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The American English phoneme/ has long been associated with large amounts of articulatory
variability during production. This paper investigates the hypothesis that the articulatory variations
used by a speaker to produag ih different contexts exhibit systematic tradeoffs, or articulatory
trading relations, that act to maintain a relatively stable acoustic signal despite the large variations
in vocal tract shape. Acoustic and articulatory recordings were collected from seven speakers
producing f/ in five phonetic contexts. For every speaker, the different articulator configurations
used to producef in the different phonetic contexts showed systematic tradeoffs, as evidenced by
significant correlations between the positions of transducers mounted on the tongue. Analysis of
acoustic and articulatory variabilities revealed that these tradeoffs act to reduce acoustic variability,
thus allowing relatively large contextual variations in vocal tract shaperfowithout seriously
degrading the primary acoustic cue. Furthermore, some subjects appeared to use completely
different articulatory gestures to produeéih different phonetic contexts. When viewed in light of
current models of speech movement control, these results appear to favor models that utilize an
acoustic or auditory target for each phoneme over models that utilize a vocal tract shape target for
each phoneme. €999 Acoustical Society of Amerid&0001-49669)00205-2

PACS numbers: 43.70.Aj, 43.70.BRL ]

INTRODUCTION as functionally different articulator configurations that use
different primary articulatorgtongue tip versus tongue dor-

ciated with relatively large amounts of articulatory variabil- sum. These endpoints have been characterized in the litera-

ity (Alwan et al, 1997; Delattre and Freeman, 1968; Espy-ture dE},S bu nc[lhed:[’(usmg glle dt‘;'?guft dortshl)nand “retrof—k
Wilson and Boyce, 1994; Hagiwara, 1994, 1995; Ong anc]exe (using the tongue blade/ipOften, the same speaker

Stone, 1998: Westburgt al, 1995, 1998 In fact, the end- will use different types ofdl in different productions, e.g., in

points of the articulatory continuum for//can be analyzed d|fferer_1t phonet|c_conte>_<ts. At_ the same time, the primary
acoustic cue forr/ is relatively simple and stable: a deep dip

in the trajectory of the third spectral energy peak of the

dAddress correspondence to: Prof. Frank H. Guenther, Boston University, ; ;
. e coustic waveform, or third formant frequendy3) (Boyce
Center for Adaptive Systems and Department of Cognitive and NeuraFl q &Y ( y

Systems, 677 Beacon Street, Boston, MA 02215, Fax nunib&m 353- and Espy-Wilson, 1997; Delattre and Freemgn, 1968; We'St'
7755, Electronic mail: guenther@cns.bu.edu bury et al, 1995, 1998 Furthermore, no consistent acoustic

The American English phonemg has long been asso-
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difference between bunched and retroflexefs /has been |. METHODS
dlscovereq. . A. Data collection

How is it that a speaker can produce perceptually ac-
ceptable #/'s despite using such variable vocal tract shapes? AN electromagnetic midsagittal articulomet@MMA )
One possible answer to this question is that the variations ifYStém(Perkell et al, 1992 was used to track the move-
vocal tract shape forr/ are not haphazard, but are insteadMents of six smal(5 mm long<2.5 mm diameter trans-
systematically related in a way that maintains a relativelyducer coils. The coils were attached in the midsagittal plane
stable acoustic signal across productions despite large variff the tonguethree cailg, lips (two coils), and lower incisor
tions in vocal tract shape across productions. In other words®"® coi) with bio-compatible adhesive. Transducers were

the different vocal tract shapes used to produtéy a par- also plgqed on the upper incisor an_d the bridge of the nose,
ticular subject might involve articulatory tradeoffs, wad- fo; defining Aa dc_:oortqmatle systemh with a maxHIary(jra(\jmle 40.f
ing relations The concept of articulatory trading relations is reterence. Irectional micropnone was suspende n.

illustrated by the following example. Assume that narrowingfrom the.subjects mouth. and the acoust!c signal was re-
: L ; . corded simulatenously with the EMMA signals. Standard
either of two constrictions at different locations along the

) . EMMA calibration protocols were completed prior to each
vocal tract(call them location 1 and location Bas the same . .
. . experiment(cf. Perkellet al, 1992 for details The current
effect on an important acoustic cue for a phoneme. Assum

. . . . gtudy focused on the positions of the three tongue transduc-
further that narrowing either constriction causes a reductlorérs which were located approximately 1, 2.5, and 5 cm back

in F3. In such a case, one cogld use different coml?lnatlonﬁom the tongue tiwith the tongue in a neutral configura-
of the two constrictions to achieve the same acoustic EﬁeCEion)

