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Effects of training on attention to acoustic cues

ALEXANDER L. FRANCIS
University of Hong Kong, Hong Kong

and

KATE BALDWIN and HOWARD C. NUSBAUM
University of Chicago, Chicago, lllinois

Learning new phonetic categories in a second language may be thought of in terms of learning tp
focus one’s attention on those parts of the acoustic—phonetic structure of speech that are phonqlo_gl-
cally relevant in any given context. As yet, however, no study has demonstrated diregtly that tyammg
can shift listeners’ attention between acoustic cues given feedback about the linguistic phonet;c cate-
gory alone. In this paper we discuss the results of a training study in which subjects learned to shift their
attention from one acoustic cue to another using only category-level identification as feefiback. Resm_llts
demonstrate that training redirects listeners’ attention to acoustic cues and that this shift of attention

generalizes to novel (untrained) phonetic contexts.

Although initial studies of second language phonolog-
ical learning by adults reported that training can have
very little effect on accuracy (Lisker, 1970; Lisker &
Abramson. 1970; Strange & Dittman, 1984; Werker &
Tees, 1984: see Strange & Jenkins, 1978, for a review),
later studies demonstrated successful second language
phonological training (McClaskey, Pisoni, & Carrell,
1983; Pisoni. Aslin. Perey, & Hennessy, 1982; Tees &
Werker, 1984).

Even relatively difficult phonological contrasts can be
learned with appropriate training techniques (Lively, Pi-
soni. & Logan, 1991; Logan. Lively, & Pisoni, 1991). One
explanation of the importance of training methods in learn-
g different contrasts is that training must be designed to
shift attention ro unfamiliar acoustic cues and away from
familiar cues. For example. Yamada and Tohkura (1991)
found that Japanese listeners who performed poorly at
distinguishing between English /r/ and /1/ did so because
they were attending to different acoustic cues from those
that are used by native English speakers. On the basis of
these and related findings. a number of researchers (e.g..
Best. 1994: Jusczyk. 1997, pp. 220-221; Nusbaum &
Goodman. 1994; Nusbaum & Lee, 1992: Pisoni, Lively,
& Logan. 1994) have characterized phonetic category
learning as shifting attention to relevant acoustic cues.

Recent work on native phonological development pre-
sents converging support for the hypothesis that phonetic
categories are learned by shifting attention to differen-
tially weight acoustic cues. Nittrouer and her colleagues
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{(Nittrouer & Crowther, 1998; Nittrouer & Miller,. l997a.
1997b) have demonstrated that, in identifying frwgnves
(/s/ vs. /sh/), 5- to 7-year-old English-speaking children
tend to rely more strongly than adults on vowel formant
transition cues, and less strongly than adults on the peak
of the frequency spectrum of the fricative noise. Thus, over
the course of development, American-English-spgakmg
children appear to shift attention to give more weight to
the structure of fricative noise, and less to vowel formant
transitions, in classifying fricatives. .
Research on learning to understand synthetic spegch
(in which existing acoustic cues may be umnformatwe
or misleading) also suggests that perceptual learning of
speech may involve shifting attention to change the 1m-
portance of acoustic cues (Nusbaum & Lee, 1992). SIQCC
the interpretation given to one acoustic cue affects the in-
terpretation of the others (e.g., Best, Morrongiello, & Rob-
son, 1981; Carden, Levitt, Jusczyk. & Walley, 1981: Repp-
1982), the irrelevant or misleading cues will have to be
actively discounted in favor of other acoustic cues also
available. However, shifting attention to informative cues
and away from misleading cues reduces the number of
incorrect hypotheses about the linguistic category of a
speech sound. thereby increasing the effective use of
cognitive resources (see Nusbaum & Goodman, 1994
Nusbaum & Lee, 1992; Nusbaum & Magnuson, 1997: Nus-
baum & Schwab. 1986). .
Although there are differences between the taSkS of
learning to understand synthetic speech and learning to
understand a new language, these tasks are sufficiently
similar in that both can be characterized as shifting atten-
tion to linguistically informative acoustic cues. Nusbaum
and Lee (1992) argued that understanding how listeners
learn to shift their attention as a result of perceptual learn-
ing of synthetic speech may provide insight into the basic
attentional mechanisms involved in learning new phonetic
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catggories. However, most recent research making
clglms .about attention in phonetic category acquisition
primarily involves observing the differences between
groups Qf subjects that have different degrees or types of
linguistic experience. For example, Nittrouer and her
col}eggues studied children at different stages of lin-
guistic development, and Yamada and Tohkura com-
p;red the performance of native speakers of Japanese
with that of native speakers of American English. In both
cases the more experienced group of listeners (older
children, native American English speakers) learned to
attend to the appropriate cues for their native language
?hrou.gh years of exposure over the course of their phys-
1ologlgal and psychological development from infancy,
and it is not clear from these studies how listeners learn
to dlgtribute attention during first or second language
learning, or even in learning synthetic speech. Indeed,
Fhere is currently no evidence to show that listeners arc
in fact vable to learn to shift their attention at the level of
acoustic cues given feedback only about the linguistic
phonetic category. Although we know the outcome of
learn.m‘g, there is little direct evidence characterizing the
specific mechapisms of transition (see Nusbaum &
Goodman, 1994).

