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This paper investigates the functional relationship between articulatory variability and stability of
acoustic cues during American Engliafh production. The analysis of articulatory movement data

on seven subjects shows that the extent of intrasubject articulatory variability along any given
articulatory direction is strongly and inversely related to a measure of acoustic stébiitgxtent

of acoustic variation that displacing the articulators in this direction would prodiibe presence

and direction of this relationship is consistent with a speech motor control mechanism that uses a
third formant frequency K3) target; i.e., the final articulatory variability is lower for those
articulatory directions most relevant to determining A8 value. In contrast, no consistent
relationship across speakers and phonetic contexts was found between hypothesized vocal-tract
target variables and articulatory variability. Furthermore, simulations of two speakers’ productions
using the DIVA model of speech production, in conjunction with a novel speaker-specific vocal-tract
model derived from magnetic resonance imaging data, mimic the observed range of articulatory
gestures for each subject, while exhibiting the same articulatory/acoustic relations as those observed
experimentally. Overall these results provide evidence for a common control scheme that utilizes an
acoustic, rather than articulatory, target specification for American Englishd 2005 Acoustical
Society of America.[DOI: 10.1121/1.1893271

PACS numbers: 43.70.Bk, 43.70[XL ] Pages: 3196-3212

I. INTRODUCTION pending on the type of phonemic targets hypothesized

When producing a given phoneme, speakers use a set MacNeilage, 1970, for motivations qf a target-based_ ap-
articulators(e.g., tongue, jaw, lipsto affect the vocal-tract proach to speech motor control theojieBhe task-dynamic

shape and, ultimately, the characteristics of the resultingnd€! of Saltzman and Munhall989 exemplifies a type of

acoustic signal. The vocal-tract configuration for the productomputational model in which phonemic targets are charac-

tion of a given phoneme is not uniquely defined by phoneméerized in terms ofract variablesrepresenting specific as-
identity. Different speakers will use different articulatory PECts of the vocal-tract shape that can be independently con-
configurations when producing the same phoneme, and oftelfolled by the speech control mechanigeng., lip aperture,
the same speaker will use a range of different articulatoryjongue dorsum constriction location, et this model, ar-
configurations when producing the same phoneme in differticulatory variability can arise as a consequence of “blend-
ent contexts. In particular, the American English phonerhe / ing” effects from the context phonemes. For example, when
has been associated with a large amount of articulatory varproducing a B/ in a VCV context, a full bilabial closure
ability (Delattre and Freeman, 1968; Westbwtyal., 1998; represents the targeted tract variable. Other aspects of the
Guentheeet al,, 1999. While large, the degree of articulatory vocal-tract not affecting the targeted tract variable, such as
variability present in natural speech does not seem to hindeongue shape, will vary depending on the shape adopted in
phoneme recognition by listeners, and it is often conceptualthe production of the leading vowel, while also being subject
ized as an expression of control mechanisms that make effio anticipatory movements towards the following vowel con-
cient use of a redundant articulatory system. Such efficienfiguration. In this way, articulatory variability in different
use of redundancy in biological motor systems is often rephonetic contexts would reflect the interplay between con-
ferred to asmotor equivalence straints imposed by current and contextual phonemic targets.
Current speech movement control theories dealing with  The DIVA model(e.g., Guentheet al, 1998; 2003 ex-
the motor equivalence problem can be roughly classified deemp"ﬁes a second type of computational model of speech
motor control in which the phonemic targets are character-
dElectronic mail: alfnie@bu.edu ized in terms ofacoustic/auditory variablés(for example,
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formant frequency descriptorsin this model, the control

mechanism moves the articulators in the direction that would§ % N

bring the formants of the resulting auditory signal closest to & g [}

the targeted formants, without reference to an explicit vocal-,g [ . N

tract shape target. Articulatory variability then arises natu- § g '
rally as a consequence of the many-to-one mapping betweeg > g \‘

the articulatory configurations and the audible acoustic char- Tongue tip  position Effect on constriction degree
acteristics of the produced sound. In other words, for these
models articulatory variability reflects the variety of articu- FIG. 1. Schematic example of articulatory variability analysis for a single

. . . .articulatory measure of interestongue tip position Left: Hypothetical
Iatory configurations that would prOduce the desired aCOUStI@onfiguration of tongue-tip positions in the production of a phoneme that

properties. could be characterized by a tongue tip constriction degree phonemic target.
Often (e.g., Saltzman and Munhall, 1989; GuentherA and B represent the directions of the tongue tip movement resulting from

et al, 1999 the distinction is emphasized between the ar-2 principal component analysiPCA) of the tongue-tip articulatory covari-
’ ance of multiple repetitions. The gray arrow represents the direction of the

t'CUIatory.Conflguratlonsthe state of _art'cmatory variables, tongue-tip movement affecting the constriction degree the most. Right: Plot
such as jaw apertureand the resulting vocal-tract shapes relating the extent of articulatory variability along each of the articulatory

(the state of tract variables, such as tongue dorsum constrigirections(A and B) versus the effect that each of these directions has on the

: : PSRT hypothetical target variabléconstriction degree The actual analyses per-
tion degreé This highlights the redundancy of the Speechformed in this section attempt to provide evidence for several theoretically

articulatory system. For example, a particular tongue dorsurpotivated phonemic target definitions by extending this simple scheme to

constriction degree can be achieved with a relatively low jawthe case of multiple articulatory measures of intefesticated by six trans-

height and a relatively high tongue-body heighilative to ducer positions located on the tongue, lips, and jaw of the speakers; see the
. . . . text for details.

the jaw), or a higher jaw height and lower tongue-body

height can be used to achieve the same constriction degree.

More generally, both articulatory and tract variables reprey,ants of speaker-specific vocal-tract models based on mag-
sent different coordinate frames that can be used to represeftiic resonance imagingR1) scans of the vocal tracts of
the state of the vocal-tract apparafsee MacNeilage, 1970, o of the seven experimental subjects. The model move-
for an introduction to the concept of coordinate systems inyents are then compared to those of the modeled speakers.
speech productionTract variables represent a more abstraciyote that the present study addresses only the production of
coordinate frame than articulatory variables, since there is @ merican Englishil. Several aspects of this paper’s meth-
one-to-many relation between tract variables and articulatoryqo|ogy (to be described laterare specific to the class of
variables defined by the geometrical relations among them,owel and semivowel productions. The extent to which the
In the same way, acoustic or auditory variabl€@uenther presented results generalize to the production of other pho-
et al, 1998 can be simply thought of as yet another coordi-neme classegin particular, consonantscan only be ad-
nate frame for the representation of the articulatory stategressed by further studies.

They also represent a more abstract coordinate frame than o . .

articulatory variables, in that there is a one-to-many relatior" Variability analysis rationale

between auditory and articulatory variables. The analysis of  Previous analyse$Guentheret al. 1999 showed that
variability in articulatory configurations in the production of articulatory trade-offs during/ production act to reducé3