For example, to achieve a particular valueFd, one might The seven subjects were young adults, two femaiel-
form a very narrow constriction at location 1 and a less “ar]ects 2 and Band five males. They had no history of speech
row constriction at location 2, or one might alternatively |angyage, or hearing deficits or pronounced regional dialects.
form a very narrow constriction at location 2 and a less nargch of the seven subjects produced 4—6 repetitions of the
row constriction at location 1. If a speaker used one of thesggrier phrase “Say for me” for each of the five test
options in one phonetic context and the other option in atterances; warav/, Awabrav/, hvadrav/, fwagrav/, and
second phonetic context, a negative covariance between th@ayrav/. The articulatory and acoustic data from these ut-
sizes of these two constrictions would be seen across ph@erances were time aligned to allow direct comparison be-

netic contexts. tween the two data types.
The primary purpose of the current study is to investi-

gate the issue of whether the various vocal tract shapes us%q F3 extraction and alignment

by an individual to produce/ in different phonetic contexts

exhibit articulatory trading relations that act to maintain a ~ The minimum measuredi3 value during/ production,
relatively stable acoustic signal. As discussed at the end oFhich can be thought of as the acoustic “center” of, /

this article, this issue has important implications for theoriesserved as a landmark for time alignment of the data across
of speech motor control and speech production. Largely foHtterances for each speaker. Formant tracks were computed
this reason, several recent experiments have investigated tff all utterances using the ESPS/WAVES formant tracker
trading relations issue for phonemes other thar(d.g., de  and & 51.2-ms window and 3.2-ms frame rate. FBemini-
Jong, 1997; Perkelet al, 1993, 1994; Savariauet al, mum was detected using an automatic procedure that first
19953, but the results have not been uniform across Subi_dentified all sonorant regions, then located the point of mini-

jects: Although most subjects exhibit expected articulatory@! F3 from the relevant sonorant regiorfs3 values and

trading relations, some others do not. A possible reason fotlransducer positions within a 140-ms time window centered

this ambiguity is that these studies have primarily concend! theF3 minimum were extracted. Extracté traces for

trated on one hypothesized trading relationship, and subjec?somet utte:_anclzlestwelr(t_a colrrupted cli_tjedto teghlnlcafl difficulties
who do not exhibit this trading relation may exhibit other, In automatically tracking low-ampiitude and low-frequency

. . . values of F3 after stop consonants. Therefore, utterances
unanalyzed trading relations that act to reduce acoustic vari-

ability. For example, Perkelkt al. (1993 investigated an whoseF3 tracks changed by more than 200 Hz in a 3.2-ms

hypothesized trading relation between lip rounding andtime step were eliminated from the study, leaving 12 to 27
tongue body raising for the vowal/. Three of four subjects analyzed utterances per subject. After this elimination pro-

. ; ; ess, the tongue shapes at E® minimum of the remainin
showed weak trading relations, but the fourth subject showe g P g

. ) . tterances were visually inspected, and two additional utter-
the opposite pattern. This fourth subject may have been u%inces(one each for subjects 1 and were identified as hav-

ing other trading relations that overrode the effect of the "ping articulations that were incorrectly labeled asHy the

rounding/tongue body raising relationship. In the currentyiomatic extraction process. These two utterances were also
study, we employ analysis procedures that allow us to asseg$minated from the study.

the combined effects of multiple articulatory covariances on
the variability of the acoustic signal. Furthermore, American
English £/ was chosehbecause the large amount of articu-
latory variability associated with// productions should make The vocal tract shape for//involves a palatal constric-

it easier to detect trading relations if they are present. tion formed by the tongue in the anterior third of the tract.

C. Effects of vocal tract shape parameters on F3
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Roughly speaking, the third formant frequendyd) of /r/ is  D. Predicted articulatory covariances

the resonance resulting from the cavities anterior to the pala-  To determine whether a subject uses any of the three
tal constriction(e.g., Alwanet al, 1997; Espy-Wilsoret al,  trading relations hypothesized above, we must first describe
1997; Stevens, 1998This part of the vocal tract consists of the trading relations in terms of teandy coordinates of the
an acoustic compliance due to a large front cavity volumeongue transducers. For tongue configurations dutihigro-
and two parallel acoustic masses due to natural tapering byuction, a forward movement of the tongue front transducer
the teeth/lips and the palatal constriction behind the frongenerally corresponds to a shortening of the front cavity, an
cavity. The resulting resonance is inversely proportional taupward movement of the tongue front transducer generally
the product of the total acoustic mass and the acoustic contorresponds to a decrease in the area of the palatal constric-
pliance. Because it is difficult to accurately infer lip aperturetion for /r/, and, since the point of maximal constriction for
from EMMA data, we focus on the effects of the acoustic/t/ is typically anterior to the tongue back transducer, an
mass due to the size and location of the palatal constrictiorupward movement of the tongue back transducer generally
From these considerations, we conclude that the frequency ebrresponds to a lengthening of the palatal constriction and
F3 can be decreased by tongue movements that lengthen thessibly a decrease in the area of the constriction. When
front cavity (thereby increasing the acoustic compliance ofdetermining the signs of the transducer coordinate correla-
the front cavity, lengthen the constrictiotthereby increas- tions corresponding to the trading relations delineated above,
ing the acoustic mass of the constriction behind the frontve must take into account that increasing values of the
cavity), or decrease the area of the constrictitirereby in-  tongue front horizontal position correspond to decreases in
creasing the acoustic mass of the constrigtfon front cavity length, and increasing values of the tongue front
The predicted effects of these movementskd were  Vertical position correspond to decreases in constriction area.
confirmed using vocal tract area functions derived fromFrom these considerations, we can surmise that the three
structural MRI scans of a Speaker producim@?’/'rwo area trading relation Strategies described above should be evi-
functions were derived: one representing a “bunchedf” / denced by the following articulatory correlations:

configuration, and one representing a “retroflexed’don- (1) 4 positive correlation between tongue back height and
figuration. Three manipulations were carried out on each tongue front horizontal position;

area functipn to test the effect_s m predicted from acous- (2) a negative correlation between tongue back height and
tic theory: (i) the palatal constriction was extended backward tongue front height; and

by narrowing the vocal tract area immediately behind thez) 3 positive correlation between tongue front horizontal

constriction;(ii) the front cavity was lengthened by displac- position and tongue front height.

ing the palatal constriction backward; a€iil) the vocal tract ) ) )

area at the palatal constriction was decreased. For all thrddote that the use of all three trading relations by a single

manipulations, an acoustic signal was synthesizmihg S. ~ Subject is unlikely given that they impose competing con-

Maeda’svTcALCS program; Maeda, 199Gand compared to  Straints; i.e., if tongue back height and tongue fr.ont horizon-

the signal synthesized from the original area function. Eac/i@! Position are positively correlated as in relatith, and

manipulation resulted in a lowd3 in both the bunched and tongue front horizontal position and tongue front height are

retroflexed ¥/ cases, as expected from the acoustic theorOSitively correlated as in relatiofd), it is very likely that

analysis. tongue back height and.tongue fron'g height will also be posi-
Because all three manipulations act to lowes, sub-  tively correlated, thus violating relatiof).

jects could maintain a relatively stalfe despite vocal tract

shape variations across contexts if these variations involved

tradeoffs between the different manipulations. When lookinge- Analysis of articulatory and acoustic variances

at the different vocal tract shapes far Across _contexts, To quantify the combined effects of articulatory covari-

these tradeoffs would be manifested by correlations betweefces onF3 variability, an analysis was performed using

constriction length, front cavity length, and constriction poth acoustic and articulatory data to estim® variance

area. Specifically, the following three correlations wouldas a function of articulatory variances. The relationship be-

be expected to aid in maintaining a relatively stabi®  tween transducer coordinates @@ during £/ can be writ-
across utterances while allowing variations in vocal tracken for each speaker as follows:

shape:

N
(1) a negative correlation between constriction length and F3=AO+E Aici+E, (1)
front cavity length, since increases in constriction length =1
and front cavity length both act to redués; where theA; are constants, the are the transducer coordi-

(2) a positive correlation between constriction length andnates,N is the number of transducer coordinates considered
constriction area, since increases in constriction lengtln the analysis, ané is a residual term that accounts for the
reduceF 3 and decreases in constriction area redt8e  effects onF3 due to all other sources, including articulators
and not included in the analysis, measurement errors, and nonlin-

(3) a positive correlation between front cavity length andearities in the relationship betwedt8 and the transducer
constriction area, since increases in front cavity lengthcoordinates. The equation relatifi@ variance to articula-
reduceF3 and decreases in constriction area redu8e  tory variances at each point in time is then:
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/wabrav/

-

/‘\_:”"
.
L

/wadrav/

=4

/wavrav/

FIG. 1. Sample lingual articulations used by subject 1 to prodtide the
five phonetic contexts. For each context, two schematized tongues shapes
and a palatal trace are shown. Each tongue shape schematic was formed by [/wavrav/
connecting the three tongue transducers with straight lines. The tongue
shape at th&3 minimum for t/ is drawn with solid lines. The tongue shape
70 ms prior to thé=3 minimum is drawn with dashed lines. FIG. 2. Sample lingual articulations used by subject 2 to prodt/de the
five phonetic contexts. For each context, two schematized tongues shapes
and a palatal trace are shown. Each tongue shape schematic was formed by
connecting the three tongue transducers with straight lines. The tongue
Var( F3) = 2 Ai2 Var(ci) + Var(E) shape at th&3 minimum for £/ is drawn with solid lines. The tongue shape
i 70 ms prior to thé=3 minimum is drawn with dashed lines.