Phonetic categories, especially stop consonants, are
perceived more or less categorically by adults (Liberman,
1970), so it may be difficult to encourage adult learners
to shift their attention between acoustic cues since these
cues are not directly perceptually available to the listener
and may even be perceptually integral (Sussman, Fruch-
ter, Hi.lbert, & Sirosh, 1998; Sussman & Shore, 1996).
Techniques such as perceptual fading (Jamieson & Mo-
rosan, 1986, 1989) have been used successfully to high-
light the relevant cues for listeners. Other techniques have
been used to shift the level of a listener’s attention from
the phonological category to that of fine phonetic struc-
tureh (as discussed by Werker, 1994; see also Logan &
P.runt, 1995, for a review of laboratory training tech-
niques). But these approaches require shaping attention
to acoustic cue structure by external means (physical
highlighting or contextual structure), which may not al-
ways be available in language acquisition outside the
laboratory. While such perceptually focused instruction
may aid in learning difficult non-native contrasts in a
laboratory setting isolated from the process of acquiring
an entire language system, this kind of instruction is not
available in first language acquisition. of in most cases
of second language acquisition. However, feedback may
well be available to language learners at the level of phono-
logical categories (e.g.. "Did you say rake or lake?™) Thus
it is important to understand whether feedback at the
level of phonological categories can shift attention to rel-
evant acoustic cues.

. We carried out a training study in which listeners were
given category-level feedback to shift attention from one
acoustic cue to another. The two cues used are properties
that normally cooperate to specify the place of articula-
tion of consonants: (1) the origin and direction of the for-
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mant transitions between consonantal release and a fol-
lowing vowel ( Delattre, Liberman, & Cooper, 1955) and
(2) the shape of the frequency spectrum at burst onset,
approximately the first 25 msec after release (Blumstein
& Stevens, 1980; Cole & Scott, 1974). A pretest-posttest
design enabled us to gauge subjects’ initial cue use and
observe changes in their responses resulting from learn-
ing. In order to test the generality of any learning that oc-
curred, subjects were trained on only a part of the total
stimulus set and were then tested on the entire set. 1f pho-
netic category learning is accomplished by adjusting the
distribution of attention to acoustic cues, then we would
expect training to increase attention to the cue that lis-
teners are trained to use, while also decreasing attention
to the untrained cue (because it varies freely in relation
to the trained cue). Prior results (Walley & Carrell, 1983)
demonstrated that formant transitions determine place of
articulation when transition and burst cues are in con-
flict. We expected that subjects would initially rely more
on formant transitions, but that with appropriate feed-
back they might shift their attention toward the burst-

onset spectrum.
METHOD

Subjects

Thirty-six undergraduate and graduate students at the University
of Chicago were paid to participate in this experiment. None of the
subjects had any reported history of speech or hearing difficulties.
and all were native English speakers petween the ages of 18 and 35.
Subjects were paid $20 for approximately 3 h of participation. Sub-
jects were randomly assigned to be trained on one of two kinds of
training, either formant-cued training or onset-cued training.

