U sing Visual Information to Train
Foreign-Language Vowel Production*
James Emil Flege
University of Alabama atBirmingham

The present feasibility study explored the use of visual information for training vowel production in a foreign language (L2).
An optoelectronic glossometer was used to measure tonguepalate distances. at four locations along the hard palate and to
provide visual feedback specifying tongue targets for English
li,I,re/ and Ial. Evaluations performed during 10 days prior to
training showed that the native Spanish subject examined
consistently neutralized the tongue position difference between
English Iii-III and lre/-ial. The same thing occurred when she
attempted to imitate vowels spoken by an English native speaker.
Physiological, acoustic, and perceptual tests showed that the
subject produced a difference between Ii/-III after only ten minutes of visual articulatory modeling and shaping. A similar improvement was not noted for lreJ-laI, perhaps because the difference in pharyngeal width that distinguishes these vowels could
not be shown directly using the glossometer. Additional work
will be needed to determine whether the Ii/-II! change was due to
the visual feedback and whether greater-and
sustainedchanges in vowel production can be effected using visual feedback if more training is administered.

·This study was funded by NIH Grant NS20963. The author thanks
S. Fletcher, M. McCutcheon, H. Smith, and S. Smith for their roles in
developing the glossometer; S. Smith for the glossometer software; S.
Sutphin for fabricating the pseudopalate and data analysis; and S.
Fletcher for comments on an early draft of this article
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INTRODUCTION

Relatively little attention is devoted to improving methods for teaching foreign language (henceforth L2) pronunciation. Leather (1983) observed that the teaching of
pronunciation is no longer considered to be a necessary
part ofL2 instruction because inauthentic pronunciation
seldom disrupts "communicative function" and because
too little is currently known about speech learning to
endorse any particular method ofpronunciation teaching.
Another reason is the pervasive belief(e. g., $covel, 1981)
that teaching L2 pronunciation to adults is futile because
they have already passed a "critical period" for speech
learning (but cf. Flege, 1987a)
Adults wholearn L2 naturalistically often fail to produce
certain L2 vowels and consonants authentically (Flege &
Hillenbrand, 1984,1987; Flege, 1987a, 1987b, 1988;Flege
& Eefting, 1987). This suggests an upper limit on the
extent to which L2learners may approximate the phonetic
norms for certain L2 phonetic categories. For example,
even highly experienced Spanish native speakers typically produce English Ip,t,k/ with voice onset time (VOT)
values that are significantly shorter than those ofEnglish
native speakers (although their English stops may have
longer VOTvalues than stops produced by Spanish monolinguals). Native speakers of Spanish tend to realize
English hi as an [i)-quality vowel (Ornstein, 1974) even
though they can discriminate English Iii and hI auditorily
and can presumably discriminate between English hI and
Spanish Iii (see Flege, 1984).
The method used most often to teach L2 pronunciation
is to have students imitate, repetitively, the pronunciations of a native-speaking teacher (Prator & Robinett,
1985). Subjective feedback may be offered by the teacher
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concerning the degree of authenticity of each attempt.
Although the efficacyofsuch methods has not been evaluated systematically, they appear to have little effect on
how adults pronounce L2 vowelsin or out ofthe classroom.
Flege (1988) outlined several reasons that pronunciation
should be considered important. If the basis for the
apparent upper limit on adults' ability to approximate L2
phones were known, training methods could be developed
to circumvent them and more attention could be devoted
to L2 pronunciation.
Trubetzkoy (1939) suggested that L2learners may "filter out" properties of phones if they do not serve to
differentiate categories in the Ll. The notion of"filtering"
implies that L2 learners may not make effective use of
some of the auditorily detectable information associated
with L2 phones. Flege proposed that L2 learners have
difficulty establishing phonetic categories for certain
phones in L2 that differ physically from their equivalents
in L1 (Flege & Hillenbrand, 1984, 1987; Flege, 1987a,
1987b, 1988; Flege & Eefting, 1987). For example, Spanish learners of English might fail to establish a new
category for English III if it is identified with Spanish Iii.
Even if native Spanish speakers were to succeed eventually in establishing a new category for English III (Flege,
1987b), they may continue to identify English Iii with
Spanish Iii and thus never use the detectable acoustic
differences between the Iils of English and Spanish as a
basis for the sensorimotor learning needed to produce
English Iii authentically.
The underlying assumption that motivated the present
feasibility study was that the cognitively-based filtering
that seems to limit L2 speech learning might be circumvented ifvisual information specifying the tongue position
of L2 vowels were presented.
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USE OF VISUAL INFORMATION IN
SPEECH PERCEPTION