a given phoneme, similar to the analysis of errors in a pointyariability. In this paper we attempt to assess this kind of
ing task (Carozzoet al, 1999; Mclintyreet al, 2000, is a  finding in the context of different speech motor control theo-
useful approach for uncovering an appropriate coordinatgies by testing the ability of theoretically motivated phone-
frame for the representation of targets in speech productiommic target variables to predict the observed variability in
We thus believe that the analysis of articulatory variability articulatory configurations. Our rationale is exemplified in
should serve to direct the definition of motor control modelsFig. 1. Let us only consider the movement of the tongue tip
of speech production. Based on this view, the goal of then this example. Imagine, during the production of a hypo-
current paper is twofold(1) to characterize, in a paradig- thetical phoneme, the phonemic target consists of accom-
matic example of articulatory variabilittAmerican English  plishing a given tongue-tip constriction degr@istance be-
Itl), the extent of articulatory variability in relation to hy- tween the tongue tip and the hard palaféhe expected array
pothesized target representatidgnslevant tract and acoustic of final configurations of the tongue tip for the production of
variable$; and (2) to test whether a model of speech motorthis phoneme would be expected to take the approximate
control based on an acoustic target definition, together with gorm shown in Fig. 1 left. The axes labeled A and B represent
speaker-specific vocal-tract model, can explain the specificithe directions of articulatory movement resulting from a
ties of the observed articulatory variability in individual principal component analysi®CA) of the final articulatory
speakers. To these ends, we first present new, model-basedvariancé of a number of productions of the phoneme, and
analyses of electromagnetic midsagittal articulometethe gray arrow characterizes the direction of articulatory
(EMMA) data on seven subjects from a previous studymovement affecting the degree of the tongue-tip constriction
(Guentheret al,, 1999. These analyses characterize the ex-the most. The right side of Fig. 1 plots for each articulatory
perimentally observed articulatory variability in relation to direction (A and B) their effect on the hypothesized target
hypothesized target variables. We then provide simulatiovariable (effect on constriction degrgen the x axis, and
results of an auditory target model controlling the move-their extent ofarticulatory variability on they axis. This plot
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schematizes the observation that those articulatory dimervocal-tract variables. Nevertheless, the previous analyses do
sions affecting the target variable the méBt in this cas¢  not explicitly test whether using a common control strategy
would be expected to show a lesser extent of articulatorypased on acoustically defined targets is sufficient to explain
variability than those dimensions affecting the target variablghe variety of articulatory configurations different speakers
the least(A). The EMMA analyses in this papéBec. Il A use in producingr/. In order to address this issue, in the
extend the simple scheme in this examplgth only one  current article we explicitly simulate the outcome of a con-
transducer reflecting the tongue-tip posidido the case of trol strategy for #/ production based on acoustic targets.
multiple transducerssix transducers, reflecting tongue, jaw, These simulations are performed using specific models of
and lips configurations The simultaneous analysis of mul- two of our subjects’ vocal tracts, so that the results can be
tiple transducers on different articulators allows the articula-directly compared to these subjects’ observed articulatory
tory dimensiong12 for each subjetthat result from a PCA configurations during the production af ./
to characterize complex movements of one or several articu- In order to simulate the effect of a common control strat-
lators, such as those described in the literature as tradinggy based on acoustic targets for different speakers, we must
relations between and within articulatdffer example a si- first understand for each speaker the relationship between
multaneous raising of the tongue back and decrease of litheir articulators and the resulting acoustics. There are sev-
rounding, as in Perke#t al, 1995; or a simultaneous raising eral reasons why we cannot use the previously obtained
of the tongue tip and lowering of the tongue back as inEMMA data and acoustic recordings for each subject in or-
Guentheret al, 1999. As in the example shown here, a der to characterize this relationship. First, independent data
functional relationship between the extent of articulatorypools for modeling and testing are always preferable, as this
variability along each of the resulting articulatory dimen- offers a generally more valid approach to hypothesis testing.
sions and their associated effect on a hypothesized targ&econd and equally important, EMMA data have limited po-
variable is taken as indicative of the use of a specific targetential to characterize the articulatory—acoustic relationship
scheme in the articulatory movement data being analyzed. given the relative scarcity of relevant articulatory informa-
In the current article we report the results of analyses ofion, which is limited by the number of available transducers.
this type performed on the data from each speaker. Subsévticulatory—acoustic mappings obtained from EMMA data
qguent pooling of these results across different speakers are not only less accurate but also lead to limited interpret-
lows us to determine whether commonalities exist in the tarability, as the researcher is left to speculate the vocal-tract
get specification for 1/ across speakers. While we profile from a limited sampling of interpolating points. MRI
acknowledge that the control strategy for the production ofdata, in contrast, provide a more satisfying characterization
[t/ could be different for different speakers, and the literatureof vocal-tract morphology. We thus used simultaneous re-
has historically emphasized these differences across speakerding of MRI and acoustic data for two subjects to char-
and phonetic contexts in the articulatory specificationrbf / acterize the relationship between each subject’s articulatory
(e.g., Delattre and Freeman, 1968ur results indicate that configurations and the resulting acoustisee Sec. IR
commonalities can in fact be found when using an appropriThen, we simulated the effect of the hypothesized control
ate frame of reference. In particular, we demonstrate thastrategy on each subject’s vocal-tract model during the pro-
when the articulatory frame of reference is aligned to correduction of £/ using different leading phonetic contexts, and
spond with important acoustic features, commonalities in théhe modeled results were compared to each subjects’ produc-
target specification forr/ are apparent again. These com-tions(Sec. Il Q. While this methodology has the added com-
monalities indicate that a simple control scheme, commorplexity of combining MRI and EMMA data, it is a more
across speakers, that utilizes an acoustic production target fealid and informative approach than one based on EMMA
/r/ can provide a straightforward and parsimonious explanadata alone. Furthermore, we believe the analyses in these
tion for the articulatory variability within and between sections not only add an important modeling examination of
speakers, whereas control schemes utilizing a common cotfe/ production but also contribute to efforts in speech produc-
striction target for #/ cannot account for the results. To that tion modeling that addresses speaker-specific behavior,
end the analyses will test both acoustic and tract variables aather than the behavior of an average or idealized speaker.
hypothetical target variables using the methodology outlined
above. Note that from these analyses we investigate the p0ﬁ- METHODS
sibility of acoustic or tract variablefrming partof the glo- '
bal target specification forr/, not whether they fully define A. EMMA data collection and analysis

it. More complex analyses would be needed to test the pos- An EMMA system (Perkell et al, 1992 was used to
sibility of multiple target variables fully defining the target track the movement of six transducer coils indicating the

specification for #. tongue shapétongue back, tongue dorsum, and tongug, tip
jaw aperturgtransducer located on the lower tegthnd lips
(upper and lower lip in the midsagittal plane during the
The analysis of articulatory variability outlined above production of f#/ in five different phonetic contexts
attempts to identify the nature of the phonemic targetifbor / (“warav,” “wabrav,” “wavrav,” “wagrav,” “wadrav” ) for
The results will reveal that there is a great deal more eviseven American English speakers. Each subject repeated
dence indicative of acoustically defined phonemic tarats each production between two and five times. A directional
particular one based oR3), rather than targets based on microphone was used to record the subjects’ speech simulta-

B. Modeling and simulations rationale
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FIG. 2. Main elements in the analysis of EMMA data for each subjgct. EMMA transducers: Example of the location of the six transducers during
production of #/ in /warav/. Dotted lines represent the trajectories of each transducer. Black dots indicate the center/ afefieed from the inflexion point

of the tongue-dorsuntsee the text for details on alternative definitions @fdenters. The line uniting the three tongue transducers was created using a
Catmull-Rom spline(B). Tract variables: Eight variables representing constriction degree and location are derived from the transducer positions to represent
four relevant vocal-tract constrictions. Tongue-tip and tongue-dorsum constrictions represent the relative positions of these transdyzaegdmttiline.

A tongue-body constriction was also defined using the relative position of the point on the tongue-body line closest to the palate. The lipnconstrictio
represents the relative positions of the two lip transdu@gsaperture and protrusion(C). Acoustic variable: Trajectory of the third formarf3) around

the £/ center.(D). Articulatory variability: Example of articulatory variability inc// production. Ellipsoids represent 95% confidence intervals of each
transducer position during the/ for a series of f productions in different phonetic contexts. The analyses in this section test the ability of the acoustic
variableF3 and the eight tract variables defined above to characterize the observed articulatory variability.

neously with the EMMA signals. The details of the method-located at places of relevant constrictions, we defined an ad-
ology are described in Guenthet al. (1999. The primary ditional tongue constriction by connecting the three tongue
acoustic cue forr/ is a deep dip in the trajectory of the third transducer locations using a Catmull-Rom splisigown in
formant frequency, oF3 (Boyce and Espy-Wilson, 1997; Fig. 2(A) as a solid ling and estimating the degree and
Delattre and Freeman, 1968 he acoustic signal was there- location of the constriction formed by the point along the
fore processed to extract tie3 trajectory. An initial defini-  resulting tongue outline closest to the hard palate. We call the
tion of the acoustic center of the/ ivas constructed in terms resulting measures associated with this additional constric-
of the time point of theF3 minimum. Figure 2 shows the tion the tongue-body constriction degree and locatidvo
main elements in the analysis of the EMMA data. The plottongue back constriction was defined due to the lack of in-
labeled(A) illustrates the trajectory of the six transducers forformation regarding the pharyngeal wall position for each
a window of 100 ms around the//center during a “warav” subject. Based on these constrictions we constructed corre-
production, and the plot labelé@) shows the corresponding sponding articulatory-based definitions for thé éenters.
F3 trajectory. These were manually identified as the inflexion point in the
In addition to the acoustic variable3 [Fig. 2(C)], we trajectories of the four previously defined constrictidthsee
defined eight vocal-tract variables reflecting the degree antbngue constrictions and one lip constrictiomithin a win-
location of four relevant tongue and lip constrictioffdg.  dow of 100 ms around the acoustically defingdcénter. The
2(B)]. Tongue tip and tongue dorsum constriction degree/r/ centers are indicated in Fig. 2 by ddia plots (A) and
were defined as the distance between the hard palate outlitiB) dots indicate the tongue—dorsum ¢enter; in plotsB)
and the tongue tip and tongue dorsum transducer positionand (C) dots indicate the corresponding constriction- or
respectively.Tongue tip and tongue dorsum constriction lo- acoustically definedr/ centel. The articulatory definedr/
cation were defined as the positions along the hard palateenters occurred on average 7 (86% CI[6, 9] millisec-
outline of the point closest to each of these transdudéps. onds; tsg;= —11.4; p<0.001) before the acoustically de-
constriction degree and locationere defined as lip aperture fined 4/ centers. Among the articulatory defined centers the
(distance between upper and lower lip transducarsl lip  main difference was for that defined from the lip constric-
protrusion (average horizontal position of the upper andtion. While the lip constriction extreme occurred on average
lower lip transduceps respectively. To accommodate the 19 ms(95% CI[16, 22 ms,t14,,= —13.7; p<0.001) before
possibility that the tongue transducers were not optimallythe acoustically defined// center, the different tongue con-
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strictions were only 4 m$95% CI[2, 5] ms; t43=—5.6;  dimensions, and each defined as the six dimensions associ-
p<0.001) before the=3 minimum (and approximately at ated with the six lowest or the six larges} values, respec-
synchrony among them; ANOVA analysis, 7% intergrouptively. We then computed the percentage of articulatory vari-
variance F,=2.64; p=0.07). ability associated with small effects on each target variable
The articulatory data were analyzed in terms of the arby combining the variability over of the associated articula-
ticulatory variability of the transducer positiofisig. 2(D)]  tory dimensionsxrisma"s jcosmalorj . This leads to a value
at the #/ centers, using as hypothesized target variables thgsmallfor each subject and for each target variable. Under the
acoustic and tract variables defined abgf#egs. 2B) and || hypothesigno association between articulatory variabil-
(C)]. The details of this analysis follow. Variables associatedty ang effect on target variablethe expected percentage of
with transducer positions were normalized independentlyticulatory variability associated with each of these sets
and separately for each subject in order to appropriatelyyould be 50%. We estimated the associated probability level
compare across subjects, and also to reduce possibly Cogt the observed data using Monte Carlo simulations on ran-
founding effects from the different ranges of operation ofgom|ly defined set®™". For collapsing the results across
each of these variablege.g., the lower teeth transducer gpjects we computed the averageod™' for each target
showing a smaller range of movement than the tongue trangzariaple, and the associated null hypothesis distribution was
ducers. We computed for each subject the articulatory covaformed from an equal-weighted mixture of each of the con-
riance matrix(l, at the #/ center. For the analyses involving forming Monte Carlo distributions.
an acoustic target variable we used the acoustically defined |, the continuous analysis we constructed plots relating,
[t/ centers, and for the analys_es inV(_)Iving a tract_ target varisor each hypothesized target variablethe observed articu-
able we used the corresponding articulatory defimédén-  |atory variability along each articulatory directiowr() ver-
ters. _ o _ sus its effect on the target variablk;(). The resulting plots
For each subject a principal component analysis of th§yere fit using a linear regression on the log variabRésand
articulatory covariance led to the definition of a set of 12, \qyes, as well as confidence intervals for the linear fit