Stimuli

Two sets of stimuli were constructed following the methods used
by Walley and Carrell (1983). Cooperating-cue stimuli were sylla-
bles in which the spectrum of the burst release and the origin of the
formant transitions were mutually consistent. both provided cues to
the same initial consonant. Transition and formants cuing /b/ i/
and /g/ were combined with the vowels /a/./i/.and fu/to make nine
syllables. Conflicting-cue stimuldi consisted of syllables in which the
release burst cued the perception of a consonant that was different
from that cued by the pattern of the formant transitions. Bursts with
rising power spectra. flat or falling spectra. and midfrequency peaks
(see Blumstein & Stevens. 1979; Walley & Carrell, 1983) were
combined with rising. falling. or diverging patterned transitions to
make 18 conflicting-cue patterns combined with the vowels /17./a".
and /u/. For each of the nine possible consonant-vowel (CV) svllable
combinations of /bd g/and/aiul.one cooperating-cue version and
two conflicting-cue versions were constructed using the Kiatt (1980)
speech synthesizer in paraliel resonance mode.

All three versions of each CV syllable (e.g.. ‘ba’ ) had the same
formant transitions. formant bandwidths. and steady-state s owel por-
tion. The only difference was in the burst release. In the cooperating-
cue stimulus, the burst release was appropriate for the syllable ba .
whereas in the two conflicting-cue stimuli the burst was appropr-
ate for eithera/d/ora /g/. respectively. The duration of voicing for
each syllable was 255 msec. The amplitude of voicing was a con-
stant 60 dB for the first 220 msec, falling linearly to 0 dB over the
Jast 35 msec of the syllable. Fundamental frequency increased from
103 to 125 Hz over the first 35 msec. Subsequently 10 decreased hin-
early to 95 Hz over the next 180 msec. Over the last 40 msec of the
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syllable. f0 decreased from 95 to 50 Hz. Formant bandwidths for
all stimuli were also identical, as follows: F1, 50 Hz; F2, 70 Hz; F3,
110 Hz: F4.170 Hz; F'5, 250 Hz. Stimuli were synthesized at a sam-
pling rate of 10 kHz and low-pass filtered at 4.8 kHz. All syllables
using the vowels /a/ and /u/ were constructed using the transitions
and formant amplitude information taken directly from values re-
ported for the stimuli used by Walley and Carrell (1983), while the
71/ syllables were constructed according to the same principles.
The center frequency of all fourth and fifth formants remained
constant throughout the duration of the syllable. F5 was set at
4500 Hz. F4 frequencies varied depending on the consonant or
vowelin the syllable. In/a/ syllables, F4 was 3600 Hz, while for /u/
syllables, F4 was 3200. F4 for the syllables with /i/ varied depend-
ing on the formant transitions. Following the formant transitions of
‘biand /g/. F4 was 3600 Hz. F4 was set at 3800 Hz for the /i/ syl-
lables with the formant transitions of /d/. The formant amplitudes
of cach/i/ stimulus were individually set to give the appropriate on-
set spectrum contours according to linear predictive coding (LPC)

analysis (Markel & Gray, 1976). The altered amplitude values re-
mained constant for the first 25 msec of the stimulus and then were
linearly interpolated over the following 25 msec to 76 dB, where
they remained for the rest of the stimulus. The only difference be-
tween versions was in the amplitude of the formants (and thus the
shape of the onset spectrum) during the first 50 msec after the burst,
Formant amplitudes in the vowel did not differ between syllables.
No other aspects of the original stimuli from Walley and Carrell
(1983) were changed. All formant values for all syllables are shown
in Table 1.