Research has shown that infants attend to the visual
information that accompanies the production of speech
sounds. Infants seem to attend naturally to speech soon
after birth, fixing their gaze on the mouth area, especially
when speech is produced (Myerson, Manis, Miezin, &
Allman, 1977). Kuhl and Meltzoff(1982) found that fourto-five month olds gazed longer at a display of a face
articulating a vowel they heard repetitively than at an
adjacent display that showed a face articulating another
vowel. The difference disappeared when pure tones
matching the vowels in amplitude and duration were
presented instead of the vowels. Another study showed
that infants prefer to look at speech being produced when
the movements they see are in synchrony with the sounds
being generated (Dodd, 1978a, 1978b).
Taken together, these results suggest that infants are
predisposed to process phonetically the visual information that accompanies speech production. Studdert-Kennedy (1984, p. 63) concluded that infants perceive this
"natural correspondence" because the visual and auditory
information have a "commonorigin in the articulations of
the speaker". Infants have also been shown to be capable
of recognizing the intermodal correspondences needed to
reproduce what they see. They are able to recognize
objects they have explored in their mouths (Melzoff &
Borton, 1979);can reproduce oral gestures they have seen
(Melzoff & Moore, 1977); and-most importantly-can
remember what they have seen (Fagan, 1970).
Given the proclivity ofinfants to respond to visual information, it is hardly surprising that children and adults
make use of visual information to identify speech sounds
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(Summerfield, 1979). The perception of a syllable presented over a loudspeaker may change if conflicting visual
information is presented in synchrony with it. For example, Idol may be perceived if /bol is heard while Igol is
seen (McGurk & MacDonald, 1976;MacDonald & McGurk,
1978). The results obtained in "audio-visual" experiments
show that the phonetic percept is not an "average" of the
auditory and visual information presented nor does one
modality simply dominate the other. Fletcher (1983, p. 20)
concluded that visual information is sought to "verify"
auditory sensations for sounds that are relatively visible.
Summerfield and McGrath (1983, p. 4) suggested that the
phonetic category perceived is the one "most compatible"
with the information conveyedby both sensory modalities
(see also Massaro, 1987).1
It appears that the visual correlates of speech sounds
exert an important influence on speech learning. Mavilya
(1972) noted an abrupt decline in babbling in deaf infants
at an average age ofabout 21 weeks, probably due to a lack
of auditory stimulation. Locke's (1983) review suggested
that the kinds of sounds emitted by hearing and deaf
infants may be similar but that, whereas hearing infants
begin to show an influence ofthe entire phonetic inventory
ofthe language spoken by those around them near the end
of the first year of life, deaf infants begin showing a
preference for the relatively visible labial sounds. Hearing-impaired children who speak English are better able
to produce sounds that are visible than those formed with
gestures that are relatively hard to see (Nober, 1967;
Fletcher, 1983). The preference in early child speech for
visible sounds observed for sighted children is less evident
for blind children (Mills, 1983).
The importance ofvisual information in speech learning
may vary according to how much visual information is
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availabl~r
how much auditory information is missing.
Miller and Nicely (1955) observed that those features of
sounds that are most difficult to hear in noisy conditions
are precisely those that are easiest to see. Place-ofarticulation information is relatively visible but hard to
discern in noise, whereas the reverse is true for manner
information. In one study (Dodd, 1978a, 1978b, cited by
Summerfield, 1983), children detected more voicing errors (e.g., tobic instead of topic) than place errors (totic
instead of topic) in a prose passage. They detected more
errors overall when they could both see and hear the
talker, but the increase was greater for place than for
voicing errors owing to the relative visibility of the placeof-articulation information.
The visual information that accompanies vowel production is fairly limited. Four categories of monophthongal
vowels and three diphthongs can be identified visually in
speech produced carefully in a well-lit place, but just two
monophthongal categories and one diphthongal category
are visually discriminable in less ideal viewing conditions
(Jeffers & Barley, 1971, cited by Summerfield, 1983). In
conversational speech, lip rounding differences between
vowels are maintained.
The horizontal lip-separation
differences between vowels are less well maintained because they are not strictly needed to ensure auditoryacoustic distinctiveness between vowels (Summerfield,
1983). The most salient visual cue for vowels appears to
be the oral area, and possibly the internal width of the lips
(Linker, 1982).
Variation in tongue position is not an important cue to
visual vowel perception (Busby, Tong, & Clark, 1984), but
it probably would be used if the tongue could be seen better. Visual cues nonetheless influence vowel perception
despite the relatively few reliable visible differences be-
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tween vowels. Summerfield and McGrath (1983)had subjects identify the members of synthetic li/-IaI, Ii/-/u/, Ial-/u/
continua that were presented alone, or in synchrony with
a display of a face articulating one of the point vowels Iii,
ful, or fa!. Judgments

shifted in the direction of the vowels

shown visually relative to the judgments given in response tojudgments based solely on audi tory information.
GENERAL

AIM

The research just reviewed suggests that: visual information is important to L1 speech learning; normal children and adults use both visual and auditory information
in perceiving speech; and the visual information that
normally accompanies vowel production is limited. What
is not known at present is whether normal adults can use
visual information in learning L2 vowels that differ from
those in the L1 phonetic inventory.
At present, little systematic information exists concerning the use ofvisual information to train vowelproduction.
Attempts have been made to teach vowels to profoundly
hearing-impaired children. Osberger (1987) reports a
vowel training study with hearing-impaired adolescents.
The feedback consisted of the visual information that
normally accompanies vowel production and a clinician's
feedback concerning the extent to which each attempt
approximated English phonetic norms. The subjects
learned to contrast two vowels they neutralized before
training (Iii, lce/); however, they did not closely match
normal speakers for either of these vowels.
More technologically sophisticated methods have been
used to provide visual feedback to hearing-impaired individuals. For example, Povel and Wansink (1986) showed
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their subjects a dot on a computer screen (CRT), the
position of which varied according to the spectra of the
vowels being produced. The visual information derived
from the acoustic output seemed to be useful in training
distinctions
between vowels that were distant in the
phonetic space, but not spectrally similar vowels. Fletcher
and Hasegawa (1983) presented preliminary
evidence
that presenting a visual representation
of the tongue's
chilposition may be useful in training hearing-impaired
dren to differentiate English vowels.
There seems to be Iittle if any systematic information on
L2 vowel training either using conventional, auditorybased feedback or feedback based on acoustic output or
tongue position. L2learners may be less likely to filter out
visual than auditory information associated with L2 vowels.
A visually oriented approach might prove useful even if
this were not so. L2 learners generally have more difficulty perceiving speech in noise than do native speakers
(Black, 1965; Spolsky, Sigurd, Sako, Walker, & Arterburn, 1978). This arises in part from their relative lack of
"higher order" information, from learned differences in
segmental perception, and from inadequate or nonexistent central representations
for phones not found in L1
(Flege & Hillenbrand,
1984, 1987). The finding that
native speakers understand
more speech presented in
noise when they can see the talker demonstrates their use
ofvisual information (Sumby & Pollack, 1954). Nonnative
speakers often have great difficulty comprehending
the
L2 over the telephone, perhaps because they rely even
more heavily than do native speakers on visual cues.
Hearing -im paired children recognize vowels better when
exposed to auditory and visual information than when
presented with visual information alone (Busby, Tong, &
Clark, 1984). This shows they are able to extract some

