfiguration in the realization of the German vowel system.
electromagnetic  midsagittal ~ articulography(AG100, = We have discussed patterns of token-to-token variability in
Carstens Medizinelektronik For a general overview of vowel production elsewher@oole and Kinnert, 1995.
EMMA, see Perkellet al. (1992; for an evaluation of the After averaging over individual tokens the overall mean
AG100, see Hool€¢1996. of each articulator position was then determined for each
In order to register tongue movements, four transducersubject and subtracted from the data. The data seen by the
were mounted on the midline of the tongue at roughly equisubsequent algorithm thus consist of displacements from the
distant intervals from about 1 to 6 cm from the tongue tip.average articulatory configuration of each subject.
The main anatomical reference used was to locate the third
coil in line with the rear edge of the lower second moIars,”" ANALYSIS
with the tongue at rest in the mouthormally roughly below This main section will trace out the steps required to
the junction of the hard and soft palatdaw and lower-lip  arrive at a phonetically satisfying model of our dataset. The
movement were also monitored, but will not be discussedide toward a PARAFAC model of vowel articulation turned
further here. Two coils tracked head movement and wer@ut to be a bumpy one, and, as already mentioned above, a
attached to the bridge of the nose and to the border of thdeparture from the basic PARAFAC framework was ulti-
upper incisors and gums. Finally, two additional referencemately required. Identifying in phonetic terms the sources of
coils mounted on a bite-plate were used to define the horithese difficulties effectively constitutes one of the results of
zontal axis as the line from the lower edge of the uppethis study.
central incisors to the lower edge of the upper second molars. The procedures followed and the results obtained will be
Figure 1 shows typical locations of the transducers. given in the following four subsections: A. Development of
Movements were recorded with a sampling frequency othe PARAFAC model; B. Discussion of the model; C. Ex-
250 Hz (low-pass filtered at 35 Hz The audio signal was tension of the model; D. Discussion of the extensions.
recorded on DAT tape, with synchronization pulses genera  pevelopment of the PARAFAC model
ated by the computer on the second channel. For a detailefl 4 £4/se start
description of system calibration and data preparation, see
Hoole (1996.

C. Recordings

As already mentioned, for PARAFAC analysis it is nec-
essary to choose the number of factors on which to base the
model. A preliminary stage therefore involves assessing the
number of factors likely to be appropriate to the data. One
The subjects were tested in two separate recording sesvay of doing this is to apply atwo-mode principal-
sions, usually a few days apart, lasting abbin each. Inthe component analysis to each speaker individually. If the
first recording session the speakers produced the utterancsgeaker-specific differences are consistent with the

D. Experimental procedure
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Factor 1. P=67% Factor 2. P=21%

Factor 3. P=11%

40 40 40 FIG. 2. Example for one speaker of tongue shapes re-
lated to the first three components of a principal-
— 20 —_ 20 _ 20 component analysis of vowel data. Each panel shows
E E @//6\) E displacement from mean tongue position caused by set-
Ny Nt g ting each component in turn ta2 standard deviations
0 o 0 (positive deviation: unfilled circles; negative deviation:
circles with crosses More anterior locations are to the
_20 _20 20 left. Percent variance explained is also indicated.
20 40 60 20 40 60 20 40 60
X (mm) X (mm) X (mm)

PARAFAC model, then PARAFAC should be able to model Here we should state more explicitly how reliability was
the complete data set using the number of factors typicallyassessed. For this stage of the analysis the following two
appropriate for individual speakers in a principal-componentriteria were used: first, the alternating least squares algo-
analysis. For our data, the principal-component analyses comithm had to succeed in converging and giving the same
sistently gave the picture that three factors captured the dasplution when initiated from at least six different random
well. The first two factors together usually accounted forstarting points; second, acceptable values of a diagnostic for
about 85% of the variance and generally bore some resenglegeneracy had to be obtained. Following Mbal. (in turn
blance to the factors referred to by Harshnearl. (1977 as  quoting Harshman and Lundy, 1984his was based on the
“front raising” and “back raising,” respectively. The third triple product(over the three modg®f the correlations be-
factor, typically accounting for about 12% of the variance,tween corresponding sets of weights for each pair of factors
captured the alternation between tongue-blade and tongugin practice we never have more than one paitarshman
dorsum raising for thein our data mutually exclusive con-  suggested that triple products more negative thdn3 are
sonantal contexts//and k/. An example of this analysis for indicative of a degenerate model since the factors in the pair
one speaker is shown in Fig. 2. are simply tending to cancel each other but.

It thus appeared warranted by the data to base the For the two-factor solution of thep/-context material
PARAFAC model on three factors. This figure also seemedne unexplained variance amounted to 7.7% and the rms er-
plausible in phonetic terms, based on the expectation of gy 19 1.24 mm. This is very much par for the course: for
roughly two-dimensional vowel space, plus an additional di'example, Harshmaret al. obtained 7.4% variance unex-
mension to capture nonvocalic behavior of the tongue—tipmained and an rms error of 1.74 mm.