vectors or principal articulatory directiong (j=1,...,12) parameters, are reported in Sec. IlI.
defining a base in the articulatory space. Each of these unit

vectorsq; represents a direction of change of the EMMA g ~gnstruction of speaker-specific vocal-tract

positions characterizing the observed articulatory variability,;,odels

For each articulatory directioj the percentage of articula- - i .
tory variability associated with this direction was computed A SPeaker-specific vocal-tract modisl a characteriza-

as tion of the range of configurations a speaker’s vocal-tract
could adopt, together with the acoustic output any configu-

q}-Qo-qj ration would produce under glottal excitation. To estimate

9= m the former, a set of 2D MRI midsagittal profiles was acquired

for two subjectgthe first two subjects in the EMMA experi-
Nine target variables were then hypothesized, eight cormen) while producing a set of phonemes. To estimate the
responding to tract variablggonstriction degree and loca- latter (the associated acoustic outputacoustic data were
tion for each of the previously defined vocal-tract constric-collected at the start of each scan. The following paragraphs
tions) and one corresponding to the acoustic varide For  describe the data acquisition and the procedure used to inter-
each combination of an articulatory directiprand a target polate and generalize from the limited available articulatory
variablei, the effect of the articulatory dimension on the and acoustic data to other nonobserved configurations. The

target variable was estimated as results provide a simple characterization of the full range of
Cus articulatory configurations and acoustic outputs a speaker
19 X"yl can produce.
S g Xyl

1. Data acquisition

Here,y, is a vector representing the time courses of the target  Scans were performed with a 1.5-tesla Siemens scanner
variablei for a window of 10 ms around the//center for all  using a 14-s TR acquisition, 4-mm midsagittal slice with
contexts and repetitions, and the matiX represents the 256X 256 matrix size. Subjects were asked to produce a
pseudoinverse of a matriX containing the corresponding simple utterancéeither a steady-state vowel or a /VC/ se-
time courses of the transducer positions. The numbgrs quence and hold the last phoneme during the 14 s of the
represent the absolute value of the expected change ithithe image acquisition procedure. Their productions were re-
target variable associated with moving the articulators alongorded using a microphone placed in the scanner near the
the jth articulatory direction(normalized across all articula- subject's mouth. The MR acquisition started when the sub-
tory directiong. They can be interpreted aparcentage load ject was holding the last phoneme to allow clear audio re-
of the target variable on each of the articulatory dimensionscording of their productions prior to the onset of scanner
We performed two set of analyses on these data, onmoise. Data for 27 and 15 phoneme productions were ac-
categorical and one continuous. In the categorical analysiguired for subject 1 and 2, respectively. Productions included
the articulatory dimensions were divided, for each targeseveral American English vowelg i & A uw J ei ow),
variable independently, into two se®&™' and®2%®, cor-  semivowels(r), fricatives (f s f), nasals(m,n), and stop
responding to themall andlarge effect on target variable (p t k b d g) consonant sounds. All utterances were used to
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construct the articulatory models. However, since formantsvay, any articulatory configuration the subject’s vocal-tract
could only be reliably extracted for the vowel and semivowelmodel could produce was represented by a five-element vec-
utterances, only these utterances were used to formulate ther, describing the contribution of each of the five articula-
mapping between articulator configurations and acoustics. tory components to the vocal-tract shape.

2. Analysis of vocal-tract configurations 3. Analysis of acoustic signals and the articulatory to
Previous approaches to the creation of a parametric de2¢oUstic mapping
scription of articulatory movements.g. Perrieet al,, 1992; Acoustic recordings of the subject’s production of each

Storyet al, 1996, 1998create a grid in the midsagittal plane utterance made while in the MRI scanngust before the
and obtain the vocal-tract area function from the intersectioronset of the scanner nojseere analyzed using linear pre-
of this grid with the vocal-tract outline. An articulatory dictive coding (LPC) (p=26, Fs=22 KHz). The acoustic
model based directly on a vocal-tract area function represersignal was pre-emphasized with a single delay FIR filter
tation is, nevertheless, unlikely to produce optimally realistic(al=0.95) to reduce the effects due to radiation and the
articulatory movements, given the discontinuity betweenglottal pulse(Wakita, 1973. The first three formant values
natural vocal-tract articulator movements and the correwere extracted for each production.

sponding area function representation using the grid method. In order to approximate the vocal-tract articulatory/
For example, forward movement of the tongue body createacoustic mapping, past studies have typically used a transfor-
discontinuities in the associated area function changes eachation from midsagittal cross dimensions to an area func-
time the tongue tip crosses a grid line. These discontinuitieton. Then, from acoustic theory the frequency response of a
are particularly marked when a cavity is formed below theparticular vocal-tract shape is computed. In this transforma-
tongue tip, as occurs in somg productions. In this paper tion there are several unknowns that cannot be obtained from
we chose to create a parametric definition of the articulatosimple misagittal MR images, most importantly the midsag-
space from a principal component decomposition of the outittal cross section to area function relationship. Previous
lines of different vocal-tract segmeri{tengue, jaw, and lips ~ models have either fitted these parameters to the subject’s
In this way the resulting characterization is expected to becoustic production&e.g., using a relatively difficult to tune
both articulatorily meaningful and continuous with respect toelliptical approximation to the area cross sections; Maeda,
movement of the articulators. MR images were inspected 990 or an elegant but more complex estimation procedure
visually for movement artifacts, and trials with a large based on multiple 3D volumetric MRI representations of the
amount of movement were removed from further analysesvocal-tract(Tiede et al,, 1996. The collection of 3D volu-

In each resulting raw MR image, the region associated witimetric data for multiple phonemes is time-consuming and
air (vocal cavity and the head exterjowas identified. Pixel can suffer from problems in determining the location of the
intensities were automatically clustered into eight clustersteeth, which do not show up on MR images and thus ad-
The idea was to identify the lowest intensity cluster with theversely affect the measured area function. In contrast to this
regions of air in the midsagittal image. The user then seapproach, here we use a purely statistical approach charac-
lected a starting point from this air region and a flood-fill terized by a linear mapping fitting the relationship between
algorithm was used to define the air area. Images were manthe articulatory and formant descriptors for each subject. In
ally edited to correct for the cases when the air area comthis way, the proposed model offers only an approximation to
prised multiple disconnected regioris.g., when the lips the articulatory—acoustic relationship, but has the advantages
were closedl The outline of the resulting air region was then of requiring a relatively small amount of MRI and acoustic
extracted for each image. These vocal-tract outlines werdata for each subject and avoiding the complications derived
aligned spatially using the hard palate outline to correct foifrom the estimation of the area function. The linear mapping
subject movement in the scanner. They were then dividetest fitting the relationship between articulatory and acoustic
into different segments of interegiongue body, jaw, lips, components for each subject’s data was then estimated using
hard palate, velum, laryngeal regjoftach segment was in- linear regression on the articulatory and acoustic descriptors
terpolated by a fixed number of equally spaced 2D pointsrom vowels and semivowel®ine and six configurations for
along the identified segment outline. To obtain a simple deSubjects 1 and 2, respectively

scriptor of each segment’s shape we concatenated bot the The validity of this approach was first estimated by cre-
andy coordinates of all the points along a given segmentating a random sample of vocal-tract configurations, and
outline. For the present study we concentrated on the effectomputing the corresponding acoustic outputs using a stan-
of tongue, lower lip, and jaw. PCA was applied to each ofdard articulatory synthesizéMaeda, 1990 A random set of
these shape descriptors to obtain a set of five articulatorg0 000 valid articulatory configurations was created using a
components: three for the tongue body, and one each for theormal distribution of the model's articulatory parameters
jaw and lower lip. The variability in articulatory configura- (mean zero, standard deviation grieard limiting between
tions explained by movements of the jaw was removed prior-3 to 3 standard deviatiori¢he full valid range of articula-