+22 2 AjA; Cov(c,cj) relation to F3. However, the relationship betwe&8 and
= transducer coordinates should be linear near a particular con-
figuration of the vocal tract, sincé3 is presumably a con-
+22, A Cou(c; ,E). (2)  tinuous nonlinear function of the vocal tract area function,
' and such functions are locally linear. One would further ex-
To determine the effects of articulatory covariancesFdh  pect that the relationship is still approximately linear for the
variability, we can compare the variance estimate of 5. relatively limited range of vocal tract configurations utilized
to the following variance estimate that excludes the covaripy a particular subject for/. The linear approximations re-

ances between the analyzed transducer coordinates: ported below captured approximately 80% of the variance
when using only three pellet coordinates, providing support
Var(F3)= E A?Var(c;)+ Var(E) for the assertion that the primary effect of articulatory cova-

I

riances orF3 variance can be captured by considering only
the linear component of each transducer’s relationship3o
+22 A Covc; ,E). (3 Furthermore, the sigfpositive or negativeof an articulatory
' covariance’s contribution t¢-3 variance depends only on
If the F3 variance estimate in the absence of articulatorythe sign of the correspondinfy terms, and we are primarily
covariances$Eq. (3)] is significantly larger than the variance interested in the sign of the combined effects of articulatory
estimate including the articulatory covarian¢€&s. (2)], we  covariances o 3 variance. The expected signs of #efor
conclude that the primary effect of the articulatory covari-tongue back height, tongue front horizontal position, and
ances is a reduction in the varianceFs. tongue front height can be deduced from acoustic theory
Strictly speaking, a comparison of tf¥3 variance esti- considerationgSecs. | C and I D A; values were estimated
mates in Eqs(2) and(3) tells us only about the effects of the for each subject using multiple linear regression on the
covariances of thdinear component of each transducer’s acoustic and articulatory data. As discussed in Sec. 11D, all
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/wabrav/ /A --mt
,/_‘_\ /wabrav/
J///:r====1+

fwadrav/ .-
_— /
X /

'wadrav/

/wagrav/ = -
\\‘+
A + /wagrav/
+
Jwavrav/ f/\-
FIG. 3. Sample lingual articulations used by subject 3 to prodt/de the .-t

1

]

+
1

five phonetic contexts. For each context, two schematized tongues shapes
and a palatal trace are shown. Each tongue shape schematic was formed by
connecting the three tongue transducers with straight lines. The tongue fwavrav/
shape at th&3 minimum for £/ is drawn with solid lines. The tongue shape
70 ms prior to thé=3 minimum is drawn with dashed lines.

+

FIG. 4. Sample lingual articulations used by subject 4 to prodt/de the
five phonetic contexts. For each context, two schematized tongues shapes

21 estimatedﬂq values(three values for each of seven sub- and a palatal trace are shown. Each tongue shape schematic was formed by

. t$ f th . ted f th tic th connecting the three tongue transducers with straight lines. The tongue
Jects were o € Sign expected from these acoustic eor3§hape at th&3 minimum for £/ is drawn with solid lines. The tongue shape

considerations. 70 ms prior to the=3 minimum is drawn with dashed lines.

Il. RESULTS shape for i/ as the upward movements of the tongue blade
used by the same subject to producé ih the Avarav/,
Iwabrav/, and f#avrav/ contexts (Fig. 1). Similarly, the
Figures 1-7 show sample lingual articulations used tqjownward movement of the tongue blade used by subject 2
produce ¥/ in the five contexts by the seven subjects. Forig produce ther/ in /wadrav/ does not appear to be aimed at
each context, two schematized tongue shapes and a palaik same vocal tract shape as the upward movements of the
tracé are shown. The tongue shape schematics were formadngue blade used by the same subject to produtén/
by connecting the three tongue transducers with straightyaray/, Avabrav/, or mvavrav/ (see Fig. 2 Additional ex-
lines. The solid tongue shape corresponds to the pointin timSmpIes of this phenomenon can be seen in Figs. 1-7. The

at whichF3 reached its minimum value. The tongue shapgossible relevance of these observations to theories of speech
70 ms prior to thé=3 minimum is indicated by dashed lines. motor control will be addressed in Sec. III.

The movement of the tongue can thus be roughly character-
ized as a transition from the dashed tongue shape to the solgi
tongue shape. This movement corresponds to the articulation
toward the “acoustic center” oft/; i.e., the portion of the Figure 8 shows tongue configurations at & mini-
movement up to the point in time of tHe3 minimum. mum of &/ for each of the seven speakers. For each utter-
Inspection of the lingual articulations for some subjectsance, the three tongue transducer positions are connected by
suggests that these subjects utilize different articulatory ges straight line. The tongue configurations for all repetitions
tures, aimed at different vocal tract shapes, to produc@/ in all phonetic contexts are superimposed for each speaker.
different phonetic contexts. For example, the backwardlrhus the fact that different numbers of utterances were ana-
movement of the tongue, with a slight downward movementyzed for different subjects and contexts is reflected in this
of the tongue blade, used by subject 1 to produceithi/ figure. As previously reported elsewheieg., Delattre and
/wadrav/ does not appear to be aimed at the same vocal traéteeman, 1968; Hagiwara, 1994, 1995; Ong and Stone,

A. Temporal progression of tongue shapes

Tongue shapes at acoustic center of / 1/
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1cm lips — 1cm ].i.pS »
g™
A—. e .
-, S
s
/warav/ /warav/
r’ -~
/(: * A
+ = I
/wabrav/ /wabrav/
/?‘_ . N
- - (-
Ifwadrav/
/wadrav/
T +
\\
AY
\\
A
/wagrav/
(4 hd -~
+% pa
J/wavrav/
/wavrav/