Spectral analysis of each stimulus was performed to verify that
all stimuli had the intended spectral characteristics. Spectral infor-
mation about the burst release was extracted by LPC, with 14 lin-
ear prediction coefficients using a preemphasis coefficient of .5 on
a 25.6-msec Hamming window centered at the onset of each sylla-
ble. The results of this analysis are given in Figures 1-3.

After synthesis, all 27 syllables were checked again against the
templates and matching criteria defined by Blumstein and Stevens

Table 1
Parameters Used to Generate AH Stimuli Using Klatt Synthesizer
Time | Frequency Time 2 Frequency
Stimulus Formant (msec) (hz) (msec) (hz)
/ba/ Fl 0-20 220-720 20-255 720
F2 0-40 900-1240 40-255 1240
F3 0-40 2000-2500 40-255 2500
F3 0-255 3600 .
Fs 0-255 4500
‘daj Fi 0-35 220-720 35-255 720
2 0--40 1700-1240 40-255 1240
F3 0-40 2800-2500 40-255 2500
4 0-25¢ 3600
FS 0-255 4500
‘gas Fl 0-45 220--720 45-255 720
F2 0-40 1640-1240 40-255 1240
3 0-40 2100--2500 40-255 2500
F4 0-255 3600
Fs 0-255 4500
bi Fl 0-15 180-330 15-255 330-270
2 0-30 1800-2000 40-255 2000-2300
F3 0-40 2600-3000 40-255 3000
F4 0-255 3600
Fs 0-255 4500
di Fl 0-20 180-330 20-255 330--270
72 0--40 1R00-2000 40-255 2000-2300
F3 0-40 2800-3000 40-255 3000
4 0-255 3800
Fs 0 255 4500
gi’ F1 0-30 180- 330 30-255 330-270
2 0-40 2400- 2000 40-255 2000-2300
F3 0-255 3000
F4 0-255 3600
Fs 0-255 4500
bu Fl 0-15 180--370 15-258 370-300
2 0-40 SO0-1100 40-235 1100- 1000
F3 0-40 2000--2350 40-255 2350
F4 0-255 3200
Fs 0255 4300
du Fi 015 180-370 15255 370-300
2 0-40 16001100 40-255 1100--1000
3 040 2700-2350 40-255 2350
F4 0- 255 2200
F3 (}. 255 4500
qu Fl 0- 13 IR0- 370 15.255 370-300
2 - 30 1300 1100 40-255 11001000
F3 0- 30 2000-2350 40--255 2350
F4 (- 258 3200
Fs 0 258

4500
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Figure 1. Onset spectra for syllables with /b/ formant transitions,
Preefnphasis of 0.5, and a 25.6-msec Hamming window centered at syll
consistent with the formant transitions (rows) and the segment consisten
plot, frequency ranges from 0 to 5000 Hz from left to right and amplitude ranges

(1979) and shown in Figure 4. In the cooperating-cue version of each
stimulus, the shape of the onset spectrum fit into the template shown
by_Blumstein and Stevens to be associated with the place of articu-
lation specified by the transitions. The conflicting-cue versions each
had an onset spectrum that fit one of the Blumstein and Stevens
templates.

Procedure

Th'_f experiment was conducted during three 1-h sessions on con-
secutive days. Subjects were randomly assigned to two different
groups, the formant-trained group and the onset-trained group. Ses-
stons were conducted with groups of 1 to 3 subjects. seated in indi-
V'du{il sound-attenuated booths in front of a response keyboard and
monitor. All stimuli were presented to subjects over Sennheiser

as measured by linear predictive coding using14 coefTicients. a
able onset. The figure is organized according to the syllable
t with the burst frequency distribution (columns). In each
from —40 to 40 dB SPL from bottom to top.