The attempt proved unsuccessful, however. The algorithm  aq explained in the Introduction, the algorithm provides
failed to converge. This suggests that some aspects of thgree sets of weights for each of the two factors: for the
structure of the dataset are inconsistent with the PARAFACarticulators(tonguex andy displacements for the vowels
model, and suspicion falls most obviously on the influence ot .4 for the speakers. After deriving the final PARAFAC
consonantal context, as this represents the most substantjghqel we will look in detail below at the patterns to be
extension of our dataset compared with earlier, successfiyyserved in each of these sets of weights. Suffice it to say
applications of the PARAFAC model. We will return again pere for this first analysis based qu-tontext only, that the
below to more precise consideration of the properties of thg; gt tactor represents a contrast between high front and low
data inconsistent with the PARAFAC model. back and the second factor mid front to high back. Particu-

Before attempting further analysis of the complete|,.y tor the first factor this is not unlike Harshmast al’s
dataset it now appeared necessary to analyze the data%(ﬂginal two-factor solution

separately for each consonantal context, first, in order simply For the k/-context vowels a two-factor model was also

t‘? _conf|rm that our data are amenable_ to analygs under C()%'uccessfully extracted. Both the modelling er(@8s vari-
d|t|on§ comparable to_ other repofted '”"?St'ga“‘?”& an_d S€%nce unexplained, 1.1-mm rms epr@and the model itself
ond, in order to prowd_e a baS(_aIme _agamst which to Judg(’%‘Nere very similar to thepl/-context analysis. The latter as-
further attempts at getting to grips with the full data set. pect can be assessed by separately calculating for each factor
the triple product of the correlation coefficients between cor-
responding sets of weights in thg/4{context model and the
/kl-context model. Highly similar models would have triple
We present first the results for the vowels spoken in theproducts approaching-1.2 For the two models compared
Ip_p/ context, as this can be regarded as the most neutrdlere we obtained values of 0.84 for factor 1 and 0.69 for
consonantal context with regard to lingual articulation. factor 2(we note in passing that specifically for the correla-
Based on the results of the principal-component analysition between the vowel weights we would expect a high but
and results from the literature mentioned above we wouldhot perfect correlation since the two sets of vowels, i.e.,
expect a two-factor solution to be appropriate for a datasethose spoken inp/-context and those spoken ik//context,
involving only one consonantal context. This indeed turnedare obviously in some sense different
out to be the case. The two-factor solution was clearly reli-  Surprisingly, the extraction of a two-factor model for the
able(whereas, as a cross-check, a three-factor solution agait/-context vowels ran into problems. The algorithm took
was noj. longer to converge than in the/t and k/-contexts and the

2. Models for individual consonantal contexts
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resulting solution gave strong signs of being degenerate—the Tongue configuration: Factor 1
3

triple product was strongly negative:0.56 (the amount of O
. . . g

unexplained variance was also rather higher at 13%, al- 2 @Qﬁ
though the rms error remained about the same: 1.2.mm e
Moreover, the solution was substantially different from the —~ 10
Ipl-case, especially for factor 2, the triple product of the cor- E 0
relation coefficients being 0.8 for factor 1 an€0.13 for ~
factor 2. > _10

One possible reason for a degenerate solution can be the 20
extraction of too many factors from the data. At first sight it

seems phonetically very implausible that this can be the case -30

here, since it is unclear how one could model a vowel system 20 X (Arfr(im) 6

such as German with just one factor. Indeed, checks made by ) !

extracting a one-factor solution for each of the three conso- T:?ngue configuration: Factor 2
nant contexts separately provided no evidence at all that the \o®

v
/tl-context data could be better modeled than the other two 20 ‘(\,&GQ

contexts with only one factor.

However, as we will see below, there remains a grain of 3
truth in this possibility. A further situation that can lead to E o
degeneracy is inconsistency of the data with the PARAFAC >
model. As we will also see below, it turns out that the way

10

tongue tip/blade raising is captured by the front two EMMA -20

sensors exhibits speaker-specific patterns that run contrary to

the PARAFAC model. And clearly this problem is most rel- -30 20 40 60
evant in the t/-context. X (mm)

These separate analyses of individual consonant con-

texts had indicated what the ideal result for a completé:'G' 3. Tongue shapes related to the factors of the_ two-factor PARAFAC
model of the complete dataset. Each panel shows displacement using mean

model might be(i.e., an rms mOde_ling error in the region of speaker weights from mean tongue positishown by dotted linecaused
1.2 mm and also enabled potential problems in the data tay setting each factor in turn ta2 standard deviationgositive deviation:

be localized. The aim was now to proceed back toward anfilled circles; negative deviation: circles with crogseédore anterior lo-
model for the complete data set cations are to the left. Palate contour is an average of overlapping portions

of the palate contours of the seven speakers.