FIG. 5. Sample lingual articulations used by subject 5 to prodtide the FIG. 6. Sample lingual articulations used by subject 6 to prod/de the

five phonetic contexts. For each context, two schematized tongues shapgge phonletlcl contexts. Fhor eaclg c%ntext, twohschemitlzed _tonguefs shagebs
and a palatal trace are shown. Each tongue shape schematic was formed JYF 2 palatal trace are shown. Each tongue shape schematic was formed by

connecting the three tongue transducers with straight lines. The tongu‘é hnecting the t.hr'ee tongue_transduce!’s Wit_h ;traight lines. The tongue
shape at th&3 minimum for £/ is drawn with solid lines. The tongue shape shape at th&3 minimum for £/ is drawn with solid lines. The tongue shape

70 ms prior to theF3 minimum is drawn with dashed lines. 70 ms prior to thé=3 minimum is drawn with dashed lines.

1998; Westbunet al, 1995, a wide range of tongue shapes tongue shapes used by that subject. Tongue outlines were
is seen both within and across subjects. Also of note is thereated by connecting the average positions of the three
fact that, although most subjects seem to use an approximaggngue transducers for a given utterance with a smooth curve
continuum of tongue shapég.g., S2, S3, S6, $7others 15 roughly approximate tongue shapa line was then ex-
show a more bimodal distribution of tongue shafeeg., S4,  tended downward from the tongue front transducer position,
S5. Finally, the tongue shapes across subjects appear {fien, forward to the lower incisor transducer position, to pro-
form an approximate continuum betwgen a'bunched configige a rough estimate of the relative size of the front cavity
ration (e.g., S¢ and a retroflexed configuratide.g., S4. A across contextS Also shown in the upper left corner of this

more detailed indication of the effects of the different pho-.. ) ; .
. . figure are two superimposed, highly schematic vocal tract
netic contexts on the tongue shapes fdrodan be gained . . . ; Lo
gutlines that illustrate trading relations for maintaining a

222;1 Fslgb?éc\;w#]ciiﬁvfhghf eg\cleéiﬂfeig?%Lézsgagfspﬂzizt?cgle{tively stableF3. The gffect opFS of the longer front
context. Figures 10—16 show the corresponding aveFeje caylty of the dashed outlllne, which can be roughly charac-
traces, starting from the point of 8 minimum for £/ and terized as a retrqflexed// is counteract.eo_l by the effegts of
continuing for 70 ms, for each speaker coded by phonetié_he Iong_er and slightly narrower constﬂctlon of the solid out-
context. With the exception of thevadrav/ productions of in€, which can be roughly characterized as a bunchéd /
subject 2, which had considerably higher valueg8fthan ~ Similarly, the vocal tract outlines for all subjects indicate
the other utterances for that subject, the subjects showed#at shorter front cavity lengths are accompanied by a com-
minimum F3 values well below 2000 Hz in all contexts, as Pensating increase in constriction length and/or decrease in
expected from earlier studies af production. the constriction area. Furthermore, the tongue shapes during

Figure 17 shows the midsagittal palatal outlittick  /wagrav/ (solid lines are generally much closer in shape to
solid line and mean tongue shapes at the time of &  tongue shapes fog/ than are ther/ shapes forwabrav/ or
minimum for 4/ for each of the seven subjects. For each/warav/ (dashed lines suggesting that subjects utilize/ /
subject, mean configurations from two phonetic contextonfigurations that are reached relatively easily in the current
(solid and dashed lingsre shown to illustrate the range of phonetic context.
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/warav/

FIG. 8. Tongue configurations at ti€3 minimum of £/ for each of the

seven speakers. For each utterance, the three tongue transducer positions are
connected by straight lines. The tongue configurations for all repetitions in

all phonetic contexts are superimposed for each speaker.

/wavrav/

tionships that act to reduce acoustic variability. Furthermore,
as described in Sec. ID, it is unlikely or impossible for a
FIG. 7. Sample lingual articulations used by subject 7 to prodiida the ~ subject to utilize all three trading relations because they

five phonetic contexts. For each context, two schematized tongues shap%unteract one another. However. it is still possible that the
and a palatal trace are shown. Each tongue shape schematic was formed by ’

connecting the three tongue transducers with straight lines. The tongue
shape at th&3 minimum for £/ is drawn with solid lines. The tongue shape

70 ms prior to thé=3 minimum is drawn with dashed lines. [ “warav.avg’
wabrav.avg” 1
wadrav.avg™ ©- cm

.
-

wagrav.avg
wavrav.avg

C. Articulatory trading relations

For each subject, Pearson correlation coefficients corre
sponding to the predicted covariances described in Sec. ||
were estimated across utterances at the poiRt3ominimum
and are listed in Table I. All subjects showed a significant
positive correlation between tongue back heigRBY in
Table ) and tongue front horizontal positigifFX), indica-
tive of a trading relation between constriction length and
front cavity length. Six of seven subjects also showed a sec
ond strong trading relation: five subjects showed a trading
relation between constriction length and constriction area a
evidenced by a negative correlation between TBY anc
tongue front heightTFY), and one subject showed a trading
relation between front cavity length and constriction area a:
evidenced by a positive correlation between TFX and TFY.
One subjectsubject 7 showed only very weak correlations
other than the strong trading relation between tongue bac
height and tongue front horizontal position.