Flege

373

phonetically relevant visual information pertaining to
vowels, but the relative invisibility of the tongue ultimately prevents hearing-impaired individuals from learningto produce English vowels adequately. Theirdifficulty
does not stem simply from substituting one vowel for
another (Harris, Rubin-Spi tz, & McGarr, 1985), but arises
from the overall reduction ofthe articulatory (hence acoustic) vowel space.
When they are trained to produce vowels using conventional training techniques, hearing-impaired adolescents
show greater between-vowel differentiation in Fl probably
because such differences are associated with the relatively visible jaw differences between vowels. Conventional training techniques seem to have relatively little
effect on F2 frequencies, probably because the articulatory
differences in tongue position responsible for this aspect of
vowel spectra are hard to see (Osberger & Kent, 1983).
Work with the hearing impaired suggests that, to be
effective, the visual infonnation presented in a voweltraining program will need to be richer than that afforded
by a view of the face. Fletcher and Hasegawa (1983) found
that although a hearing-impaired child differentiated
English vowels appropriately according to vertical lip
separation and rounding, her vowels were nevertheless
essentially unintelligible. These authors noted that acoustic-to-visual transfonnations may be difficult to interpret,
and that ambiguity may derive because different articulatory configurations may generate the same acoustic output (hence result in the same visual display). The visual
infonnation will therefore probably n~ed to be richer then
that which could be provided by a two-dimensional derivative of vowel spectra.
In the present feasibility study, visual feedback training
on the English vowels Ii/-III and lre/-/o/ was provided to a
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native speaker of Spanish. Prior to the experiment, the
subject consistently neutralized the contrast between these
vowelpairs. An optoelectronic device called a glossometer
was used to show to the subject the location ofher tongue
on a CRT as she attempted to match visual tongue "targets" for the English vowels.
INSTRUMENTATION

The glossometer used here to measure and display
tongue positions, and the methods used for fabricating the
pseudopalates needed for glossometry, have been described previously (McCutcheon, Hasegawa, Smith &
Fletcher, 1981; Fletcher, 1982, 1983; McCutcheon, Stillwell, Smith, & Fletcher, 1983;Flege, Fletcher, McCutcheon
& Smith, 1986). Briefly, glossometry makes use of four
small (2x3x6 mm) sensor assemblies embedded in a thin
plastic "pseudopalate" worn during speech. The assemblies are positioned along the midline ofthe hard palate at
approximately II-mm intervals, beginning just posterior
of the alveolar ridge and ending just anterior of the juncture between the hard and soft palates. Each assembly
contains an LED and phototransistor. The pseudopalate
is made from a thin sheet of dental acrylic that has been
vacuum-molded onto a dental cast of the maxillary teeth
and hard palate.
Infrared light is beamed downward in a plane perpendicular to the occlusal plane as the LEDs are pulsed in
rapid succession. The light is diffusely reflected by the
dorsal tongue surface. After linearization, the amount of
light energy transduced by the phototransistors is roughly
inversely proportional to the square of the distance between the tongue surface and the phototransistor. Data
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from the four sensors, which are sampled at 100 Hz, can be
displayed on a CRT to provide information pertaining to
the current position of the tongue or stored on disk for later
analysis of vowel production. Special software also permits the measurement of the average divergence of the
subject's tongue from vowel targets being displayed on
the CRT.
THE LEARNING PROBLEM

In the early stages of L2 learning, adults generally
substitute the closest possible Ll vowel for vowels in L2.
Flege (1987b) showed, however, that highly proficient L2
learners may produce new L2 vowels (that is, L2 vowels
without an obvious counterpart in Ll) more authentically
than similar L2 vowels that differ acoustically from their
nearest L1 counterpart. It is not known when, and under
which circumstances, L2learners establish categories for
L2 vowels that do not occur systematically in L1.
Spanish learners ofEnglish tend to neutralize the distincthese vowels
tion between English Iii-III and/re/-Iolbecause
do not contrast in Spanish, which is sometimes analyzed
as having only the five vowel phonemes Iii, leI, Ia/, 101,Iu!
(Harris, 1969; but cf. Stockwell & Bowen, 1965). They
substitute Spanish IiI for both the "similar" English vowel
Iii and the "new" English vowel/II. This occurs even though
Spanish Iii differs greatly from English III, and is shorter,
less diphthongized, and has a lower (onglide) tongue
position than does English Iii (Stockwell & Bowen, 1965).
Native speakers of Spanish are said to substitute Spanish
Ia! for the English vowels lrel and 101, even though Spanish
Ia! is a more back vowel than is English lrel, and a more
front vowel than is English 10/ (Stockwell & Bowen, 1965).
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The observation that Spanish learners ofEnglish substitute Spanish vowels for English Iii and lrel was supported
by a detailed error analysis of Spanish-accented English.
Hammond (1986) transcribed phonetic errors in the English
spoken by six native speakers of Cuban Spanish who had
lived in the United States for at least 15 years and had
taken an English phonetics class. These L2 learners
tended to realize English III as an [i)-quality vowel, and lrel
as an [a]-quality vowel in about 12% of instances.
Hammond (1986) did not report hearing substitutions of
Spanish Ii! for English Iii nor Spanish Ia! for English Ia/.
Such substitutions could probably be noted in a pairedcomparison detection task (e.g., Flege, 1984); however,
they would be difficult to transcribe, and would probably
contribute little to overall foreign accent (Stockwell &
Bowen, 1965).
SUBJECT