to the estimation of the tongue and lip principal componentgory parameters in Maeda’s 1990 vocal-tract madélor

in order to remove redundancies in their definitiéef.  these data we found a very significant linear relationship
Maeda, 199D The resulting set of principal articulatory (R?=0.97) between the articulatory and formant descriptors.
components was used as a characterization of the range Deviations from linearity were most apparent in extreme
articulatory configurations the subject could produce. In thisconfigurationgclose to a closune For each articulatory con-
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figurationx we constructed an approximate measure of perMRI data to approximate the observed initial transducer con-
centage extent of closure as 100ivhere the valué is the  figuration(75 ms beforé=3 minimum in the corresponding
minimum value such that the articulatory configuratigpn ~ contexts for each subject. Simulations of the DIVA model
+Kk(x—Xg) would result in a closed vocal-tract configuration were run starting from these configurations to a “final” con-
(X represents a rest configuratjoimhis measure is 0% for a figuration at the=3 minimum for £/. The estimated direction
rest configuration, and 100% for a closed configuration. Foof movementdifference between the final and starting trans-
this measure we observed that the previously estimateducer positionswas compared to the measured transducer
articulatory—acoustic fit provided good approximatio® ( movement in the same contextorrelation coefficients are
>0.9) for relatively open configurations (186£80%), but reported. Finally, using all available MRI configurations as
this fit was considerably pooreiRf=0.65) for configura- initial vocal-tract configurationgnot just the three used for
tions near closure (100%90%). For comparison, average the preceding analysgsadditional simulations were run us-
articulatory configurations forr/ production for Subjects 1 ing the same acoustic target faf,/and the resulting articu-
and 2 were reasonably open (1K8/60%). These results latory variability across the model's//productions was de-
indicate that a linear mapping between articulatory andermined. On these data we performed articulatory variability
acoustic dimensions is reasonable for our present analys@nalyses similar to those performed on the original EMMA
demands, and in general it is appropriate if the vocal-tract iglata.

restricted to nonextreme configuratiofs.g., vowels and

semivowels. In other words, this methodology would not be

appropriate for modeling many consonant productions. As 4ll- RESULTS

last validation analysis we estimated the effect that a limitedA. Predictive relations between hypothetical target

amount of available data pointeine and six configurations variables and articulatory variability

This section deals with the analysis of articulatory
. . M ovement data in an attempt to show the ability of different
eters(!lnear regress ojausing randomly selecteq sets of nine phonemic target hypotheses to account for the observed ar-
and six conflgurat'lons were foynd to be relatively 16206 ticulatory variability in the production ofr/. In particular, it
and 11%, respectively, for Subjects 1 and 2 was expected that the choice of an “appropriate” phonemic
target would provide good separability of those directions of
articulatory movement showing large versus small articula-

The DIVA model (Guentheret al, 1998 was used as a tory variability. The main result shows that, among the hy-
controller for the movement of the speaker-specific vocalpothesized target variables, the acoustic vari&derovides
tract articulators to produce an acoustictarget in different  the best predictions of the articulatory variability i pro-
phonetic contexts. The DIVA model can be characterized as duction. In particular, for any direction of articulatory move-
derivative controller in the acoustic space. The implementament, its effect on the acoustic variali is strongly re-
tion reduces, at each time point, to iteratively moving thelated (for each subject and across subjedtsthe extent of
articulators in the articulatory direction that brings the cur-articulatory variability along this direction. On the other
rent acoustic output closest to the desired acoustic target. Imand, none of the tract variables testedrresponding to an
mathematical terms, the model uses a pseudoinverse of tleticulatory phonemic target representation hypothesis-
Jacobian matrix relating articulator movements to theirvides as good predictability across subjects of the articula-
acoustic consequences to move in a straight(inecoustic  tory variability in the production oft/. This section presents
space to the target(see Guentheet al,, 1998 for details  these comparative results, and provides a series of analyses
While in the complete DIVA model this is accomplished by describing the observed relationship between effecF8n
learning this pseudoinverse transformation through experiand articulatory variability.
ence(e.g., Guentheet al,, 1998, in the current implemen- Figure 3 shows, for each subject, and collapsed across
tation we used an explicit calculation of the pseudoinverse oéll seven subjects, the percentage of articulatory variability
the articulator-to-acoustic mapping. The articulatory spacessociated with dimensions that have small effects on each of
was defined in terms of the PCA components as describetthe hypothesized target variabléhis percentage of articu-
above, and the acoustic space was defined in terms of tHatory variability is Iabeledfrisma” in Sec. Il, wherei repre-
first three formants of the spectrufm Hz). The acoustic sents each of the hypothesized target varigblesder the
target in the model was defined from each subject’s asn / null hypothesigno association between articulatory variabil-
production formants. To compare the results of the DIVAity and effect on a target variabl¢hese percentages would
model simulations to the experimentally obtained EMMAbe 50%. Higher numbers indicate inverse association be-
data for each subject, the estimated transducer locations wetween effect on a target variable and articulatory variability,
manually identified on a rest configuration of the modeledand are taken as indicative of a control strategy utilizing the
speaker-specific vocal tract. The approximate location wherg&arget variable in the definition of the phonemic target. For
the tongue transducers were placed was visually identifiedxample, the articulatory variability for Subjec{€hown for
following the directives of the original EMMA experimental reference in the left-most column of the figureshows a
paradigm, as 1, 2.5, and 5 cm back from the tongue tip. Théongue-tip distribution similar to that schematized in the ex-
initial vocal-tract configurations of three phonetic contextsample of Fig. 1(indicating a possible tongue-tip constriction
(far/, /dr/, and gr/) were manually edited from the original degree target and the corresponding cell in the table indi-

C. Simulations of /r/ production
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Sy Hypsotinstond mpetvariables across all s_,ubjecteAII Subj_ects roy indicate thatF3 is the _
Borderie signfiant most consistent phonemic target among the hypothesized
. (05<p=_1)

F3 Tongue Tongue Tongue

Jf Dorsum  Body Tip Lips varigblg;. Small effects dr3 are associateq on average with

5 Tk I r— L —— a significant amount of articulatory variability91%, p
N ”s m v s s 4 4 1 =Q.03). In contrast, gmall effects on none of thg hypoth-
g " esized tract target variables are found to be significantly as-
N %@\ 2 @ 41 10 @ 9 75 sociated across subjects*0.21) with the extent of articu-
22 A o s 8 1w m w0 E latory variability. Small effe_cts on tqngue—body constriction
§§ ° degree and Iocz.mon and Ilp constriction degree are among
gé . /m 4 54 48 39 24 47 21 12 23 the best competing tract variable hypotheses, each associated
:‘éf .0/,?@ 5 = @ o W B with about 75% of the articulatory variabilitgnot signifi-
£g cantly greater than 509%,=0.21). The plots at the bottom of
:§§ " /@’3 6 8 m 32 4 8 the figure show the associations between effect on each tar-
gg e . B OB W B W & B E get variable and articulatory variability in a continuous form.
£7 T o Again, the acoustic targéi3 is best supported by our data,
2 showing the strongest inverse associatiBA=0.44), as ex-
8 All subjects 0 B T d & 6 & s pected from a motor control strategy that utiliZ€é8 as a
2 \ LY / phonemic target.
PR - . . These results indicate that, among the target variables
'v;;gdcl:i"]i;yl:rzct E: 2 v . - tested F3 is the most likely target variable that appears con-
variable e 8 o H sistently across subjects in the productionraflh particular,
R2 0.44 0.19 0.16 0.01 they show that if, for a given subject, deviating from an

FIG. 3. Relation of hypothetical target variables to articulatory variability average/ configuration along a given articulatory direction
during #/ production. Top: Categorical analyses. Table shows the percentaggyas found to have a relatively large impact B8 (low F3

of articulatory variability associated with small effects on each hypothesizedstab”ity) then that subject tended to show little articulatory
target variable(columng for each subjectrows), and across all subjects ’

(last row. Statistically significant percentages are highlighted. For refer-Variability along this articulatory dimension. Conversely, if
ence, plots at the left of the table schematize the shape of the articulatorgleviating along a given articulatory direction was found to

variability for each subject. Bottom: Continuous analyses. Plots show thehave relatively little impact o3 (high E3 Stabilit)b then
relation between each articulatory dimension’s variabiliigscisspand its ’

effect on some of the most likely target variablesdinatg. Each dot in the the subject tended to show a larger amount of articulatory
plots represents an articulatory dimensiae., a direction of movement of ~ variability along this articulatory dimension. We will refer to
the articulato_r}sfor a given subject. _Both articulatory vari_ability and effect this as apredictive relationship between acoustic stability
on target variable are represented in log percentage units. and articulatory variability Figure 4 highlights the continu-
ous (left) and dichotomougright) description of this rela-
cates that in fact for this subject a significant amount oftionship. Each dot in the left plot represents an articulatory
articulatory variability (98%) could be associated with this dimension for a given subject. Their position represents the
constriction target. While each subject shows indication ofrelative effect of each articulatory dimension B8 (in per-
one or more possible phonemic targets, the collapsed resultentage load, compared to other dimensions for the same