D. Analysis of acoustic and articulatory variabilities FIG. 9. Averaged tongue configurations at fi& minimum of £/ for each

. L. . of the seven speakers. The averaged positions of the three tongue transducer
The results in Sec. Il C indicate that most subjects €X7positions for each of the five phonetic contexts are connected by straight

hibited two of three hypothesized articulatory trading rela-lines.
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FIG. 10. Averagedr3 values for#/ in the five phonetic contexts for subject

20 30 40 50 60 70 80

Time (ms after F3 minimum)

FIG. 13. Averagedr3 values for ¥/ in the five phonetic contexts for subject

1. For each context, the averaded is plotted as a function of time starting 4. For each context, the averaged is plotted as a function of time starting

from the F3 minimum.

from the F3 minimum.

3000 v T T T T T T 3000 T T v T T T T
“warav.f3avg” ©- “warav.f3avg” ¢
2800 | "wabrav.f3avg” +- S2 - 2800 | "wabrav.f3avg” +- S5
“wadrav.f3avg” O- g-g-g-o-89 “wadrav.f3avg” 8-
2600 | _wegrav.f3avg’ - »«EI‘El" A E-A—A—A 2600 | _wegrav.f3avg’ -
‘wavrav.f3avg” &-] o ge&8 A 4 “wavrav.f3avg” A-
2400 | & ‘ 2400
e
2200 } EI,EI‘E' ; 2200
S 1 5
o 2000 o 2000F
N S
& 1800 ; = 1800 1
16004 1600 1
1400 1400’ &
1200 | 1 1200%
1000 10001
10 20 30 40 50 60 70 80 80

Time (ms after F3 minimum)

FIG. 11. Averagedr3 values for 1/ in the five phonetic contexts for subject
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FIG. 14. Averagedr3 values for #/ in the five phonetic contexts for subject

2. For each context, the averagead is plotted as a function of time starting 5. For each context, the averaded is plotted as a function of time starting

from the F3 minimum.

from the F3 minimum.

"warav

wavrav

.f3avg” <
f3avg” +-
.f3avg” O-
F3avg” -
F3avg™ &-

N

i i i

3000 T T T T T T v 3000
“warav.f3avg” ¢
2800 } “wabrav.f3avg” +- S3 2800
“wadrav.f3avg” 8-
2600 | _wagrav.f3avg” x- 2600 L
wavrav.f3avg” &-
2400 2400 |
2200 1 2200
N N
= 2000 o 2000
S e
& 18008 ] 2 1800
1600} 1600
1400 f 1400
1200 ¢ 1200
1060 . . . . s L L 1000
0 10 20 30 40 50 60 70 80 [

Time (ms after F3 minimum)
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FIG. 15. Averagedr3 values for/ in the five phonetic contexts for subject

3. For each context, the averaded is plotted as a function of time starting 6. For each context, the averaded is plotted as a function of time starting

from the F3 minimum.
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3000 r T r v v T T TABLE I. Articulator correlation coefficients. Significant correlations that
2800 .,Zf;'é‘;“éfg;ﬁg b S7 | are consistent with hypothesized trading relations are shown in boldface.
“wadrav.f3avg” B- TBY =tongue back height; TFXtongue front horizontal position; TTY
2600 | uogrev-i2ave. X 1 =tongue front height.
Subject TBY-TFX TBY-TFY TFX-TFY
= 1 0.74 -0.7% -0.78
T 2 0.92 —0.6% —-0.8¢
gl 3 0.7% —-0.74 —0.46
4 0.972 0.89 0.82
5 0.64 —0.49 —-0.57
6 0.58 -0.8% —-0.60"
7 0.84 0.05 0.06

FIG. 16. Averagedr3 values for#/ in the five phonetic contexts for subject
7. For each context, the averagead is plotted as a function of time starting

from the F3 minimum.

20

Time (ms after F3 minimum)

aStatistically significant p<0.01).

terms[Egs. (2) and(3), respectively were calculated using
the tongue back height, tongue front horizontal position, and
tongue front height transducer coordinates. The correspond-
ing F3 standard deviations were then averaged across sub-
jects. TheA; values for each speaker were estimated using

significant correlations that violate the trading relations couldnultiple linear regression across utterances and time bins
effectively “override” the beneficial articulatory tradeoffs, and are provided in Table II; the value Bffor a particular
potentially nullifying or even reversing the effect of the uti- time bin was simply the residual of the regression in that
lized trading relations on acoustic variability. It is therefore time bin.R? values for ther3 fit (without the residual terjn
necessary to estimate the net effect of all three articulatoryanged from 0.75 to 0.87 for the different subjects, with an

covariances, as outlined in Sec. | E.