The native Spanish subject examined here (ASC) was a
30-year-old Guatemalan woman who had had very little
exposure to English before arriving in the United States
three years prior to the study. She was selected from a pool
of native Spanish women who had responded to an advertisement seeking volunteers for a project aimed at developing new techniques for teaching the pronunciation of
English vowels. ASC spoke only Spanish at home with her
husband and children. She spoke English, her second and
only foreign language, with an easily detectable Spanish
accen t.
ASC's realizations of English vowels were assessed
auditorily and physiologically before the training experiment to determine whether the errors noted by Hammond
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(1986) typified her production ofEnglish. She produced 64
English sentences of the form The big eve and The bad
eve before inserting the pseudopalate described above.
The author auditorily evaluated the IIIs and Ia:ls in the
carrier phrase. ASC's realizations of III varied considerably, ranging from nearly acceptable [I)-quality vowels to
clearly nonacceptable [i]-quality vowels. Many of her
attempts were of intermediate quality. Her lrel realizations. were also highly variable, including nearly acceptable [re]-quality vowels and many [a]-quality vowels.
ASC's production of Spanish and English vowels was
examined physiologically using the glossometer. The
subject was shown a list of the words to be produced before
data collection began. She produced Spanish words (vida,
beta, bata, boda, Buda) in the Spanish carrier Da _ mas
while wearing the pseudopalate.
She then produced
English words (bead, bid, bade, bed, bad, bod, booed, bode)
in the carrier Say _ again. The experimenter stated the
word to be produced just prior to each block of utterances.
The subject then repeated a phrase (for example, Say bead
again) 15 times in a row. The single presentation of an auditory model prior to each block seems to have had little
effect on the subject's productions of the English vowels
(see below).
Tongue-palate distances at the four sensors were sampled
at 100 Hz and stored on disk. During off-line data
analysis, the tongue-palate distances measured at three
glossometer sensors and RMS intensity were displayed on
a graphics terminal. The 10-ms sample which best represented the endpoint of tongue movements was selected for
each vowel using the procedures described by Flege,
Fletcher, McCutcheon, & Smith (1986).
Mean tongue-palate distances were calculated from the
15 replicate tokens of each vowel. Figure 1 (top) shows the
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mean values obtained for the five Spanish monophthongal
vowels Ii/, lei, Ia/, 101,and Iu/. The tongue was considerably
higher for Iii than for leI. The tongue was higher at the
back than the front sensors for Iul but the velar constriction seems to have been wider than has been observed for
Englishlul
(Flege, Fletcher, McCutcheon, & Smith, 1986).
It is therefore not surprising that ASC's realizations of
Spanish Iu/ ranged in quality from [u] to [A] to [U.L]. The
subject realized 101with a lower tongue position than Ia/ at
all but Sensor 1, so that it often had an [~] quality. It is
likely that Ia/ was formed with a less constricted pharyngeal cavity than 101, but this couldnot be observed by using
the glossometer.
Figure 1 (bottom) shows the mean tongue-palate distances in ASC's realizations of English Ii/, III, lell, lei, lrel,
and 101. Unlike the two native English speakers whose
vowels are shown in Figure 2, ASC did not differentiate
English Ii/-III and lre/-iol. Both native English speakers
placed the tongue in a higher position for Iii than for III.
The difference averaged 3.1 mm for the speaker from
Alabama and 2.5mm for the speaker from Michigan. Both
native speakers of English placed the tongue in a higher
position for lrel than for 101, the difference averaging 2.0
mm for the Alabama speaker and 3.1 mm for the Michigan
speaker.
ASC differed from the native speakers in producing
English lell as a monophthong (see also Ornstein, 1974).
The single tongue position seen in her productions of
English lell was lower than that in her leI, in agreement
with the finding that native English speakers' lell onglide
has a lower tongue position than that for leI (Flege,
Fletcher, McCutcheon, & Smith, 1986). Perhaps ASC did
not substitute the leyl in Spanish words like rey for
English lell because she did not identify the English diph-
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a third-order polynomial to the mean distance
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thong with the diphthongal vowel ofSpanish. This would
be expected if she analyzed Spanish leyl as a two-vowel
sequence and English le'l as a unitary vowel. It would also
be expected if she did not identify Spanish leyl and English
le'l with one another because the onglide is lower in the
English than in the Spanish vowel and the transition
between the two tongue positions is less rapid (Stockwell
& Bowen, 1965).
To assess whether the Figure 1 values represented a
true picture of ASC's English vowel production, her production ofEnglish vowels was examined on ten days over
a two-week period before the training experiment began.
Because much the same results were obtained each day,
only mean values obtained on Day 3 and Day 8 are shown
in Figure 3. Here it can be seen that ASC neutralized the
Ii/-hi and lre/-fa! distinctions consistently.
The mean data presented in Figure 1 (bottom) and Figure 3may have underestimated ASC'sknowledgeofEnglish
vowels inasmuch as they were based on vowels that were
read from a list. To determine whether ABC could learn
through imitation, she was asked to imitate an adult
female native speaker's production ofthe words bead, bid,
bad, and bod. The words were presented over a loudspeaker 15 times each in random order. The mean tongue
positions in ASC's imitations were analyzed in the same
way as were her reading data. Her imitative realizations
of Ii/-hi and lre/-Ia! resembled the patterns seen in Figures
1 and 3 so closely that they will not be presented here.
SPECIFIC AIM