60 Il sSmall effects on F3 components
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FIG. 4. Predictive relationship between acoustic stability and articulatory variability. Left: The extent of articulatory variabifigrcentage of total
variability for each subje¢tvs the effect on third formant frequendin percentage load for each subject—see the text for detaitsall articulatory
dimensions for all subject®ach dot represents an articulatory dimension—a direction of movement of the articulators—for a given. Siigetick line
represents the inverse relation fit to déapproximating the curvg=10/). Black/gray points represent the articulatory dimensions that, for each subject,
would be categorized as small/large effectFo® components. The inverse relation shown in this plot is identified @edictive relation between acoustic
stability and articulatory variabilityRight: Consistency of found articulatory/acoustic relations across subjects. The percentage of articulatory variance
associated with large/small effect 18 components is shown for each subject. Under the null hypotl@sisulatory variability not associated with the

effect onF3) these percentages would be eq(El1% each A strong bias of the articulatory variability towards those articulatory dimensions that have a
small effect onF3 is apparent in all the experimental subjects.
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subjecj versus the extent of articulatory variability found rent experimental setup is the phonetic context preceding the
along this articulatory dimensiofpercentage of total vari- /r/ production. Articulatory/constriction target models often
ability for each subjegt The solid line represents the linear employ context-dependent articulatory targetsg., blended

fit on the log variables, which approximates the cugve targets in the task-dynamic model of Saltzman and Munhall,
= 10/x*? (Fy g;=65.2; p<0.001, 95% confidence intervals 1989, as they are believed to explain the source of articula-
[5, 17] and[0.9, 1.5 for the constant in the numerator and tory variability. According to these models, in our analyses
the exponent ok, respectively. Dots are colored based on of articulatory variability, context would be acting as a con-
their effect onF 3, dichotomized to only two equal-sized lev- founding effect. What we mean by this is that the observed
els: dark or light dots represent those dimensions that haver&lationship between acoustic stability and articulatory vari-
small or large effect o 3, respectively. The bar plot in Fig. ability could simply be addressing how these context-
4 right represents, for each subject, the cumulative variabilitypependent targets are organized, instead of addressing the
associated with each of these two levels. We maintain tha@rget space definition in the speech control strategy. To ad-
this relationship is the hallmark of a control mechanism thadress this concern, we replicated our original analyses but
utilizes anF3 target. In computer simulations reported be-now explicitly treating context as a confounding effect and
low we validate this claim by simulating a speech controlremoving its effect on the observed articulatory variability by
mechanism utilizing afF 3 target that replicates this relation- analyzing the intracontext variability in transducer positions.
ship. Interestingly, the percentage iotracontextarticulatory vari-

To assess the statistical significance of the continuougbility associated with small effects df8 was 88% across
version of the observed predictive relationship betweersubjects, very similar to the original 91% tital articulatory
acoustic stability and articulatory variability across subjectsyariability associated with small effects df8. This result
we performed a Monte Carlo test involving replication of all was still the only one statistically significantp 0.03)
the analysis steps using a series of simulated datasets coinong the tested target variablext competing tract vari-
forming to a predefined null hypothesis. The null hypothesisable was tongue-body constriction location, 76%4;0.15).
represents the case where there is no relation between artic¥hat these results indicate is that the observed relationship
latory variability and acoustic stability. In a worst-case sce-Petween acoustic stability and articulatory variability is not
nario an artifactual relationship could stem solely from mea2n effect of the phonemic context. Furthermore, they indicate
surement noise in the estimation BB. The Monte Carlo that the evidence for tract-variable targets does not signifi-
dataset consisted of simulated transducer positions attthe /£antly improve when considering the effect of the phonetic
center following the same distribution as those observed i§ontext on the articulatory variabilityi.e., when allowing a
our data, and a simulated target variable randomly distripdifferent target for each phonetic contexthis supports the
uted and independent of the transducer positions. The 95tRterpretation of the observed relationship in terms of a mo-
percentile of theR? distribution under this null hypothesis OF cor]t.rcl)l mechanism utilizing acoustic targets, rather than
(from 10000 Monte Carlo simulationsvas relatively large ~©One utilizing context-dependent tract-variable targets.
(R%=0.42), just below the observeRf value from our data Overall, the.posmve refsults' in this section h|gh||ght a
(R2=0.44; p=0.03). Under this test, only the predictive re- strong and cons_lstent relatlo_nshl_p betV\_/een the gcoustlc vari-
lationship using the acoustic variabfe3 survives a 0.05 ableF3 and articulatory variability. This result is schema-
significant level for the pooled data. For the tract variabledized in Fig. 5 to facilitate interpretation. This relationship is
the significance level of their predictive relationships is al-consistent with that expected from a control mechanism us-
ways greater thap=0.89. Yet, these are very conservative "9 an F3 target;. i.e., the flnal_artlculatory variability is
tests as they do not take into account the observed degree (@#ver for those articulatory directions most relevant to deter-
association between transducer positions and tract variable®ining theF3 value(axis A in the plo}. Furthermore, this

which generally indicate a small presence of measuremeriglationship appears both when looking at the total articula-

noise(an average of 89% of the acoustic variable ar@5% tory variability (dotted black ellipsoidand when looking at

of each tract variable was linearly associated with the trangiN€ intracontext articulatory variabilitydotted gray ellip-

ducer positions When this is incorporated into the Monte soids; the articulatory variability within each of the ph_onetic
Carlo simulations(by creating a simulated target variable CONteXts testéd These results suggest that an acoustic target
equal to the average transducer position plus a variab/ghotor control mechanism utilizing the same acoustic target
amount of independent random najistae 95th percentile of across coqtexts can acc_ount for the Qbserved range of articu-
R? under the null hypothesis drops to a valueRs=0.03. latory configurations during/ production. The next subsec-
Under this more liberal test the predictive relationships usin ion further investigates this assertion with a specific model

not only F3 but also tongue-body constriction location and hat utilizes an acoustic target fav./
degree would become statistically significant<{0.05).
While the across-subject results need to be interpreted wit
care, due to the limited amount of subjects in this study, the  For the first two subjects participating in the previous
consistency of the individual subject results together with theanalyses, we constructed from MRI and acoustic data a
Monte Carlo simulations indicate that the observed relatiorsimple model characterizing the specificities of their vocal
between acoustic stability and articulatory variability is sta-tracts and the range of acoustic signdisiited to the first
tistically significant beyond possible artifactual causes. three formant valugsthat different configurations would
An important source of contextual variability in the cur- produce. PCA of the articulatory configurations led to a set

ﬁ. Speaker-specific vocal-tract models
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Articulatory space changing F1 changing F2 changing F3

Articulatory variability

in /1/ production _/ / /

Subject 1

P - of the articulators
A aftecting F3 the least

Direction of movement
Ao of the articulators
B affecting F3 the most

FIG. 5. Diagram summarizing the main results in this section. The plot
represents in a schematic way the range of articulatory configurdtions
in the ploy reached in the production af/ lunder different phonetic contexts

(black boxes The main results ar@) An acoustic variableR3) is the best 5 g characterization of speaker-specific vocal-tract models. Sample

predictor among the phonemic target variables tested for the shape of the |\ o ¢ the models for Subjects 1 and 2 to chanpeleft), F2
articulatory ye_ariapility in the production .Of American English The articu-‘ (centey, andF3 (right) are shown. For each subject, the deviatior;s from a
:atory var|ab!l|ty(|js mixmaalma?!onr? the d|rect(|jon§ O.f mlovlementhof (tjhe ar‘tlcu- neutral articulatory configuration necessary to produce an individual change
ators associated with smaf3 changes, and minimal along the directions i, e a5e/decreasin each of the first three formants of the resulting audi-

of movement of the articulators associated with lafgechanges(b) The 5y gjgnal is shown in each colune.g., the first column represents the
intracontext articulatory variabilitythe articulatory variability for each of movements associated with changestih while keepingF2 andF3 con-

the phonetic contextsshows the same association with the effectd, g3 The gray area represents the configuration that produces the highest

indicating not the action of a context-dependent target definition, but possig,.ant value(for the corresponding formanamong the configurations
bly a common control mechanism utilizing an acoustic phonetic target. represented

Subject 2

of five meaningful articulatory components covering 75.4%(see for example Perkedit al, 1993, 1995, where trading
and 83.7% of the total observed variability in shape for therelations between lip protrusion and tongue-body raising, ar-
two subjects, respectively. The jaw component primarily degued to stem from their motor equivalence in the control of
scribes the aperture/closure of the mouth, along with the a2, were investigated in the context of fproduction. With
sociated lip aperture/closure, and lowering/raising of theespect to the action oR3, Subject 1's movement to de-
tongue body; the three tongue components describe approxireaser3 can be interpreted from an acoustic theory analy-
mately the raising/lowering of the apical and dorsal areas o§js as an increase in the front cavity length together with a
the tongue and its front/back movement; the lip componengiecrease of the palatal constriction area, both acting to lower
describes the frontal extensidprotrusion of the lips (cf.  the third formant value. Subject 2 appears to decrd&®e
Maeda, 1990; see also Sec.)]\Components derived from primarily by increasing the size of the front cavity.