averageR? of 0.79. If covariances are high and the actual

F3 variance estimates with and without covarianceeffect of an articulator’s position oR3 is very low, regres-

sion analysis can possibly result in estimates of transducer
contributions that have the wrong sign, which could in turn
cause some articulatory covariances to decrease estimated
F3 variability when in reality they increase or have no sig-
nificant effect onF3 variability. The fact that none of the
transducer contribution estimates produced by the regression
were of the opposite sign as expected from acoustic theory
considerations and the MRI-based area function analysis in-
dicates that this potential problem did not affect our results.
F3 standard deviation estimates with and without cova-
riance terms are shown in Fig. 18 as a function of time start-
ing at theF3 minimum for t/, averaged across subjects.
(Standard deviations were plotted in place of variances to
produce values whose units are Halso plotted is the stan-
dard deviation obtained from measured value$ 8f When
articulatory covariances are included, i@ standard devia-
tion estimate is equal to the measufegl standard deviation;
this is as expected because of the inclusion of the residual
term in the variance estimate calculations. The solid line in
the figure thus represents both the measu¥&dstandard
deviation and the estimatde3 standard deviation including

FIG. 17. Trading relations duringe// production. The upper left corner

shows two superimposed, highly schematized vocal tract outldeshed ~ TABLE Il. Regression coefficients indicating the relationship between

and solid linegillustrating trading relations between front cavity length and transducer coordinates af®. Units are Hz/mm.

palatal constriction length and area. Also shown are vocal tract outlines that

illustrate the range of tongue shapes used by each of the seven subjects to Subject

produce ¥/ in different phonetic contexts. Thin solid lines correspond to the
tongue shapes for//in /wagrav/ (averaged across repetitionand dashed

lines correspond to the//in /wabrav/ or Avarav/, depending on the subject.

Thick solid lines indicate palatal outlines. Each outline is formed by con-
necting the three tongue transducer positions with a smooth curve, then
projecting downward and forward from the frontmost tongue tongue trans-
ducer to the lower incisor transducer. All seven subjects show tradeoffs
between the front cavity length and the constriction length and/or area when

A; (TBY) A, (TTX) A3 (TTY)
1 —28.25 15.20 —35.61
2 —81.13 92.77 —35.25
3 —12.28 25.93 —51.50
4 —36.83 77.34 —36.55
5 —24.04 21.44 —30.49
6 —21.68 10.99 —30.95
7 —46.29 33.71 —31.87

producing #/ in the two different contexts.
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350

T T ——T that act to reduce acoustic variability across contexts despite
Measured F3 and estimated F3 with covariances ~ ¢~

SO S Estimated F3, no covariances ~ +° the large variations in vocal tract shape. The first piece of
[ *‘*‘+-+-+»+.+_4 evidence arises from inspection of the tongue shape extremes
250 | T, ) for each subjecti.e., the averaged tongue shapes from the
'+.+_+_ . £
e, two phonetic contexts whose averaged tongue shapes dif
2001 Foe, 1 fered the most which show clear tradeoffs between the

length of the front cavity and the length and/or area of the
150 % 1 palatal constrictior(Fig. 17). An acoustic theory analysis of
100k ] the effects of these aspects of vocal tract shap€& ®nindi-
cates that the systematic tradeoffs would be expected to re-
50} duce acoustic variability across contexts. Analysis of articu-
latory covariances indicates that most speakers exhibit two
o 10 20 30 40 50 o0 70 80 of three articulatory trading relationships that were hypoth-
Time (ms after F3 minimum) esized based on acoustic properties of the vocal {iGet.
FIG. 18. Comparison of the measure8@ standard deviation with estimates Il C). Furthermore, the use of all three trading relationships is
of F.3 s.tandarltoj deviation derived from articulator transducer positions, av-Very unlikely _If not |mpos§|ble given th_at they counteract
eraged across subjects. Removal of the articulatory covariance terms resuf@Ch other. Finally, analysis of the combined effects of these
in a much higher estimate &3 standard deviation, indicating that articu- articulatory covariances indicates that they strongly influence
latory covariances greatly reduce acoustic variation. F3 variability across contexts, effectively cuttiffe3 stan-