Preliminary analyses showed that ABC neutralized the
distinction between Ii/-III and lre/-Ia! consistently, even
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when imitating a native speaker's realizations of these
vowel pairs. Consistent with Hammond's (1986) error
analysis, the neutralization of liI-tii and lre!-Iol seemed to
represent a persistent pronunciation problem for ASC.
The specific aim of the training study was therefore to
determine if a small amount of visual feedback would
enable ASC to produce III with a lower tongue position
than Iii, and 101with a lower tongue position than Ire!.
METHODS

VISUAL TARGETS

The first step was to establish visual tongue position targets for English Iii-III and Ice/-iol. Accuracy was needed because English vowels may be separated from one another
by as little as an average (across four sensors) of 1.0 mm
(Flege, Fletcher, McCutcheon, & Smith, 1986). The targets chosen for Iii, III, Ire!, and 101,shown at the top ofFigure
4, were derived by modifying the values seen in ASC's
production of Spanish vowels in directions that seemed
appropriate forEnglish. For example, auditory and physiological evidence suggested that Spanish Iii is produced
with a tongue configuration that is somewhat lower than
that for English Iii, but higher than that for English III.
Accordingly, the visual target for English Iii was somewhat higher than ASC's Spanish Iii, whereas the III target
was about 3 mm lower on average. (The actual values
chosen for III were the arithmetic mean of the values
observed in ASC's production of Spanish Iii and lei).
An [i]-quality vowel was often heard on the first day of
training when ASC phonated with the tongue near the III
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target. She may have succeeded in meeting the minimum
distance error criterion of 1.2 mID (averaged across the
four sensors) by using her Spanish Ii/, so the III target was
revised as shown in Figure 4 (bottom). The revised III
target defined a tongue configuration that was less convex
than the original III target as the result of increasing
tongue-palate distances at Sensors 2 and 3. The revised
hI target resembled the tongue configurations ofthe native
English speakers seen in Figure 2 more closely than had
the original one.
ASC's Spanish Ia! was used as the target for English 101
because the auditory difference between Spanish Ia! and
English 101 is said to be minimal (Stockwell & Bowen,
1965). Thelreltarget
was higher than was the Ia! target in
a way that mirrored the difference between English lrel
and 101 seen in Figure 2. Both [re] and [a]-quality vowels
were heard on the first day oftrainingwhenASC phonated
with her tongue near the lrel target. She might have
approximated the lrel target by using Spanish Ia! so the lrel
target was revised as shown in Figure 4 (bottom) to specify
a configuration in which the tongue was higher at the front
ofthe mouth (Sensor 1)but lower at the back ofthe mouth
(Sensors 3 and 4). This revised target yielded vowels of
more appropriate quality on the second and third days of
training.
PROCEDURES

ASC was told before the experiment began that her task
was to learn to differentiate English Ii/-III and lre/-IO!. She
was told that schematic representations of the tongue
positions needed to form the vowels in bead, bid, bad, and
bod would appear on the CRT, and that she was to move
towards the tongue targets as rapidly as possible while
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phonating. Training for Iii-III and lre/-Ia! was administered
separately on three days. On each trial, a target was
presented three times in a row. The average difference
between the actual and targeted positions at the four
sensors was calculated every 10 ms. When the average
difference was less than 1.2 mm for a total of 1.0 seconds,
the visual target was removed from the CRT and the time
,-.thetarget had been displayed was shown. The time-tocriterion scores, which were presented to motivate the
subject, were removed after 1.0 seconds. The next visual
target was then displayed. The distance-error criterion
was reduced from 1.2 nun to 1.0 mm on the second and
third days because increased skill reduces the time needed
to perform visual-motor tasks (see Fitts, 1954, 1962;
Schmidt, Zelaznik & Frank, 1978).
Each ofthe six blocks oftraining (two pairs trials x three
days) was terminated after targets had appeared on the
screen for 200 seconds This represented the total time
ASC spent attempting to match each pair ofvisual targets.
As shown in Table 1,the visual targets for each vowel were
presented on average about 40 times per block, although
the actual number varied depending on how rapidly ASC
met the distance-error criteria. ABCneeded about twice
as much time for the III than for the Iii target, perhaps
because the hi target diverged more than did the Iii target
from a tongue configuration used in producing a Spanish
vowel. ABCneeded about the same amount oftime for the
lre/ and Ia! targets, on the other hand, perhaps because she
used Spanish Ia! as a basis for matching both English
vowel targets.
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The effect of training was evaluated in three ways. The
position of the tongue in realizations of Iii, III, lre/, and 10/
spoken before and after training on the three days was
calculated, along with the mean tongue differences between Ii/-hi and lre/-/o/.2 Parallel acoustic analyses were
performed because no data currently exist that relate
small tongue position differences directly to acoustic output. The first three formants in bid, bead, bad, and bod
were measured from digitized waveforms using LPC
analysis.3 Finally, the tokens of bid and bead analyzed
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acoustically were presented randomly to a single listener
(JEF) who identified the vowel in each word as either Iii or
hi. The same procedure was applied to Ire! and 101, and the
percentage of times each vowel was identified correctly
was calculated.