other vocal-tract segmenta velum component, describing
the opening/closing of the nasal cavity; and a laryngeal com-, _. . .
ponent, describing the raising/lowering of the base of thec' Simulations of /x/ production
laryngeal regioly were estimated but not explicitly used in A simplified version of the DIVA model(Guenther
the simulations presented in this pagether than any of et al, 1998 was used to control movements of the speaker-
their movement that was associated with the jaw compospecific vocal-tract models for Subjects 1 and 2 while per-
nenj. The articulatory to acoustic mapping was then esti-forming i/ productions in different phonetic contexts. An
mated by a linear fit between the articulatory configurationsacoustic #/ target was defined by its first three formants val-
(defined by the positions of each of these five componentaues ([593, 1238, 170PHz for Subject 1, and376, 1476,
and the corresponding acoustic outgdefined by the first 1990 Hz for Subject 2, and the simulations were run start-
three formant values measured during the MRI sgafig-  ing from articulatory configurations representative of the
ure 6 characterizes the resulting mappings by illustrating théeading context phonemésee Sec. Il C for detailsin order
movements of the resulting speaker-specific vocal-tract modko compare the model simulations to the EMMA data, ap-
els to achieve changes iR1, F2, and F3. Each column proximate transducer locations were manually identifgsb
represents for each subject the movement of the articulator§ec. 1) on each subject-specific vocal-tract model. Acoustic
starting from a rest or average configuration, that would beand articulator trajectories for the production of ih the
associated with changes in an individual formant. The resultsontexts dr/, /dr/, and gr/ were then obtained using the
are consistent with standard characterizatig8shroeder, DIVA model. These contexts were chosen to represent the
1967; Fant, 19800f high/low tongue configurations associ- full range of articulations seen in the experimental data.
ated with low/high values df 1, respectivelyleft column in Figure 7 compares the experimentally measured EMMA
Fig. 6), and front/back tongue configurations associated withdata (first row) to the simulation result¢second row for
high/low values ofF2, respectivelymiddle column in Fig. each subject, in terms of the direction of movement of the
6). At the same time, the resulting vocal-tract models accomtongue transducers. The initial transducer positions in the
modate the specificities of each subject. For example, Sulsimulations is fixed to that obtained from the EMMA data 75
ject 2 tended to use lip protrusion more actively to lo#&  ms before thd=3 minimum (dashed lines The results indi-
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Subject 1 Subject 2
lar/ /dr/ Igr! /ar/ /dr/ /gr/
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—a— Tongue shape at F3 minimum
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FIG. 7. Simulations of the DIVA model producing in different leading phonetic contexts. Top row shows the average lingual gestures used by each subject
when producingt/ in the contextgfrom left to righy /ar/, /dr/, and kr/ as measured using electromagnetic midsagittal articulontEiMA ). Bottom row

shows the simulation results using the DIVA modelith a subject-specific acoustically defined target fdy in conjunction with each subject-specific
vocal-tract model. Dashed lines represent the inifi& ms before=3 minimum) transducer positions, which are fixed to the experimentally observed values

in the DIVA simulations. Solid lines represent the final transducer positantheF3 minimum for £/). The outline of the hard palate and velum is included

for reference. The correlation between the modeled and experimental movement of the(tongue gesturgsvasr = +0.86 andr = +0.93 for Subjects 1

and 2, respectively.

cate that the direction of movement estimated using theesults shown in Fig. 8. For each subject, the five articulatory
DIVA model for the three leading phonetic contexts closelydimensions show the expected predictive relations between
approximates the experimentally measured data for both sulacoustic stability and articulatory variabilityig. 8 left; cf.
jects. The correlation between modeled and experimentdhe experimental results in Fig. 4, [eff he relation between
change in transducer positionfongue gesturegswas articulatory variability and effect o3 predicted by the
r=+0.86 andr=-+0.93 for Subjects 1 and 2, respectively. model is close to linear in the log variableR%=0.93), jus-
Qualitatively, the model mimics the range af tonfigura- tifying the use of this family of curves when fitting the ex-
tions used by each subject in the phonetic contexts testgoerimental data. For the simulated data, the linear regression
(thick black lines in Fig. . on log variables shows a significant relationship of the form
Next, we investigated the ability of an acoustic targety= 17/x°® between the tested variables despite the limited
speech motor control scheme to predict the emergence of thiata F; g=99.8; p<0.001, 95% confidence interval4o,
articulatory/acoustic relationship observed in the experimen28] and[0.6, 1.0 for the constant in the numerator and the
tal data. To that end, we analyzed theproduction simula- exponent ofx, respectively. As an additional test, we ana-
tion final articulatory configurations when using a wide lyzed the initial articulatory variabilitythe variability of the
range of leading phonetic contexts. All available configura-contextual articulatory configurations, prior to any move-
tions from the MRI data of each subject were used as startingient of the articulatojsand confirmed that the articulatory/
articulatory positions and the DIVA model was run using theacoustic relation was not present in the contextual configu-
same acousticr/ targets as in the preceding simulations.rations prior to the action of the speech controllgy (
Analysis of the resulting articulatory variability led to the >0.39). This indicates that the relationship resulted from the
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FIG. 8. Simulated articulatory/acoustic relationsthpgroduction using the DIVA modétompare to experimental relations in Fig. deft: The extent of final
articulatory variability vs the effect oR3 for all articulatory dimensions of both subjects’ simulations. The solid curve represents the inverse relation fit to
these data. The dotted curve represents the expected predictive relation as theoretically derived from the DIV¥emduelAppendix Black/gray points
represent the articulatory dimensions that would be categorized as small/large effe@ oomponents, respectively. Right: Consistency of simulated
articulatory/acoustic relations across subjects. The percentage of articulatory variance in the simiydeddddtions associated with large/small effectréh
components is shown for each subject. As in the experimental(se¢aFig. 4, right a strong bias of the articulatory variability toward those articulatory
dimensions that have a small effect BB is apparent in both subjects’ simulations.
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movements produced by the DIVA model. Furthermore, thdatory spacg Different bases would in this way characterize
simulation results mimic the expected relationship as derivedifferent coordinate frames for the description of the articu-
theoretically from the DIVA control equatiorislotted line in  latory state. Each of the columns in Fig. 6, for example,
Fig. 8, left; see the Appendix for this derivatiomhe nature describes a different articulatory dimensi6re., a direction

of the inverse relation predicted by the modgkk %) was  of movement, or vector, in the articulatory spacEhe three
slightly shallower than the one observed in the EMMA dataarticulatory dimensions in this figure characterize an acoustic
(y<x~1?), but the confidence intervals for the two curve coordinate framéone based on three formant descriptors
parameters overlap as an approximgate 10/x relation. For

completeness, Fig. &ight) illustrates the consistency of B. Predictive relations between acoustic stability and
articulatory/acoustic relations in the simulations across tharticulatory variability

two subjects(cf. the experimental results in Fig. 4, right A purely empirical approach to describing appropriate

| h as th din th ¢ simulati di l:'oordinate frames for the characterization of articulatory
er, such as the one used in the present simuiations, predi riability in /r/ production could be potentially given by a

the_ re!gtionship betvyeen acoust@c stability and articulatoryPCA of the articulatory covariance. This analysis provides
variability observed in the experlmental data. Furthermore,[he set of independent articulatory dimensions that best
the DIVA. model produces . articulatory movements that(most simply characterize the observed articulatory variabil-
closely mimic th_qse of a particular speaker when controlllngity. Conceptually, these correspond to the articulatory dimen-
a speaker-specific vocal-tract model. sions that offer an optimal separability of the total articula-
tory variability. In a two-dimensional case, for example, the
IV. DISCUSSION resulting two articulatory dimensions would correspond to
those dimensions associated with the largest and smallest
variability, respectively(i.e., there is no one-dimensional
In target-based speech motor control models, the quesubspace comprising more variability than that associated
tion of what coordinate frame is used by each model is usuwith the first articulatory dimension; equally, there is no one-
ally identified with the proposed target representation. Thelimensional subspace comprising less variability than that
task-dynamic model of Saltzman and Munh@®89 exem-  associated with the second articulatory dimensigrpurely
plifies a type of computational model that uses a vocal-tracempirical approach like this, nevertheless, has potentially
shape coordinate fram@ocal-tract targets defined by tract limited generalizability; i.e., since articulatory variability is a
variables. The DIVA model (Guentheret al, 1998 exem-  local property, the characterization resulting from the analy-
plifies a computational model that uses an acoustic coordisis of &/ production might not be appropriate for other pro-
nate frame(targets defined by acoustic variable§Vhile  duction examples. Furthermore, the researcher is left to in-
there are many different coordinate frames one could use tterpret the resulting articulatory dimensions in terms of his/
represent the articulatory state, a major question for speedfer theoretical constructs.
production modelers is, what coordinate fragerovides a In this paper we opted for a mixed empirical/theoretical
simpler or more parsimonious characterization of behavioratharacterization of the observed articulatory variability. In
data? In the same way as physical laws can be more readithis way, we tested the ability of theoretically motivated ar-
unveiled when using an appropriate coordinate framg., ticulatory dimensions to offer good separability of the ob-
planet orbits from an earth-centered vs a sun-centered cooserved variability in articulatory configurations. We feel that
dinate framg for speech production the use of an appropri-this approach has a better chance to generalize to other cases
ate coordinate frame should allow the researcher to moref speech production data, and that it offers a more useful
clearly expose functional relations in the data. Finally, thesource of information for the development of motor control
ability of different coordinate frames to characterize themodels of speech production. We also take the view that an
available motor speech production behavioral data could diaccount which involves a common control strategy across
rect and facilitate the modeler’s enterprise in proposing spespeakers is preferable to an account that requires different
cific motor control strategies, and in particular it directly strategies across speakers as it is the more parsimonious ac-
relates to the question of appropriate target definitions ircount. From this perspective, the relevance of the results pre-
target-based motor control schemes. sented in thé=3 column of Fig. 3 is that they show how an
The behavioral data dealt with in this study is the articu-articulatory dimension defined by an acoustic propeR3,(
latory variability present in American English/ production.  a salient acoustic cue for//perception, offers a good sepa-
Since articulatory variability is a local property character-  rability of the observed articulatory variability im//produc-
izes the local departures in articulatory configurations frontion for all subjects tested. In particular, an average of 91%
an average configuratipra linear approximation to the ar- of the articulatory variability concentrates along articulatory
ticulatory space geometry is appropriate. The issue of coodimensions that have a relatively small effect on the third
dinate frames, under a linear approximation, becomes thiarmant 3) value, while only 9% concentrates along ar-
simpler issue of characterization of vector spaces. Under thiculatory dimensions which have a relatively large impact
framework the articulatory space is a multidimensional vec-on F3. This result indicates that an acoustically defined ar-
tor space, and its characterization reduces to the definition dfculatory dimension would be a good candidate to enter an
an appropriate baga set of independent articulatory dimen- appropriate coordinate frame characterization of the pre-
sions, each describing a direction—or vector—in the articusented speech production behavioral data. Furthermore, fol-