3. Models for multiple consonantal contexts . . . L .
P in the next subsection on discussing in detail the two-factor

As a first step back we tested whether a successful twos ARAFAC solution just extracted from the complete dataset.
factor model could be extracted when the data involving that seems justifiable to use this as our basic model of vowel
two “easy” consonant contextsp/ and k/ were analyzed articulation since the two-factor solution extracted from the
together. This proved to be the case. Compared to the previpmplete dataset is still very similar to the solutions for the
ous independent analyses of tipg-/and k/-context vowel  simple “p-only” or “k-only” data: triple products of 0.96

material, the unexplained variance and the rms error deteriqund 0.55 for factors 1 and 2, respectivépronly compari-
rated somewhat to 12% and 1.5 mm, respectively. The modelor) and 0.93 and 0.88&-only comparison

for combined p/- and k/-context vowel material was very
similar to the model ex’gracted fop/fcontext c_JnIy, the trlp_le B. Discussion of the PARAFAC model
product of the correlations between combined- and single-
consonant models amounting to 0.97 and 0.98 for factors 1  Detailed presentation of the two-factor model can pro-
and 2, respectively. The combined-consonant model was alsteed most conveniently by taking each of the three sets of
similar to the model extracted fok/fcontext only—the cor- weights in turn.
responding triple products being 0.94 and 0°78. ) .

Since this step had been successful we then restored tHe Articulator weights
t-context material to the dataset and extractetvefactor The weights with respect to each factor for the eight
solution for the complete dataset. This was also successful iarticulator coordinates can be shown most vividly by plotting
the sense that the algorithm converged readily to a reprodu@ach factor as a pattern of tongue displacement around aver-
ible solution, and no evidence of degeneracy was found. Noage tongue position using averaged speaker weights. The re-
surprisingly, however, there was a further noticeable increassult is shown in the two panels of Fig. 3.
in model error. Unexplained variance now amounted to 20%  The first factor shape looks quite similar to the first fac-
and the rms error to 1.9 mm. In the subsection below ortor derived by Harshmaet al, and referred to by them as
extending the model we will look in detail at the model error, “front raising.” In our Fig. 3 we see substantial raisignd
in particular with regard to subject-specific and subject-some advancemenof the front part of the tongue, and ad-
independent patterns and with regard to the influence of consancementwith some raisingof the rear part of the tongue.
sonantal coarticulatory effects. But first we will concentrateOur second factor is less similar to their second one, how-
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ever(referred to by them as “back raising.’It would share 2 is not discernible. For the back vowels/ /and b/ the
with Harshmaret al’s factor the responsibility for forming a situation is different since it is now factor 2 rather than factor
constriction in the velar region, but our factor 2 shows abovel that shows the more consistent pattern: Lax vowels show
all a pattern of advancement and retraction, which is hardlyess extreme values with respect to factor 2.
the case for the “back raising” factor. Comparing front unrounded and rounded vowels, it is
Based on the rationale of Nigt al. that there may be clearly the case that the rounded cognates occupy less ex-
advantages in interpretability in analyzing trméy compo-  treme positions with respect to factor 1. In fact, every front
nents of fleshpoint movement rather than displacementgunded vowel is actually closer on the factor 1 dimension
along a fixed set of gridlines, one might have expected thagot to its direct unrounded cognate, but to the phonologically
our result would be more similar to the Net al. reanalysis  next lowest unrounded vowely:/ closer to ¢:/ than to 1/,
of the Harshman data. But this does not really seem to be theic). The comparison between unrounded and rounded thus
case. Our factor 1 is fairly similar to whatonfusingly  has similarities to that between tense and(lsee also Hoole
emerges as factor 2 in their reanaly8iBx et al, 1996, Fig.  and Kihnert, 1996. However, the unrounded—rounded con-
7b, p. 3713 but their factor does not involve much change intrast also involves slightly but consistently more negative
oral opening at the frontmost tongue location. Their factor 1ygjyes of factor 2 for unrounde@.e., these show, roughly
is similar to our factor 2 in mainly involving retraction ver- speaking, more fronting than the rounded vowels
sus advancement, but whereas our factor 2 couples slightly | et ys now consider differences in the vowel space for
higher tongue position with retraction, with them the 0ppo-the gifferent consonantal contexts. Perhaps the most striking
site is the case. o _ _ feature is the distribution of the vowels with respect to factor
We will return in the concluding discussion to the dif- 5 for the f/-context compared to the other two contexts. In
ferences between our solution and other solutions from thg context essentially all vowels except the tense back vow-
literature. els h:/ and b:/ cluster close to zero; the range of variation
along the factor 2 dimension is compressed, compared to the
2. Vowel weights other two contexts. This probably provides part of the reason

We now turn to consideration of how the German vowelWhy we encountered difficulties in extracting a stable two-
system is represented in the space of the first two factordactor solution for /-context vowels on their own. Consid-
The three panels of Fig. 4 show the distribution of the vow-&fing factor 2 primarily as an advancement-retraction dimen-
els in this space separately for each of the three consonant@Pn. the effect is thus essentially one of retraction of the
contexts. front vowels (and A/) in /t/-context. This is so substantial

Factor 1 has been allotted to the ordinate since it has thiat there is no overlap in factor 2 values for front vowels in
strongest tongue-raising component; however, since neithdf/-context with their values in the other two contexts. This is
factor exclusively involves raising versus lowering, or ad-illustrated in terms of the complete fleshpoint data for one
vancement versus retraction, the vowel space mapped out pwel of one speaker in the top panel of Fig. 5. The direction
the two factors is rotated with respect to traditional phoneticof this trend was absolutely consistent over all front vowels
representations of the vowel space. The extreme vowels faind all speakers. In terms of the raw data, the second tongue
each factor arei/ and b:/ for factor 1 and ¢:/ and 4:/ for ~ sensor from the front was located on average about 4 mm
factor 2. more posteriorily int/-context than inki/-context, with gen-