RESULTS

PHYSIOLOGICAL DATA

The glossometer data in Figure 5a-5c show that subject
ASC learned to differentiate Ii/-hi and lre/-iol according to
tongue position. Surprisingly, ASC differentiated Ii/-III
according to tongue position before as well as after training on Day 1(Figure 5a), primarily as the result ofproducing hi with a very low tongue position. This certainly did
not derive from the visual feedback. The [e]-quality
vowels she produced before training on Day 1 may have
resulted from a substitution ofSpanish lei for the vowel in
English bid. The Ii/-II! tongue position difference produced
by ASC was greater (M = 3.4 mm) than the difference
between the Iii and III targets (M = 2.8 mm) and the Iii-II!
difference produced by native speakers of English (see
Figure 2).
ASC may have used Spanish lei for the English III target
because the instructions she received (see above) suggested to her that she must produce a difference of some
sort. If so, she soon abandoned this strategy. Figure 5b
shows that she again produced only a small tongue position difference between Ii/ and II! before and after training
on Day 2; so too before training on Day 3 (Figure 5c). She
produced a somewhat larger difference (M= 1.2.mm) after
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training on Day 3. This tongue position difference, which
was smaller than the one seen earlier for native English
speakers (Figure 2), probably did not derive from the use
of Spanish substitute vowels.
Figure 5a-5c also presents the glossometer data for /00/
and 10/. ASC produced these vowels with about the same
tongue positions before training on Day 1, but produced a
large lre/-/o/ difference after training on Day 1. Surprisingly, she placed the tongue in a higher rather than a
lower position for 10/ than for lrel after training on Day 1,
and both before and after training on Day 2. ASC seemed
to have developed a strategy for differentiating /o/-/re/
other than simply attempting to match the visually specified tongue configurations displayed on the CRT.4
Whichever strategy she adopted, she evidently abandoned it when producing the sample taken before training
on Day 3, where no tongue position difference betweenlrel
and 10/ was evident; however, in the sample taken after
training on Day 3, ASC placed the tongue higher (M=1.3
mm) for lrel than for 10/. Although smaller than the
difference produced by the native English speakers (Figure 2), this represented a change in the desired direction.
The average (across four sensors) tongue-palate distances seen in each token of Iii, II!, lre/, and 10/ produced
before and after training on the three days (samples T1a,
T1b, T2a, T2b, T3a, T3b)andin threepretrainingbaseline
data samples (B1-B3) were calculated. These average
values were submitted to Vowel x Speech Sample ANOVAs to test the significance of the tongue position differences between Iii-II! and/re/-/o/. Figure 6 shows the means
ofthe average distance values observed in the nine speech
samples for liI-h! and lre/-/o/.
The two-way interactions in theANOVAs examining the
/iI-h! [F(8,81)=34.0] and /re/-Ia! [F(8,81)=6.89; p<O.Ol] dif
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ferences were significant, indicating that the relative size
of the tongue-position differences varied. T-tests were
performed to determine which of the Ii/-II! and lre/-Ia! differences were significant. The Iii-III differences in the pretraining baseline samples (B1-B3) were nonsignificant.
The exaggerated differences between Ii/-III in the Day 1
samples (T1a, T1b) were significant, as were the smaller
differences seen in samples T2a, T2b, T3a, and T3b.
For lre/-Ia!, the difference injust one baseline sample (B3)
reached significance, but it was opposite in direction to the
differences observed for native speakers of English (i.e.,
lrelhad a lower tongue position than did/oJ). A significant
difference in the desired direction was evident in sample
Tla, but significant differences in the opposite direction
occurred in Samples T1b, T2a, and T2b. A nonsignificant
trend in the desired (English) direction was evident in
sample T3a. A larger-and
significant-difference
in the
English direction finally occurred after training on Day 3
(Sample T3b).
ACOUSTIC DATA