HD430 headphones at a comfortable listening level (approximately
66 dB). Stimuli were presented in real ime under computer control
at a 10-kHz sampling rate through a 12-bit D A converter and low-
pass filtered at 4.8 kHz. Stimuli were randomized within each block
and responses were recorded on a computer-controlled keyboard.
The assignment of responses to response kevs was counterbalanced
across subjects.

The experiment consisted of a pret
jowed by a posttest. as shown in Table
sisted of the pretest and the first training session.
the second training session: on Day 3. subjects had a
session and then took the posttest. Subjects were given 10 famii-
iarization trials before the pretest. The stimuli for the famihanza-
tion trials were randomly chosen from the set of all stimuli and were

est. followed by training. fol-
2. The session on Day | con-
Day 2 consisted of
third training
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Figure 2. Onset spectra for syllables with /d/ formant transitions (see Figure 1 caption for details).

the same for all subjects. No feedback was given during familiar-
ization trials. and subjects were simply instructed to listen to each
sound they heard. The pretest and posttest each consisted of 20 pre-
sentations of each of the 27 stimuli {540 trials per test). Each testing
session was divided into two blocks of 10 repetitions of each stim-
ulus (270 trials), and stimuli were presented in randomized order
within each block. Following the posttest, subjects were also asked
to fill out a questionnaire concerning their subjective impressions
of the stimuli and how difficult they found the learning task at the
beginning and end of the experiment,

The stimuli containing the vowels /a/ and / i/—the fraining set—
were presented to subjects during all three phases of the experiment:
pretest. training, and postiest. Syllables containing /u/—the gener-
alization set —were presented to subjects only during the pretest
and posttest.

Each trial within the pretest and posttest phases of the experi-
ment consisied of a single presentation of a syllable and a three-

alternative (b, d, or g) forced-choice identification response. If no
response was made during a 3-sec interval, a null response was
recorded and the next trial started. o

After the pretest. familiarization with the 18 /a/ and /i/ st:mph
was repeated. Subjects were not required to respond, and were in-
structed to fisten to the syliables. Following familiarization, sub-
Jects were trained on a total of 24 repetitions of each /a/ and /i/ syl-
lable. Subjects received six training blocks, each consisting of four
presentations of each of the 18 stimuli in random order. The first two
training blocks were given on Day 1, immediately following the
pretest; the next three training blocks were run on Day 2, and the
final training block was presented on Day 3, immediately preced-
ing the administration of the posttest.

During training subjects received visual and auditory feedback.
After responding, subjects heard a second auditory presentation of
the syllable paired with a printed version of the syllable on the com-
puter display (/ba/. /da/, iga/, /bil, /di/, or /gi/). No response was
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Figure 3. Onset spectra for syllables with /g/ formant transitions (see Figure 1 caption for d

required to this second presentation. Only the identity of the printed
Syl.lable varied between experimental groups. For the formant-
trained group. the printed consonant was the consonant cued by the
formant transitions. In contrast, for the burst-trained group, the printed
consonant was the consonant cued by the spectrum of the burst.
Subjects were specifically encouraged to make use of any cues they
found helpful in learning the correct identification of each syllable,
though no reference was made to any acoustic gualities of the stim-
uli. They were also given frequent encouragement to keep trying in
the face of slow progress.

RESULTS
Each identification response for the conflicting-cue

stimuli was scored according to its match with one of
three categories—trained, untrained, or other. Trained

responses were those in which the subject’s response was
consistent with use of the cue on which the subject was
trained. For example, if a subject in the formant-trained
group responded “b” to a token in which the formant cue
was consistent with /b/ but the burst cue was consistent
with /d/. then that response would be scored as a rrained
response. In contrast, untrained responses were those in
which the response was consistent with the place of ar-
ticulation cued by the cue on which the subject was nof
trained. So, in our example, if the formant-trained sub-
ject had responded d (consistent with the burst cue. but
inconsistent with the formant cue on which he she had
been trained). then this response would have been scored
as untrained. Responses consistent with neither cue were