A. On coordinate frames and articulatory dimensions
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lowing the original motivation for searching appropriate co-rather than explanations that rely on context-dependent tar-
ordinate frame characterizations, we show@&iy. 4) that gets(such as the possibility of different articulatory targets
using an acoustically defined coordinate frame can also bfor /r/). Last, the possibility of context-dependent articula-
useful for unveiling functional relations in the behavioral tory targets was also directly addressed by trying to show
data. In particular, we showed that the degree of articulatorpredictive relations between tract variables and intracontext
variability associated with any particular articulatory dimen-articulatory variability. Our failure to observe such relations
sion is related to the associated extent of changedrby a  indicates that using context-dependent articulatory targets
linear relationship in the log variable®{=0.44; p=0.03).  does not seem to significantly improve the predictive ability
This relationship is conceptualized as a predictive relatiorof hypothesized tract variables on the observed articulatory
between acoustic stability and articulatory variability. Thevariability. Overall, the results indicate that, for American
form of this relationship is again consistent with that ex-English £/, subjects consistently act as though they at-
pected from a control mechanism usingFe® target; i.e., the tempted to produce stable3 configurations. The articula-
final articulatory variability is lower for those articulatory tory variability is reliably minimal along those articulatory
dimensions most relevant to determining & value. dimensions that are important for determinir. No vocal-

The previous results show that an acoustic frame of reftract target variable tested offers this level of generalization
erence can offer a useful characterization of the observedcross subjects. One might argue that, given the linear nature
articulatory variability in American English/. In terms of ~ Of our analyses, articulatory targets defined as linear combi-
the implications of these results for speech production modnations of tract variables are completely equivalent to acous-
eling, the results indicate that, while no tract variable dimendic targets. From this perspective the results simply indicate
sion was used consistently across speakers for the specificat, if articulatory targets are being used, they are probably
tion of /t/, all of the subjects showed evidence of an acoustid10t defined by simple vocal-tract constriction targets but
specification of #/. The most parsimonious interpretation of could possibly be defined by nontrivial linear combinations
these results points to the use of a common control strateg§f these variables. Even more specifically, in order to con-
that utilizes acoustic, rather than articulatory, phonemic tarform to the functional relationship between articulatory vari-
gets. Note that the results explicitly address the possibility ofbility and acoustic variability observed in this experiment,
common acoustic variabldsrming partof the global target they could be defined parsimoniously by those linear combi-
specification for #/, not whether they fully define it. In this nations that best relate to the effect on relevant acoustic cues,
way the results indicate th&3 is likely to form part of the —as exemplified by3 in the currenti/ production data. Such
target specification forr/, but we would neither claim nor targets would be in this case more simply characterized as
expect it to be the only component in the target specificatiorRCOUStIC.
for this phoneme. B

An important issue regarding the observed articulatory/C- SPeaker-specific vocal-tract models
acoustic relations examines the extent to which they favor  The simulation results shown in this paper also indicate
acoustic target motor control models in contrast to vocalthat it is possible to construct simple speaker-specific vocal-
tract target models. Several results of the present study builglact models approximating the specificities of each subject’s
a very strong case for the acoustic target hypothesis. Firsgpeech production apparatus from a limited amount of MRI
the results in Fig. 3 indicate that, while the tested acoustiand acoustic data. We were interested in obtaining a simple
variable F3) shows a significant relation with the extent of characterization of the relationship between articulatory con-
articulatory variability(91%; p=0.03), making it a potential figurations and formant positions for two subjects. The
candidate for a useful articulatory coordinate frame defini-model we used is a purely statistical one defined as a simple
tion, the hypothesized vocal-tract variables fail to show suchinear relation between these variables. Compared to physi-
a relation(less than 75%p>0.21). This negative result ad- cally based models that estimate the area functions and from
dresses mainly the lack of consistency across subjects whehis calculate the acoustic characteristics, the linear model
hypothesizing tract-variable targets, and also the small evipresented here provides a purely statistical approximation to
dence for some subjects of any form of tract-variable targetshe true articulatory—acoustic relationship, and as such it of-
(e.g., Subject 4, although this could be related to the inabilityfers only an estimation and descriptibut not a physical
of our EMMA data to inform us about possible pharyngealexplanation of the articulatory acoustic relationship. How-
wall constriction$. Another piece of comparative evidence ever, it has the advantage of requiring only a relatively small
between acoustic and vocal-tract target hypotheses addressgrount of MRI and acoustic data for each subject and not
the possibility of context-dependent effe¢t®ntext here re- requiring an accurate estimation of the area functievisich
fers to the phoneme preceding)/ Our results indicate that poses technical difficulties, e.g., the teeth not being portrayed
the observed articulatory/acoustic relations do not stenin MR image$. A locally linear approximation between ar-
solely from the context-dependent articulatory variability, ticulatory parameters and formant positions is predicted by
and can be equally observed when focusing on the intracorperturbation theorySchroeder, 1967; Fant, 198@ur pre-
text articulatory variability(i.e., the articulatory variability liminary validation analysetsee Sec. Il B suggest that this
resulting from f/ production in each specific phonetic con- approximation is appropriatdR¢>0.9) for a relatively large
text). This result again points towards hypotheses that positange of articulatory configurations in our modeled speakers.
the observed trading relations as resulting from the motofhis implies that approximate speaker-specific vocal-tract
control strategy(such as the acoustic target hypothgsis models can be estimated using simple linear models with
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minimal demands on the amount of necessary data. A dangly, this can be modeled simply as a movement in the
tailed analysis of the general accuracy of these models iarticulatory direction that in each case brings the acoustic
beyond the scope of this paper. Nevertheless, for Subject butput closest to a fixed acoustic target. Similarly, as shown
for whom we have redundant degrees of freedom to estimatiey the simulations, the same acoustic target model parsimo-
the level of accuracy of the resulting mapping, a significantiously explains the emergence of predictive relations be-
linear relation between articulatory and formant descriptordween acoustic stability and articulatory variability. The ex-
was in fact found(general linear modelR?=0.90; I's; pected articulatory/acoustic relation theoretically derived
=40.0; p<0.01; dot=4). The speaker-specific vocal-tract from this model is exemplified in Fig. 8, lefdotted line.
models estimated in this paper are in agreement with stan-

dard characterizations of articulatory to acoustic relations. Limitations

(such as the differences between high and low, front and There are several limitations of this study. First, the

back, tongue configuratiohswhile accommodating the study is restricted to the analysis of American English /

sptc_acn?ctltles gf each SU]E)J?CtS dvocalvt/racé a‘lf‘d thet:;]r eﬂecwef)roduction. The results presented could only be generalized
ar;)quat\ory _fggrees I?[ rtee o(;n.l © believe i € ug,t(ra] Ot the motor control strategy used in speech production,
subject-specilic vocal-ract models, In conjunction wWith a,,;q, predicts the emergence of the observed articulatory/

speaker-mdependent mg’Fo'r'controI.strategy, IS a p,rom's'ngcoustic relations, is common across different phonemic tar-
approach to fit the specificities of different subjects Speec}bets. Evidence of articulatory trading relations argued to