Mean formant values for the vowels spoken after training
on Day 2 and Day 3 are presented in Table 2 along with the
mean values reported for a group ofnative English women
by Peterson and Barney (1952). The 4 vowels x 3 formants
x 12 tokens x 2 days = 288 formant values were submitted
to a repeated-measures ANOVA which yielded a significant Vowel x Day x Formant interaction [F(6,86) = 6.61,
p<O.Ol]. T-testswereperformed
to determine whether the
values obtained on Day 2 and Day 3 differed significantly,
and which Ii/-hi and lre/-Ia! differences were significant.
Native speakers of English produce hi with a higher F}
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frequency and lower F2 and F3 frequencies than they do
Iii. Although the tongue-position differences between
Subject ASC's Iii and hI seen after training on Day 2 and
Day 3 were significant (p<O.05), the Fl and F2 differences
were not. On Day 2 but not Day 3 hI had a higher (rather
than lower) F3 than did Iii. Even though the acoustic
differences between Iii and III were minimal, there was
evidence that ASC approximated III more closely after the
final training session on Day 3. She produced III with
significantly higher (by 18 Hz) Fl values on Day 3 than on
Day 2, thereby approximating the English norm more
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closely. She produced III with significantly lower F2 and F3
frequencies (by 147Hz and 173 Hz, respectively) on Day 3
than on Day 2. This represented a closer approximation
to the English phonetic norm. ASe realized Iii, on the
other hand, with a significantly higher (by 12 Hz) F1
frequency on Day 3 than on Day 2. This represented a
movement away from the English phonetic norm.
The tongue-position differences between lrel and 10/ seen
after training on the two ~ays were significant, but in
opposite directions. Fl was significantly higher for 10/ than
for lrel on Days 2 and 3 (p<0.05). F2 was significantly lower
for 10/ than for lrel on Day 2, but significantly higher on Day
3 (p<0.05). F3 was significantly lower for 10/ than for lrel on
Day 2 (p<0.05), but did not differ significantly on Day 3.
The findings for the first two vowel formants are surprising because Fl is associated with vertical tongue height,
and F2 with the front-back location of the narrowest
tongue-palate constriction. This suggests that the changes
in formant values may have been caused by changes in
pharyngeal cavity width (see below).
Native speakers ofEnglish produce lrel with a considerably higher F2 frequency than 10/, but ASe showed little
difference in her realizations of these two vowels. She
produced Ire! with significantly lower (by 150 Hz) F2 values
on Day 3 than on Day 2, which might be expected to have
caused her lrel realizations to sound less rather than more
[re]-like. ASe produced 10/ with significantly lower F1 and
F2 values (by 48 Hz and 77 Hz, respectively) on Day 3 than
on Day 2, and Fa with significantly higher (by 206 Hz)
values. The F2 change might be expected to have made her
Ia! sound somewhat more [a]-like. It is important to note
that the F2 value observed in ASe's realizations of lrel and
10/ on both Day 2 and on Day 3 were intermediate to the
values produced by native speakers of English. The F1 and
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values for both Iii and III were more similar to English
III than to English Iii on both days.
F2

PERCEPTUAL

DATA

Results of the acoustic analyses suggested that native
speakers of English would have difficulty identifying
ASC's realizations of III, Iii, lrel, and 10/. It seemed unlikely
that Iii would be identified correctly more often as the
result oftraining, but the lowering ofF2 and F3in III might
have led to an increased rate ofcorrect identification for it.
The lowering ofF2 in 10/ would be expected to increase its
rate of correct identifications. The even greater F2 lowering in lrel might be expected to decrease its rate of correct
identifications to an even greater extent.
The percent correct identification scores for the four
vowels presented in Table 3 confirm the inferences drawn
from the acoustic data.5 The rates at which the vowels
were identified correctly were submitted to chi-square
tests. They showed that: the frequencies with which Iii
was identified correctly on Days 2 and 3 did not differ significantly; III was identified correctly more often on Day 3
than on Day 2; Ia! was identified correctly more often on
Day 3 than on Day 2; and lrel was identified correctly less
often on Day 3 than on Day 2 (p<O.Ol). In sum, the
perception results showed that ASC's overall ability to
differentiate hI from Iii, but not lrel from 10/, had improved.

DISCUSSION

After a brief period ofadjustment, ASChad little trouble
matching the visual tongue configurational targets for
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Table 3
Mean percentage of correct identifications of the vowels in bead, bid,
bad and bod spoken by subject ABC after training on two days.
40.0%
86.7%
90.0%
13.3%
(24/60)
(52/60)
78.3%
1.7%53.3%
73.3%
(54/60)
(8/60)
(32/60)
(1/60)
(44/60)
(47/60)
Day 2

Day 3

English II!, Iii, lre/, and 10/. She was able to place her tongue
to within an average error of 1.0 m.m within several
seconds. This does not necessarily represent an upper
limit on her accuracy (or speed) in this visual-motor task
because distance-error criteria smaller than 1.0mm were
not attempted. In some instances, the time needed to
move within a prespecified distance-error criterion exceeded six seconds. This is likely to have arisen from a
spurious tongue-palate distance value due to a globule of
saliva forming momentarily on one of the sensors. The
occurrence of such artifacts counterindicates the use of
latency as a means for assessing changes in level of
tongue-positioning skill.
The difference in tongue positions between Iii and II!
shown by ABC following training on the third day were
smaller than the ones observed for native speakers of
English. Still, they did not exist prior to training and
corresponded to the differences specified in the visual
tongue targets. Acoustic analyses indicated that ASC
produced II! and 10/ more authentically after training, but
produced lrel less authentically. These observations were
confirmed by a listening test which showed that whereas
the rate at which II! and 10/ were identified correctly
increased by 47% and 51%, respectively, the rate for lrel
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decreased by 77% from Day 2 to Day 3. This meant that

ASC's ability to differentiate III-Iii increased overall,
whereas her ability to differentiate Io/-/rel decreased.
One finding that supported indirectly the belief that the
visual feedback caused the changes in vowel articulation
is the difference between the hI-Iii and the/o/-/re/pairs.
The
two native English subjects examined produced 10/ with a
lower tongue position than they did lrel, probably as a
consequence of the more narrow pharyngeal constriction
for 10/ than forlrel (see Flege, Fletcher, McCutcheon, &
Smith, 1986). The relatively greater change noted here for
the III-Iii pair than for the Ia/-/rel pair may have arisen
because the tongue differences between III-Iii but not 10/lrel could be shown adequately by the glossometer. Figure 5 showed that ASC produced 10/ with an average
tongue position that was 1.2 mm lower on Day 3 than on
Day 2. This led to a 52%increase in correct identifications.
She produced lrel with a tongue position that was 0.9 mm
higher on Day 3 than on Day 2. Given the Ia/-/rel tongue
differences seen in vowels spoken by native speakers, this
should have increased the correct identification rate for
lre/. Instead, correct identifications decreased by 77%.
Interestingly, 98%ofthe 10/ tokens from the after-training
sample on Day 2 and 13%ofthe lrel tokens from the aftertraining sample on Day 3 were heard as lrel even though
both sets of tokens had about the same average tongue
height. This strongly suggests that the vowel identification depended on something other than the average vertical distance of the tongue from the hard palate, namely,
pharyngeal cavity width.
The positive outcome for the Iii-hI pair is encouraging
because previous research (Hammond, 1986) has suggested that Spanish speakers of English continue to substitute Iii for hI for many years. Although the changes that