classified as other.
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Figure 4. Templates constructed according to parameters described by Blumstein
and Stevens {1979). Spectra of burst releases at each place of articulation fit within the
dashed lines of the respective template (solid/curved lines in velar template) when
aligned with the solid vertical line. Labial burst spectra (top) are characterized by a
diffuse falling spectrum {multiple distinct peaks falling in amplitude from left to
right). Alveolar burst spectra (middle) are characterized by a diffuse rising spectrum
{multiple distinet peaks rising in amplitude from left to right). Velar burst spectra
{bottom) are characterized by a compact spectrum (one dominant peak). The actual
fitting process is complex, and interested readers are referred to Blumstein and
Stevens (1979). Note: due to formatting constraints, templates are not to scale with

spectra in Figures 1-3,

Note that response percentage is not a measure of ac-
curacy. since the stimuli are composed of conflicting
cues and subjects are no more or less accurate for choos.
ing to attend to one cue over another. However, increas-
ing the percentage of responses that are consistent with

the training condition can be considered learning, be-
cause it indicates that listeners have learned to respond
more frequently on the basis of training. In contrast, sub-
Jects’ percent correct scores on the cooperating-cue stim-
uli can be considered a measure of accuracy. When both
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Table 2
_ o - Description of Experimental Procedure
Day  Session _ Block Stimuli Total Trials Response  Feedback
1 Pretest Familiarize One each of 10 10 none none
random tokens
Two test blocks Per block, 10 each 540 3 AFC none
of 27 tokens (b,d,org)
(conflicting and
cooperating cue)
Training  Familiarize One each of 18 18 none none
training tokens
(/a/ and /i/ syllables):
6 cooperating cue,
12 conflicting cue
Two training Per block, 4 each 144 3 AFC b,d,org,
blocks of 12 training and (b.d,org) with
6 cooperating cue trained
syllables cue
2 Training  Three training Per block, 4 each 216 3 AFC b, d, or g,
blocks of 12 training and (b,d,org) with
6 cooperating cue trained
syllables cue
3 Training  One training Per block, 4 each 72 3 AFC b,d,org
block of 12 training and (b.d,org) with
6 cooperating cue trained
syllables cue
Posttest Familiarize One each of 10 10 none none
random tokens
Two test blocks Per block, 10 each 540 3 AFC none
of 27 tokens (b.d,org)

(conflicting and
cooperating cue)

Cues agree, subjects should be able to identify the con-
sonant correctly according to either or both of the cues.

Learning

Performance on the training-set stimuli for the pretest
and posttest demonstrates that subjects in both groups
Cleflrly learned to respond more appropriately based on
their training. Before training on the training set of syl-
l?bles. formant-trained and burst-trained subjects ini-
tially responded according to their respective trained cue
at a rate of .40, whereas after training their rate of re-
Sponse was .52 [#(35) = 7.014, p <.001].! Furthermore,
S“bjects clearly decreased their reliance on the cue on
Whlc}} they were not trained, as shown by the decrease in
unirained responses from .39 (pretest) to .28 (posttest)
[1(35) = 5.630, p <.001]. Both of these response patterns
suggest that phonetic learning involves increasing the
Wweight given to useful cues while decreasing the weight
given to less useful cues. These changes are shown for both
group§ in Figure 5 for the conflicting-cue stimuli.

Subjects in the formant-trained condition decreased
their proportion of untrained (burst) responses by 11 per-
centage points, from .23 to .12 [#(17) = 6.923, p <.001],
and subjects in the burst-trained condition similarly de-
Creased their proportion of untrained (formant) responses
by 11 percentage points, from .56 to .45 [#(17) = 2.672,
P = .02]. In contrast, the increase in trained responses
Was not as large in the burst-training condition as it was

in the formant-training condition. Formant-trained lis-
teners increased their trained (formant) responses by 18
percentage points, from .58 to .76 [1(17) = 9.333, p <
.0011, while subjects in the burst-training condition in-
creased their trained (burst) responses by only 6 percent-
age points, from .22 to .28 [#(17) = 2.906, p = .01].