Let us first discuss some further features of the vowekrally larger effects for lax vowels than tense vowels and for
space that are similar over consonant context, before turniniie normal compared to fast-rate sessions.
to some important differences. A corollary of this finding is that the nominally front

We will look first at the contrast between tense and laxvowel /ee/ is located very close to the back vowel$ and b/
vowels. Here we need to consider front and back vowelsn the t/-context but is widely separated from them in the
separately. We find for the front vowels ara that the lax  other two contexts. This is illustrated in terms of the raw
variant takes on less extreme values., closer to zerofor  fleshpoint data of one speaker in the bottom panel of Fig. 5.
factor 14 However, a consistent pattern with respect to factor It should be remarked that these strong coarticulatory

P-context T—context K-context
50 50
FIG. 4. Distribution of vowels in the factor 1/factor 2
- - space, shown separately for each of the three consonan-
s o @ @ 80 tal contexts. Lower-case lettetrsy, e, ¢, a, o, andu are
8 F1 @g us_ed as generic symbols for the long/shigense/lax
L [a] L pairs iz, 1, Iyz, I, lez, €/, lpt, cel, faz, al, oz, of, and
-50 (@) [o] [u] 50 luz, ul, respectively. The long member of each pair is
@ enclosed in a circle, the short member in a squaeg.
40 20 0 20 40 60 40 20 O 20 40 60 -40 20 O 20 40 60 with circular enclosure in the figure indicates the long
Factor 2 Factor 2 Factor 2 vowel fez/ (no short counterpart
O Tense
O Lax
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_..E.__
P - FIG. 5. Two examples of coarticula-
0 (;g 20 5 0 3'5 4'0 prs 50 55 _tory (_effects on tongue configuration of
o front back - > individual speakers. Top panel: Re-
traction of front vowel é:/ in /t/ vs k/
Speaker P, /tcet/ vs. /tot/ context. Bottom panel: Approximation
T T T ‘\_,_—'\_\ ! of front vowel ke/ and back voweld/

15 in /t/-context.

effects captured by factor 2 involve advancement/retractiogssumption of capturing subject-specific effects in a simple

of the complete Fongue; AL Fhe mOdE’Iscaling of subject-independent factors. Clearly this is not the
below that we will be able to observe more localized coar-

: ; . . ~°""case in our data.
ticulatory contrasts in the region of the tongue-tip—which is

h fculat tects ofl/miaht ori. h b The relationship of the weights for session(riormal
where coarticulatory efiects oti/might, a priori, have been rate versus session @ast rate is also intuitively satisfying.

thi " t basic finding that front Is it/ %ssentially one of two patterns occurs: Either the weights for
IS Very simple yet basic inding that Iront VOWeIS W/ sassion 2 are located closer to the origin for both factors,

context have a more retracted tongue-k_)ody position than Iﬂ1dicating a rather straightforward scaling down of articula-
/k/-context has not yet been reported in the literature. Al-

. oo . o tion (subjects B, C, M, S, and)Tor the weights remain close
though it may seem counterintuitive at first bl.USh’. Itis IorOb'together in the factor 1/factor 2 space, indicating that the
ably a natural sirategy to provide the tongue-tip with room tosubjects made only little change in movement amplitude, but
elevate to form the alveolar closure.

A final, briefer observation related to coarticulatory ef- . ]

fects remains to be made. The most neutral contéxtows oa PARAFAC subject loadings

very clearly an effect that has been known for almost 10( ' ' ' ' ' '
years, and has provoked much debate over the course of tl @
century (Meyer, 1910; Wood, 1975; Fischer-Jgrgensen, .| o
1985, namely that/, the lax cognate ofi/, is substantially @
lower (here in terms of factor)lthan the next lowest tense S :
vowel fe:/ (ceteris paribus foryl/). However, when coarticu- ol
latory effects are taken into account this effect become: ™
blurred: In k/-context I/ has about the same value a¢/,/ i
and A/ is somewhat higher thag:/. Again this is probably
an easily explainable effectk/fcontext tends to elevate
tongue-body position and does so relatively more for the la
vowels. o2

Factor 1

3. Subject weights

The subject weights are displayed in Fig. 6 with the  a1s} O Normal rate
same assignment of the factors to fendy axes as used for O Fastrate
the vowel space. From several points of view the pattern o
the we|ghts_ confirms that_the extracteql moo!el is a satisfac ~ ot% o » oo 3 o ”
tory one. First of all, the sign of the weights is the same for Factor 2

all subjects. If, for a given factor, there were differences in

the sign of the subject weights this would indicate that the'®: 8: Distribution of subject weights in the factor 1/factor 2 space. The
subject initial is enclosed in a circle for the normal-rate session and in a

factor its?” iS. being used to c_apture S.Ubj?Ct'SpeCiﬁC featulre§quare for the fast-rate session. The two sessions of each subject are joined
Such a situation would constitute a violation of the modelingby a dashed line.
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importantly, remain consistent in their use of these two di- Subject © Subject T Subject H