movements. limit acoustic variability in the production ofu/ (Perkell
et al. 1993 suggests another case where acoustic variables
could potentially predict the extent of articulatory variability.
Speech motor control models based on acoustic targets is thus likely that the descriptive ability of the acoustic-
posit that the target for production of a phoneme is defined inarget hypothesis generalizes to other vowel and semivowel
terms of its acoustic properties, rather than as a specificases. Whether articulatory- or mixed articulatory/acoustic
vocal-tract configuration. In this way the variability in articu- variables are more instrumental in the description of conso-
lator configurations in the production of a given phonemenant productions is an issue that could potentially be ad-
would reflect the one-to-many relation between the acoustidressed following a methodology similar to the one pre-
cally defined target and the articulatory spdice., the range sented in this paper. Our expectation would be that the exact
of articulator configurations that are able to produce soundsature of the phonemic targetauditory and/or somatosen-
with equivalent acoustic propertiesSThe DIVA model is an  sory) is learned, and it would depend on the amount of
example of such a model. The simulations presented in thinguage- and subject-specific allowed variability in these
paper use this model in conjunction with appropriatetwo spaces for that phoneme. Second, the presented
speaker-specific vocal-tract models to replicate two of tharticulatory/acoustic relation analyses are restricted to
subjects’ articulatory data. Note that while the results of ourchanges ir-3. While this is an important acoustic cue fof /
EMMA study showed evidence of the acoustic specificatiorproduction, it is most probably not the only one. A more
of /r/ (F3 forming part of the production target far/y, the  complex study showing the form of these relations when
simulations in this section go beyond that by indicating thatmultiple acoustic cues are considered could potentially
an acoustic 1/ target definition(a target definecnly by  deepen our knowledge on the motor control strategies in
acoustic dimensiongan account for the observed data. Thespeech production. In relation to this issue the simulations
simulation results ofr/ production in different leading pho- presented in this paper use the first three formants as a de-
netic contextgFig. 7, bottom mimicked the range of articu- scriptor of the acoustia/ target. The presence of a predic-
latory gestures used by the two subjects being modéled  tive relationship betweef& 3 stability and articulatory vari-
7, top. The correlation between the experimental and modability in the simulations shows that, for these relations to
eled tongue gestures was- +0.86 andr = +0.93 for Sub- emerge, it is not necessary for the targeted variable to be the
jects 1 and 2, respectively. Furthermore, the simulated articusole descriptor of the target coordinate frame. Third, regard-
latory configurations reached by the DIVA model showeding the speaker-specific vocal-tract models, the presented
articulatory/acoustic relationgig. 8 similar to those found methodology is limited by the linear nature of the analyses
in the experimental datéFig. 4). In effect, the articulatory involved. The relation between articulatory configurations
variability in the simulations along each articulatory dimen-and the acoustic output is complex. Nevertheless, this rela-
sion was inversely related to its associated effecE8n tion seems to be well approximated by a linear relation be-
The ability of the DIVA model simulations to fit the tween articulatory and formant descriptors if relatively open
specificities of each subject’s lingual gestures for the characonfigurationg(such as vowels and semivowgebtse consid-
teristic phonetic contexts tested emphasizes the idea thatemed. In this way, the validation presented in Sec. Il indicates
relatively wide range of the articulatory variability i/ pro-  that the appropriateness of the linear model extends for a
duction can be explained by a simple speech motor contrakelatively large proportion of the articulator spa@s indi-
scheme using acoustic targétsthout the need to appeal to cated by the good linear fits between articulatory and acous-
possible multiple articulatory targetdn Fig. 7 top, for ex-  tic formant descriptors estimated using Maeda'’s realistic tube
ample, the tongue tip for each of the subjects moves in difmode). The proposed speaker-specific vocal-tract models
ferent directions for each context, and these directions do naepresent a simple first-order approximation to the complexi-
seem to aim at any common lingual configuration. Interestties of the vocal-tract apparatus and the corresponding acous-

D. Acoustic target model predictions and simulations
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tic output. This approximation is especially valid for vowels tion of American Englishi/. Speaker-specific models captur-
and semivowels. For the production of consonants differening the specificities of two subjects’ vocal tracts were con-
strategies should be investigated. Fourth, regarding the DIVAtructed from a combination of MRI and acoustic data.
simulations, this paper does not address how the phonemBimulations of the DIVA mode(an example of an acoustic
targets are learned or transferred between subjects, issuesget motor control schemecontrolling each speaker-
still open to further discussion and research. The DIVA simu-specific vocal-tract model produced articulatory movements
lations for each subject used an acoustically defined targehat closely mimic those of each speaker. Furthermore, the
for /r/ based on his/her own productions. In this way we werearticulatory configurations realized by this model exhibit
simply testing the ability of a single acoustic target for eachsimilar articulatory/acoustic relations as those observed in
subject to account for the range of articulatory configurationghe experimental data. The results demonstrate the ability of
reached in the production of//in different phonetic con- motor control speech production models utilizing a purely
texts. It is possible that some sort of speaker normalizatiomcoustic target representations to mimic central aspects of the
allows each speaker to define acoustic targets that are somexperimental articulatory data on a particular example of
how informed of the actual range of acoustic productionsspeech production.

that this speaker can produce. This paper does not attempt to
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sample analysis of intersubject articulatory variabilityif)./

Our expectation would be that the intersubject variability, APPENDIX: DERIVATION OF ARTICULATORY /

assuming a speaker-independent motor control strategy, ACOUSTIC RELATION FROM THE MOTOR CONTROL
mainly affected by differences in vocal-tract morphology, EQUATIONS OF THE DIVA MODEL

and hence could be accounted for by using appropriate |, the DIVA model, the differential equation governing
speaker-specific vocal-tract models such as the one presentgl 5rticulator vectox(t) given an acoustic target vectgr

in this paper. _ B takes the form
Future studies using speaker-specific vocal-tract models

could in this way help better understand the sources of inter-

d +
subject variability. g O=3"- (= fIx(O D~ a- M) -x(1),

wheref(x) represents the articulatory to acoustic mappihg,
represents the Jacobidtihe multivariate derivativeof this
The analysis of articulatory movement data on sevemmapping at each poink(t), J* and II(J) represent its
subjects during the production of American English in pseudoinverse and its null space projector operator, respec-
different phonetic contexts shows a functional relationshiptively, anda is a small factor in the modételaxation factor
between acoustic stability and articulatory variability. This controlling the degree of articulatory relaxation toward a
relation indicates that the extent of articulatory variability neutral configuratiowithout loss of generality this is as-
along any given articulatory dimension is well predicted bysumed to bex=0). Under a linear approximation of the ar-
the effect that the articulatory dimension has on a relevanticulatory to acoustic mappingf(x)=A-x], and using a
acoustic cue E3): most of the articulatory variability regularized form of the pseudoinverse, the explicit form of
present in the production of American Englishis concen- the previous equation is
trated along articulatory dimensions that produce minimal
change inF3. Both the presence and direction of the ob- —x(t)=AL (A-Al+ - 1)L [y—A-x(1)]
served relationship are consistent with speech motor control dt

V. SUMMARY

mechanisms utiI.izir)g an acoustiE@ target representgtion. —a-[I=AL (A-At+ 4 1) "L AT (1)
In contrast, no significant relationship was found consistently
across subjects between hypothesized vocal-tract target rep- =AY (A-A4p-D7H[y=(1-a)-A-x(1)]

resentations and articulatory variability. The combined re-
sults indicate that if phonemic targets are being used, they do —aX(v),
not seem to be simply defined by constriction variables, buwhereA is the linear mapping between the articulatory and
as nontrivial linear combinations of them. Such variables ar@coustic spaces, andis a small regularization factor of the
more parsimoniously defined in terms of an acoustic framgseudoinverse. The solution of this differential equation is
of reference. the articulatory trajectory(t)

The second part of this paper investigated the ability of
auditory or acoustic target models to explain the specificities
of the range of articulatory gestures observed in the produc- K=(1—a)-A%(A-Al+pu-1) "L A+a-l,

X()=xo+ (1= ") (X =Xo),
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whereX, is the initial articulatory configuration, and, is

Numerically it is defined as a symmetric matrix, and the elements in its

the articulatory configuration that would be reached allowing diagonal correspond to the variance of each of the individual variables.

infinite time (x,, depends on the acoustic targetand its
solution is not relevant to the following discussjorRe-
peated productions under different initial articulatory con-
figurations will reach, after tim&, the articulatory configu-
ration x(T), following a distribution with average

(X(M)=x.=e" T (X = (X0)),

and covariance
_ _kt.
QT:e K'T~Qo-e K T,

where(xg) and ), are the average and covariance, respec
tively, of the initial articulatory configurations. For simplic-
ity, let us assume the distribution of initial articulatory con-
figurations to be normal, with covarianeg- 1. In this case,
the articulatory covariance of the final articulatory configu-
rations takes the form

QT: 0o e_z'K'T.

Let us, finally, define the vectay to be any eigenvector of
the matrixQ) (corresponding to one of the articulatory di-
rections resulting from PCA of the final articulatory covari-
ancg. The acoustic effecof this articulatory directiory is
defined as the associated change in the acoustic vector wh
moving the articulators along the directign and it is com-
puted as\ (q)=||A-q||, and thearticulatory variability asso-
ciated with the same articulatory directignis computed as
a(9)=q'-Q;-q. Using the definition of the matriceQ
andK, and noting that their eigenvectoithey are the same
for both matrices will correspond to the right eigenvectors
of the matrixA, the articulatory variabilityo(q) can be ex-
pressed, as a function of the acoustic effe), as

o(q) =g e 2 11- @) [OZ@IOX@)+w)] +a]-T,

More simply, the articulatory/acoustic relation predicted
from the DIVA equations belongs to the class of functions

U()\)Ms}\zl()\2+p.)'

wheree and u are two small factors. The dashed line in Fig.

PCA is a common statistical technique for the characterization of multivari-
ate data. Conceptually it is similar to factor analysis. It offers a decompo-
sition of the data in terms of factors or components that successively com-
prise most of the data variance, and are, in this sense, most explanatory of
the data. If the data are normally distributed, forming a rough ellipsoid in
an arbitrary multidimensional space, the resulting principal components
correspond to the axes defining this ellipsoid. Numerically it is computed as
an eigenvector decomposition of the data covariance matrix. See Mardia
et al. (1979 for a highly detailed exposition of these and other multivariate
concepts.
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