the covariance terms. When articulatory covariances are r&lard deviation in half compared to what it would have been
moved from the estimates, the estimafegl standard devia- Without the articulatory covarianceSec. 11 D; Fig. 18.
tion increases substantially. The dashed line in Fig. 18 rep-  Unlike earlier trading relations studies that reported
resents estimate@3 standard deviation without covariances Mixed results across subjedts.g., de Jong, 1997; Perkell
using the three tongue transducer coordinates. According Bt &l- 1993, 1994; Savariauet al, 19953, the reduction of
this estimate, thenE3 standard deviation would be 105% F3 variability due to articulatory covariances was seen at the
higher at the acoustic center of if the articulatory tradeoffs ~acoustic center ofr/ for all seven subjects in the current
had not been present. study. We believe that the following factors contributed to
The increase in th€3 variance estimate without cova- this difference. First, the current study investigated a pho-
riances is seen at thE3 minimum for all subjects. This N€me known to exhibit a large amount of articulatory vari-
observation suggests that ambiguous results from previol@Pility across contexts. Such a sound would be expected to
studies may have been at least partly due to analyzing On|9xhibit stronger trading relations due to the larger overall
one articulatory tradeoff at a time, since in our study nodrticulatory variability. Second, the current study investi-
subject exhibited all three hypothesized trading relations, bugated the combined effects of multiple articulatory covari-
all subjects showed a net decrease in acoustic variability dunces. Although the combined effect of articulatory covari-
to the combinedeffects of the articulatory covariances. As- ances was a reduction &f3 variability in all seven subjects
sume, for example, that the data listed in each column oficcording to the analysis of Sec. Il D, different subjects used
Table | were the result of an independent research studyifferent combinations of the individual articulatory trading
Researchers investigating the trading relation in colunin 2  relations(Table |). It is therefore not surprising that in earlier
which five of seven subjects used the trading relatisould ~ studies, which investigated articulatory covariances individu-
sharply disagree with researchers investigating the tradinglly, some subjects did not use an hypothesized trading rela-
relation in column 3(in which only one of seven subjects tionship. The results of the current report suggest that these
used the trading relatigras to whether or not trading rela- subjects may well have used other, unanalyzed trading rela-
tions are reliably exhibited, and both sets of researcherions that reduced acoustic variability.
would report ambiguous results since in neither case do all  The issue of articulatory trading relations in speech pro-
subjects behave in the same way. A much clearer picture haiiction is relevant to current theories concerning the control
emerged from the current study due to the analysis of th@f speech movements. Roughly speaking, computational
combined effects of the articulatory covariances. models of speech motor control can be classified according
Also evident in Fig. 18 is a steady decrease with time ofto the type of phonemic “targets” that they use to command
the effects of the covariance terms B3 as the i/ transi- movements of the speech articulators. One type of computa-
tions into the following 4/. This decrease, evident in six of tional model, exemplified by the task-dynamic model of
the seven subjects, is suggestive of a decrease in the use $#ltzman and Munhalll989, utilizes a target for each pho-
trading relations as vocal tract shape differences across utteieme that specifies important aspects of the shape of the
ances(due to the different phonemes precedingirt differ-  vocal tract for that phoneme. This “vocal tract shape target”
ent utterancesdiminish. view is closely related to theories of speech perception and
production in which the articulatory gesture serves as the
Ill. DISCUSSION basic unit of speech. These include the motor theory of
The results of this study indicate that the widely varying speech perceptiofLiberman and Mattingly, 1985; Liberman
tongue shapes used by each subject to produae different et al, 1967, the direct realist theory of speech perception
phonetic contexts exhibit systematic articulatory tradeoffsFowler, 1986, 1995 and the linguistic-gestural theory of

F3 Standard Deviation (Hz)
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phonology (Browman and Goldstein, 1990a,bA second ACKNOWLEDGMENTS
type of computational model, exemplified by the DIVA
model of speech acquisition and producti@uenther, 1995;

Guentheret al, 1998, utilizes only an acoustic or auditory
target for each phoneme, with no explicit vocal tract shap

target. These models may use different shapes of the voc RI data, and John Westbury and Andersiqst for con-
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pending on things like phonetic context. Theories related t

this “auditorv target” view have been posited b Various%ROl-DC01925-04 to Joseph Perkell, and 1R03-C2576-01 to
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A major difference between the aUd'tory target and vo- symbol 4/. We use the symbol/ here because it is more widely recog-
cal tract shape target computational model classes is that th&ized and is unambiguous with regard to American English.
former explicitly predict the existence of articulatory trading 2Although the direction of the effect dR3 for all of these vocal tract shape
relations when producing the same phoneme in differemmanipulations should be the same, the magnitude of the effeEt3owill

e different for each manipulation. We account for this by including the
contexts, whereas the latter do not. Because the current r agnitudes of the effects when analyzing the combined acoustic effect of

sults show the existence of trading relations in all seven subthese movements; this is done through Aggerms in Eqs(1)—(3) below.
jects, they appear to favor acoustic target models over vocéthe vocal tract area functions were provided by Abeer Alwan and col-

tract shape target models. A potential reason for the use ofeagues from the Electrical Engineering Department at the University of

; ; alifornia, Los Angeles.
articulatory tradeoffs is that they can reduce the amount OI$he palatal traces for subjects 2 and 4 were slightly misaligned relative to

effort required to move the articulators through a set of the tongue transducer data. To correct for this, the palatal trace for these
acoustic targets. For example, the tongue shapesrfan/  subjects have been raised approximately 3 mm relative to the tongue trans-
Iwagrav/ were generally closer to the tongue shapes gor / ducer positions in all figures.

th the t h fof In oth text ti Because any form of curve through the three tongue transducer points
an the tongue shapes n other contexts, suggestng 4,4 represent only a rough approximation to the actual tongue shape, the

that, to a first approximation, subjects moved to the closesturves in Fig. 17 were simply hand-drawn using computer drawing soft-

vocal tract shape that could be used to produce the appropriware.
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