mensions of tongue control: this applies to subject P and in

slightly less obvious fashion to subject H. Subject P was in Normal Rate

fact the subject who made least change in vowel duration

over the two sessions. Subject H did have a substantial _ SubiectB Subject M Subject P Subject §

change in vowel duration; this reflects the simple fawséen-

tioned in Sec. ) that changes in tempo do not have to be ,@

accompanied by a reduction of movement amplitude.
As also discussed in Sec. |, it would have been disturb- Subject C Subject T Subject H

ing if the subjects had shown unsystematic positioning of

session 2 weights relative to session 1 weights in the factor Fast Rate

space; this would probably have necessitated the conclusior

that differences over sessions over which we do not have  suwieas Subject M Subject P Subject S

complete control, such as inevitable slight discrepandies

tween subjects, and between the same subject in differen

sessionsin attachment of the sensors to the tongue, could

have seriously deleterious effect on the interpretability of the

results. Encouragingly, this does not occur, supporting th€lG. 7. Patterns of tongue displacemeatound mean tongue positipn

validity of this particular modeling approach on the basis ofassociated with the first principal component of the PARAFAC model error
. . . . (as in Fig. 3 configuration shown far-2 standard deviations Patterns

this partICUIar km(_j of amCUIatory data' shown separately for each subject and session.

The patterns in the speaker weights also make clear that

a further prerequisite for successful application of the
PARAFAC algorithm is met; in order to solve the problem
of rotational indeterminacy of the factors, the PARAFAC
algorithm requires the presence of differences inreiative
importance of the factors over subjedtdarshmanet al,

1977, p. 699, draw an analogy to the solution of a system o The approach essentially consists of examining the error

sim_ulta_neous _equatiohsOur subject p(_)pulation appears 10 ¢ we tyo-factor PARAFAC model for systematic effects.
fulfill this requirement. Although there is a subgroup of SUb'Using the three sets of PARAFAC weights and Ef. we
Je.CtS qung close. to a line W'th a gra@ent of 1, indicating can generate, for each subject separately, the articulatory
fairly restricted differences in the relative importance of thedata predicted by the model. Subtracting this from the origi-
IV\I{]O Ifactofrs(§ubjec'Fs ? c, '; aSnd )'l;jtaklngdthe group ai 4 nal data(the input to the PARAFAC algorithjngives the
whole (refer in particular to P, S, and M wide range in the 46| error—for every vowel and for every articulatory co-

relat||_\|/ © .contrlbgtlotr;l'ls quter.fd' t be admitted that ordinate. Note that these subject-specific error matrices still
aving made this point, it must be admitted thal we NOWe, g1t te a kind of data that is very similar to the original
rea_ch the limit of the interpretability of the weights. Thus atasets; whereas these original datasets measure displace-
while wet ?ﬁn tobservte that, for extarl]mgle, speakekrs S af;?' ent of the tongue from the mean articulator position, the
represent the two extreme cases, the former maxing partiCy,; arror datasets measure the displacement of the tongue
larly heavy use of factor 1, the latter of factqr 2, we can dorequired to move it from its position predicted by the
no more than speculr?\te as to what these differences reﬂe%'ARAFAC model to its actual position. Thus following the
Harsthrnanet Sl' ccinflie{, for texa_mpilef,:, \évhether Sﬁeakerramonale underlying the whole of this paper, we can now
WeIghts can be refated to anatomical features, such as o ploy procedures such as principal-component analysis to
cavity length, or relative length of pharynx and oral cavity, ncover typical pattefs) of tongue displacement allowing
s to succinctly capture a substantial proportion of the vari-

information we currently have available for our subjects CON-_ e in the error data.

sists of tracings of the hard-palate contour, but these did not Carrying out separate principal-component analyses of

p_rovide any o_bvious_clue as to what might lie behind th_ethe error data for each subject showed that the first principal
different relative weight for S and P. Other systematic

component explained at least 37%, and on average 49%, of

sources to)lf |anuehnce ?.n htthg.ff peaker yvelghts tare_ certalnlﬁ.‘e variance in the data. It is revealing to plot the pattern of
conceivable, such as slight différences in accent or in overa ongue displacement associated with the first principal com-

articulatory sefting(Laver, 1980, but many more speakers ponent of the analyses. This can be done in a manner entirely

yvould be required to achieve a balanced assessment of theﬁﬁalogous to the patterns of tongue displacement shown in
ISSUES. Fig. 3 for the factors of the PARAFAC model. However,
since there is a separate eigenvector for each subject, this
must now be done in a subject-specific fashion. Figure 7
Although the two-factor PARAFAC model discussed in shows the results in this way.

the previous section appeared to give a consistent and reveal- Inspection of Fig. 7 suggests that conceptually this first
ing picture of vowel articulation per se, the process of ex-principal component of the error captures rather similar ar-
traction pointed to the presence of subject-specific effectdjculatory behavior in each subject, namely the alternation

)
i
3

B
.
0

3
N
)]

B
B
3

probably related to consonantal coarticulation, not able to be
captured in the model. In the present section we outline the
approach followed to try to come to terms with these prob-
Ifems and develop a model for the complete data set.