400

Language Learning

Vol. 38, No.3

seem to have been effected by the visual feedback were
small, it is important to remember that only ten minutes
was actually spent in training. A limited number of
training trials was presented owing to the long time
needed to calibrate the glossometer before training. This
obstacle has largely been overcomeby some recent technical advances at the Biocommunication Research Laboratory. Additional training experiments involving a larger
number of training trials are planned.
Although the outcome was positive for Iii-III, the study
was limited in several important respects. The results
presented here do not support unambiguously the conclusion that the visual feedback caused the articulatory
changes noted for hi-Iii. The changes might have occurred
simply as the result offocusing attention on vowel production. In a study by Osberger (1987), clinicians provided
systematic feedback on vowel production to two hearingimpaired adolescents. The two vowels trained were spoken more acceptably after training, but changes were
noted on two untrained vowels as well. It will be important to establish greater experimental control in future
research using single-subject designs, or by establishing a
control group ofsubjects who receive either no training or
else receive more traditional, auditory-based training.
It is important also to recall that the magnitude of the
differences that seems to have resulted from the feedback
was smaller than the differences produced by native
speakers ofEnglish. No attempt was made to determine
whether the seeming effect oftraining would persist over
time and generalize to untrained items, or to conversational speech. The question ofthe maintenance oftraining
is especially pertinent in view of Fletcher's (1983) report
concerning an 18-year-oldhearing-impaired subject whose
production ofconsonants was trained using electropalato-
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graphy and whose production ofvowels was trained using
an earlier version of the glossometer. The gains made in
consonant but not vowel production persisted after ten
months, perhaps because consonants can be represented
better in long-term memory as the result of richer tactilekinesthetic feedback.
One methodological issue that must be answered in
future research pertains to the nature of the feedback
provided. In the normal course of speech learning, individuals hear their own vowels. An error signal is generated when acoustic output fails to match an external or
internalized auditory-based target. The subject in the
present training study received both visual and auditory
feedback because she phonated while moving her tongue
toward the visual targets. In retrospect, requiring her to
phonate may have been a mistake. Vowels ofinappropriate quality could be heard before the target was reached
and may have resulted in incorrect auditory feedback.
The relative importance ofvisual and auditory information during speech learning is uncertain, although it is
clear that both kinds of stimulation ultimately affect
speech production (e.g., Nober, 1967). It is clear also that
information from both sensory modalities influence speech
perception (see Massaro, 1987). One possibility is that the
potentially incorrect auditory feedback had little or no
effect because it was overridden by the visual information
presented in this experiment, which was far richer than
that which normally accompanies vowel production. In
support of this, Knudsen and Knudsen (1985) found that
barn owls' errors in auditory localization were adjusted to
conform to visual information.
It would be useful in future research to compare the rate
of learning and eventual vowel production success for
subjects assigned to the following conditions:
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1. Visual feedback only: Subjects would be required
to remain silent as they attempted to match the
targets.
2. Auditory plus visual feedback: Subjects would be
required to phonate as they attempted to match
the targets.
3. Self-generated auditory feedback: Subjects would
imitate native-produced vowels.
4. Self-generated auditory feedback plus external
evaluation: Subjects' successive attempts at imitating a native model would be evaluated by a
trained professional.
In summary, this study provided preliminary evidence
that visual feedback may be used to train L2 vowel
production. A considerable amount of further research
will be needed to evaluate the efficacy of this approach,
however. One important question is whether additional
training would lead to more sizable articulatory differences. If so, it will be necessary to determine whether
visual feedback training is more effective-and persists
longer-than does traditional, auditory-based, training
such as minimal pair training (Elbert, Rockman, &
Saltzman, 1980).
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Notes
IHumans appear to integrate sources of information from multiple
sensory modalities when perceiving kinematic events such as the
movements used to form speech sounds. This suggests that speech
sounds are specified centrally in an amodal rather than a sensoryspecific code. Support for this comes from an interesting cross-modal
adaptation study by Roberts and Summerfield (1981). The subjects
identified more members of a /bd to/dd continuum as/dd after being
exposed repeatedly to an acoustic /bd adaptor. This occurred even
though the subjects never consciously perceived the /bd adaptor
because it was accompanied by visual /g'c:! tokens (see text). That is,
the auditory stimulation that yield the adaptation effect seems to
have been distinct from the information that yielded the phonetic
percept.
2The mean values obtained in these six samples were based on 10
observations.
3Audio recordings of 12 tokens of each vowel spoken after training on
Day2 and Day 3 were low-pass filtered at4.0 kHz and digitized at 10.0
kHz with 12-bit amplitude resolution. A 25.6-ms Hamming window
was positioned at the midpoint of the 4 categories x 12 repetitions x 2
days = 96 vowels. The frequency of the first three formants (FI-F3)
were calculated using LPC analysis.
4The tongue contours obtained for /c.r:/ and /0/ on Day 1 may be
inaccurate due to faulty calibration of Sensor 2.
5Five randomizations
of each vowel were presented in the two sessions. RMS intensity, but not the duration of the vowels, was
normalized.