On the cooperating-cue stimuli, formant-trained lis-
teners showed an overall improvement in recognition of
10 percentage points, from .71 (SE = .03) to .81 (SE =
.03) [1(17) = —3.614, p = .002]. This suggests that lis-
teners in this condition were able to use their improved
attention to formant cues to facilitate their recognition of
stimuli. In contrast, burst-trained listeners showed much
less improvement (2 percentage points) on cooperating-
cue stimuli, from .66 (SE = .03) to .68 (SE = .03), and
this difference was not significant [#(17) = —.435,p =
.669]. This pattern of responses may indicate that the
burst cue is simply less salient.

Generalization _
To assess whether successfully learning to attend to

particular cues in one context affects the distribution of
attention to those cues in a different context, further analy-
ses were performed only on data from those subjects ?,vho
actually demonstrated learning (an increase in the_tramed
response percentage). According to this criterion, 29
subjects were learners (17 of 18 in the formant-trained
group and 12 of 18 in the onset-trained group). These



1676 FRANCIS, BALDWIN, AND NUSBAUM

Formant-trained subjects
proportion of each type of response

! 1

i

Response proportion
O = N W Hh 0 OO N O

mPre
1 Post

1 =

formant

T 1

burst other

Response type

Burst-trained subjects

Response proportion
o=k Wwhined N

proportion of each type of response

u Pre
0 Post

formant

burst other

Response type

Figure 5. Response percentage for training-set syllables. Scores are displayed
for subjects in each training condition (formant and burst) and indicate the per-
centage of responses that subjects made that were consistent with the cue on
which subjects were trained, consistent with the cue on which they were not
trained, and not consistent with either cue (other). Error bars indicate standard

errors. All subjects.

learners’ pretest and posttest scores for the generaliza-
tion set are displayed in Figure 6. As a group, nonlearner
subjects showed little change between their pretest and
posttest response proportions. On the training set, stim-
uli responses were {pretest/posttest) as follows: trained,
.34/.33; untrained, .46/.49; other, .19/.19. Generalization
set scores (pretest/posttest) as follows: trained: .33/.30;
untrained, .42/.44; other, .24/.26.

As shown in Figure 6, subjects showed smaller changes
in response percentages for the generalization stimuli
than for the training stimuli. However, all the changes are
in the predicted direction. That is, though subjects show
a smaller increase in their percentage of trained responses
on the generalization stimuli than they do on the training
stimuli, they still show an increase from .40t0 .44 [#(28) =
—2.300, p = .03].2 Similarly, subjects showed the pre-
dicted decrease in untrained responses, from .36 to .30
{#(28) = 2.504, p = .02], and other responses did not
change significantly (from .24 to .26) {#(28) = —1.318,

p = .198]. Thus, listeners who learned to distribute atten-
tion more strongly to the cues they were trained on (and
away from misleading cues) also extended this listening
strategy to vowel contexts on which they were not trained.

DISCUSSION

The results of this experiment demonstrate that it is
possible to induce a change in the way subjects attend to
the acoustic cues to consonantal place of articulation
using only category-level feedback. Subjects learned to
withdraw attention from one set of cues and focus selec-
tively on cues that were more useful for responding based
on feedback. There are, however, two observations that
must still be accounted for.

First, one explanation of any phonetic learning study
using synthetic stimuli is that subjects are learning to at-
tach linguistic labels to anomalous auditory stimuli, with-
out hearing these stimuli as speech. The observation that
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Figure 6. Response percentage for generalization-set syllables. Scores are dis-
played for subjects in each training condition (formant and burst) and indicate
the percentage of responses that subjects made that were consistent with the cue
on which subjects were trained, consistent with the cue on which they were not
trained, and not consistent with either cue (other). Error bars indicate standard

errors. Learners only (see text).

subjects are able to generalize their training to improve
on stimuli on which they were not trained suggests that
subjects were not simply learning labels for individual
and unrelated acoustic patterns, but were applying their
knowledge of acoustic—phonetic cue structure to these
stimuli.