C. Extending the model
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between tongue-tip/blade raisirigresumably for vowels in  TABLEI. Column 1: rms errofin mm) for PARAFAC two-factor solution;
/tl-contex} and tongue-back raisingresumably for vowels Column 2: Error after subject-specific principal-component analysis of
. LT . . . model error(“ideal” ).

in /k/-contexi. This is fortunate in terms of the aim, to which ( )

we still cling, of developing a reasonably parsimonious Subject PARAFAC Ideal

model of the complete dataset. If these articulatory patterns

. . - - Normal rate

had shown little in common over subjects, it would have c 1.6 1.1
meant that the residuals after extraction of the PARAFAC T 1.7 1.0
model consisted of little more than idiosyncratic behavior. H 2.0 0.9
Nonetheless, it is important here to point out some clear SI ;g g'g
differences in the patterns over subjects. Because this prin- p 19 12
cipal component represents an alternation between tip and S 1.9 1.1
back raising, there is an intersection of the tongue contour Fast rate
associated with strongly positive principal-component scores c 1.9 11
and the tongue contour associated with strongly negative T 15 0.9
ones. However, the point of intersection differs over sub- H 17 0.9
jects. This means that, particularly, the second tongue sensor B L4 1.0

e . ; M 2.3 1.2
from the front shows variability in whether it tends to raise P 29 13
or to lower for raised tongue-tip configuratidicompare, s 1.8 1.1
e.g., subjects P and S, normal pat€he subjects also differ Mean 18 11

as to whether the raised tongue-tip configuration is associ-
ated with fronting(e.g., subject C, normal rater retraction
(e.g., subject H, normal ratef the tongue as a whole. These have a model of the complete dataset that has an error mag-
are precisely the kind of subject-specific differences thaflitude comparable to that found when models are set up for
would be difficult to capture in the PARAFAC framework: It €ach consonant individually. In those terms our goal would
is not obvious how these individual tongue patterns could b&€ an rms error of about 1.2 mm. The second column of
generated by means of a simple subject-specific scaling of aPIe | shows that this aim could be comfortably achieved
subject-independent vector of articulator weights. Presum¥ith @ completely subject-specific modeling of the

ably we find here the explanation for the failed attempt toPARAFAC_erro_r. But can we stil ac“ﬁ‘?"e this goal with a
derive a three-factor PARAFAC model. more parsimonious approach? Specifically, do we need a

However, we have been assuming that the principa?eparate set of vowel scores on the first principal component
, _ o T
component extracted from the error data is conceptually ver rf the P?RfAtEA%AegZLTSé each SUbdeC:H II ;ﬁ/? efl_s S:Jm? n
similar over subjects—and is readily interpretable phoneti- € spint of the approach—that this first princi-
cally. If this is acceptedand we will demonstrate more for- pal component represents a similar underlying articulatory

mally below that this does indeed seem to be justifthen it entity in each subject, and that the subjects employ this entity

. . nsistently over h items, then this should not nec-
suggests that the analysis of consonantal aspects of artlculg(—) SIStently over speech rlems, the should not be nec

i ; itivelv to th ise locati f essary. To test this idea we computed a single set of vowel
10N reacts more Sensitively to the precise locatlon ot Sensolg, g by simply averaging over subjects each vowel’s score
on the tonguda problem of experimental techniquand/or

. ) . _.._.__on the first principal component of the PARAFAC erfaf-
that the analysis must allow for subjects genuinely differingye,. g normalizing the scores of each subject to a standard

more as to the precise regions of the tongue involved in the e iation of 1. The resulting rms error is given in the first
realization of a phonetically defined tagkf. examples in column of Table Il for a model based on the two-factor
Johnsoret al, 1993, p. 701 In other words, consonants are paARAFAC  solution plus averaged vowel scores from
intrinsically less tractable objects for analysis of this kind principal-component analysis, but with subject-specific
than vowels(Jackson, 1988, p. 140, discusses why vowelssigenvectors from this analysis. The second column of this
should be particularlyvell-suited to this kind of analysis table gives the amount by which this falls short of the

The least parsimonious approach to modeling the com«jgea|” result given in the second column of Table I.
plete dataset would now be to retain separately for each sub-  aAs can be seen, the deterioration in accuracy is very
ject both the eigenvectdtength § defining the first princi-  small, amounting to just over 0.1 mm on average. This sug-
pal component of the PARAFAC error, as well as eachgests that there is indeed justification for the PARAFAC-like
vowel's score on that componefite., 14 subjects< (15  assumptions just made with respect to this first principal
vowels+8 articulator weightg. Table | shows for each sub- component of the error. The main departure from the
ject the rms error after application of the PARAFAC model PARAFAC conception is the more complex mapping from
(first column together with the remaining rms error after the underlying articulatory entity to the actual fleshpoint dis-
incorporating the tongue displacements captured by the firgilacements in individual subjects, captured in the subject-
principal component of the PARAFAC model error in the specific eigenvector&rticulator weights
completely subject-specific manner just explainsdcond
column. We will refer to the latter as the ideal error.

In the course of deriving the PARAFAC model in Sec. It will be recalled that our initial estimate was that a
[l A above, we suggested that a desirable goal would be tenodel consisting of three factors was likely to be appropriate

D. Discussion of the extended model
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TABLE Il. Column 1: Residual rms errdin mm); Column 2: Shortfalre:

ideal error given in Table I.

Combined PARAFAC and error—analysis model

Subject Residual Shortfall @ & [i] A ® @
Normal rate T @ @ @ @
c 1.2 0.09 |
T 1.2 0.16
H 1.2 0.28 05
B 11 0.16 QD
M 1.7 0.16
P 1.2 0.04 © or @ @ @ T @
s 1.3 0.19 S @
[&]
Fast rate u«.’ ~0.5 @ @
c 1.1 0.07 % ®
T 1.0 0.12 @
H 1.0 0.07 b
B 1.0 0.07 @
M 1.3 0.13 it o =
P 1.5 0.14 ense
-1.5F
S 1.2 0.04 & q o Lax
Mean 1.2 0.12
_—240 -30 =20 -10 (o] 10 20 30 40 50 60
Factor 2

he d Th It of th . . in eff FIG. 8. Distribution of all vowel-consonant combinations in the factor
to the data. e result of the previous section was In effect tQ/factor 3 space. Factor 2 is the PARAFAC factor also shown in Fig. 4

provide the third factor for our modéand we will now refer  Factor 3 is derived from the first principal component of the analysis of the
to it as “factor 3”). Articulator and subject aspects of that PARAFAC error. Same vowel-labeling conventions as in Fig. 4.

factor have already been presented in some detail in that

section. In the present section we look briefly at the remainlV. GENERAL DISCUSSION

ing aspect, namely the vowel weighte., the averaged This study confirms on the basis of a particularly large
principal-component scorgsSince there appeared to be gataset that the control of the tongue for speech is organized
some justification for regarding these weights as an accepiround a small number of underlying components. Evidence
ably subject-independent representation, they can be plottéer this has now accumulated from a number of studies. In-
against the vowel weights from the PARAFAC analysis. Thevestigations restricted to vocalic articulatioris.g., the
most interesting combination seems to be to plot our “con‘PARAFAC investigations cited herehave typically ex-
sonantal” factor 3 against the second PARAFAC factor,tracted two factor§;this meshes in well with our study since
which, as Fig. 4 has shown, incorporated clear contextuahe two factors from the PARAFAC-based part of our model
effects. This combination is shown in Fig. 8. gave a compact picture of the articulatory structure of the
Factor 3 on its own separates the speech material witeerman vowel system. Investigations of both vocalic and
respect to consonantal context quite clearly, withdontext ~ consonantal articulatioiconnected speetthave typically
material at the positive end of this axis/-¢ontext at the required at least three factors for lingual articulati@ng.,
negative end, ang/-context clustering around zera/-/and ~ Maeda, 1990; Sanguineit al, 1998; Badinet al, 1997,
/k/-contexts show almost complete separatitve only ex- On€ of these obviously being closely related to tongue-tip
ception is that tensé:k/ and tu:t/ items have very similar 2ctivity; again this is in close agreement with our result.
values, near zero, for factod.3k/ and p/, on the one hand, | "uS threée components appear to capture much of the shap-
and £/ and p/, on the other hand, show slightly more overlapmg of the tongue for speech. Nonetheless, there is a strong

in terms of factor 3 alone, but taking the factor 2/factor 3possibility that this may underestimate the number slightly.

L . o . . Our present corpus was not intended to capture all aspects of
space overall, it is possible to delimit nonoverlapping regions

for each consonantal conteika:k/ remains the only excep- consonantal articulation, but rather to simply maximize the
. a. Lo y P possibility for coarticulatory effects of consonants on vowels
tion). Factor 3 clearly makes no contribution at all to char-

R o for a few important case@najor places of articulationWe
acterizing individual vowel categories independently of con-;, shortly be attempting to apply the techniques developed
sonantal context. The main regularity with regard to

i : in this paper to vowel articulations in a richer set of conso-
subcategories of vowels is that far-/and k/-context the  npantal contextgand spoken in more natural sentercdhe

short lax cognates occupy the more extreme positions on theyssibility that the number of components should be slightly
factor axis. This is very clear fot/fcontext, slightly less so  higher appears all the stronger when it is recalled that our
for /k/-context where the back vowels are an exception. Th&tudy, as well as many previous ones, has been restricted to
more extreme location of the lax vowels is readily under-mid-sagittal data. Stone and Lundbeft996 investigated
standable in terms of the lax vowels showing stronger constatic vowels and consonants using a three-dimensional ul-
sonantal coarticulatory effects at tongue-tip and tongue-backtasound technique and determined by inspection four char-
for /t/ and k/, respectively. acteristic ways of shaping the tongue. Yehia and Tiede
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(1997 applied a principal-component analysis to vocal tracttively. It is instructive to refer to Fig. 9 of Hondat al.
shapes of static vowels acquired by means of NMRI. Al-(1993 where they display some point vowels in the two-
though analysis of the complete vocal tract introduces articudimensional physiological space defined by the aforemen-
latory features that go considerably beyond the tongue byioned axes GGP-HGordinatg and GGA-SG(abscissa In
itself, they found that four basis functions would account fortheir figure, this coordinate system has been rotated by about
about 90% of the variance in the 3-D shape of the vocal tract30 degrees, which would align the axes closer to the pre-
and in fact just taking the first two would already account forsumed main line of action of these muscles and in turn brings
about 80% of the variance. the physiological vowel space into close coincidence with a
The above discussion relates to the number of compotraditional vowel space, as they demonstrate by juxtaposing
nents. Regarding theature of the components, in Sec. anF1 vsF2 plot of the vowels. Strikingly, a rotation of our
[11 B 1 we went briefly into some similarities and differences factor space by the same amoune., about 30 degregs
between our results and earlier investigations. It is clear thawould be quite consistent with the main direction of action
in the PARAFAC procedure the nature of the factors intoof the factors as shown in Fig. 3, and simultaneously would
which observable tongue shapes can be decomposed is satso orient the vowels along more traditional lines in the
sitive to the kind of data used. Nevertheless, the factor retwo-dimensional spac@efer back to Fig. %
ferred to by Harshmast al. as “front raising,” and emerg- Here we ought to return to the question of the tongue
ing as our factor 1, appears to represent a family of tongushapes captured by our factors since Maeda and Honda relate
shapes that emerges with considerable consistency from vetlze two physiological dimensions GGP-HG and GGA-SG to
varied investigations. two of the parameters in the articulatory model that Maeda
Regarding our second factor, which mainly involves ad-(1990 had previously derived by factor analysis, namely
vancement versus retraction, the fact that such a factditongue-dorsal-position” and ‘“tongue-dorsal-shape,” re-
emerged from our analys{as it does in similar though by no spectively.
means identical fashion in the “pseudo-pellet” analysis of Our factor 1 appears to correspond quite well to the
Nix et al) supports the latter authors’ contention that use offormer of these two parametérénvolving advancement of
a pre-defined grid system in radiographic analyses may artihe tongue root and raising of the front part of the tongue, cf.
ficially constrain the solutions that can be obtained. &tial.  Maeda, 1990, Fig. 3bbut our factor 2 seems rather less
go further in contending that such a less constrained apsimilar to the Maeda *“tongue-dorsal-shape” parameter,
proach results in a more interpretable solution, specifically irwhich involves a contrast between flat and arched shape.
the sense that the orientation of the vowels in the factoCurrently, we are unclear what might explain this difference.
space more closely resembles a traditional vowel chart regRossibly, the different nature of the corpora analyzed may be
resentation. It is indeed noteworthy that the distribution ofan influence: Unlike the running-speech corpus of Maeda,
the American English vowels in the factor space of Bixal.  our target sounds were restricted to vowels, and, in particu-
shows very similar values of their factor 2 for front/back lar, did not include velar consonants. Functionally, however,
pairs such as i/u and e/o that have the same vowel height iMaeda’s parameter and our factor 2 do appear reasonably
traditional descriptions. However, this neat correspondencsimilar, since they both clearly distinguish high back vowels
may be an artifact of the American vowels, which after allfrom front vowels. The amount of variance explained by our
are not very cardinal in quality. Their “pseudo-pellet” factor 2, namely, about 20%, is also strikingly similar to that
analysis of the American English vowels involves, by andfound by Maeda for his two subject23%).
large, a rotation of the vowel space with respect to the result  Last of all, we return briefly to the question of vocalic
of the original gridline analysis. However, if a similar rota- versus consonantal aspects of articulation in this study. We
tion is applied to the gridline style analysis they carried outbelieve that our first two factors are of some general validity,
on Jackson’s Icelandic data, then a vowel system with &e., they capture a complete vowel system in a physiologi-
rather “nontraditional” orientation would resuftThe Ice-  cally plausible manner. With respect to consonant articula-
landic vowels would actually then be oriented in a mannettion, the study was not aiming for the same level of gener-
not dissimilar to the German vowels in our factor space. alizability. In fact, the important result was simply that these
In fact, we see no particular problem in accepting that araspects of articulation were less amenable to the highly con-
empirically derived model may appear rotated with respecstrained PARAFAC model of speaker-specific effects. Inter-
to traditional representations. Although empirically derived,estingly, the factor we extracted as factofeksentially by
we believe that our model is eminently interpretable. Indeedmeans of a major relaxation of the constraingdéd seem
of all the PARAFAC analyses presented to date, we feel thatompatible with thespirit of the PARAFAC approach of a
ours fits in most naturally with a plausible pattern of under-basic articulatory component common to all speakers. Possi-
lying muscle synergies. Specifically, Honds al. (1993 bly some kind of preliminary transformation of the raw data
have proposed a two-dimensional physiological space focould have made it feasible to work successfully within the
vowel articulation in which one axis is formed by the basic PARAFAC framework throughout, even for this con-
agonist—antagonist pairing of Genioglossus Posterior witlsonantal activity. However, this was beyond the scope of the
Hyoglossus, while the second axis is formed by the pairingoresent work, and, by itself, would still not resolve the gen-
of Genioglossus Anterior and Styloglossisge also Maeda eral question of whether consonantal articulation requires a
and Honda, 1994, especially Fig. These two physiological departure from the PARAFAC approach—simply because
axes match up very well with our factors 1 and 2, respecour corpus was not designed to give balanced coverage of
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