Furthermore, if subjects were not listening to these
stimuli as speech, they would have to learn to identify
each stimulus by its individual and idiosyncratic acous-
tic properties. The difficulty of the task could then be ex-
plained in terms of the strong acoustic similarities be-
tween the stimuli. Such an analysis would predict that all
subjects should have equal difficulty in learning to as-
sign linguistic labels to nonspeech sounds. However, the
two experimental groups (formant-trained and burst-
trained) had very different degrees of success with their
respective learning task, and subjective ratings of task dif-
ficulty correlate with the observed greater difficulty in
increasing the percentage of trained responses in the burst
training condition. This suggests that the learning task
presented to the burst-trained subjects was in some way
harder than that presented to the formant-trained group.

Since the two groups of subjects were exposed to the
same stimuli for the same number of trials, any differences
in response patterns cannot be due to task difficulty if
learning depends only on the (nonspeech) perceptual
discriminability of the stimuli.

Thus, the difference in success of learning between
formant-trained and burst-trained subjects indicates that
the two groups were learning to attend differently to the
acoustic cues present in the sounds to which they were
equally exposed—acoustic cues that are modeled on the
cues actually present in natural speech. The strong ten-
dency for subjects to initially interpret the stimuli ac-
cording to the formant-transition cue, as reported by
Walley and Carrell (1983), further supports our claim
that subjects were bringing preexisting knowledge about
cue structures in natural speech to bear on the interpre-

tation of these stimuli.

Differences Between Training Groups

However, this difference in response patterns between
the two training groups highlights the fact that the two
groups of subjects in this experiment were trained on dif-
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ferent cues, which previous research has shown do not
have an equivalent salience as cues to place of articula-
tion (Walley & Carrell, 1983). The difference between
formant and burst cues is evident in subjects’ initial re-
sponse preferences. On the pretest, subjects responded
according to the formant cue almost three times as often
as they did using the burst cue (.57 vs. .22), and F igure 6
shows a similar pattern of response preference.

This observed preference of subjects for using formant
cues seems to affect learning. Burst-trained listeners
found the learning task more difficult than did formant-
trained listeners, as indicated by their answers on pretest
and posttest questionnaires. On each questionnaire, sub-
jects rated the difficulty of the identification task on a
scale of 1 to 7, where 1 was easiest and 7 was hardest.
Burst-trained subjects gave a mean overall rating of 4.5,
while formant-trained subjects’ mean overall rating was
3.8, though both groups rated the task as having been
harder at the beginning than at the end.

Burst-trained listeners did not exhibit nearly as much
learning on the training set as did formant-trained lis-
teners, but generalization appears stronger for the burst-
trained listeners. Burst-trained learners improved by .11
on burst cues, while formant-trained learners improved
by .19 on formant cues. The effect of training was similar
for the learners on the generalization set, with burst-trained
learners improving by .06 and formant-trained listeners
improving by .03. Overall. there was a drop in learning
from the training set to the generalization set, but the drop
is more obvious for the formant-trained listeners (.19 to
.03) than for the burst-trained listeners (.11 to .06).

One possible explanation for this is that those subjects
who learned to attend to bursts learned to do so compar-
atively well (though few did indeed learn), while many
of the formant-trained subjects learned to attend to for-
mant cues only a little bit more than before. Recall that
6 of the 18 original burst-trained listeners failed to show
any effect of learning, while only 1 of the 18 original
formant-trained listeners was excluded from the learn-
ers group. This disproportionate ratio suggests that there
is something about learning bursts that is more difficult,
or less likely, across listeners.

Burst-trained listeners may have primarily learned a
negative lesson. Feedback designed to yield positive ev-
idence for the usefulness of burst cues provides evidence
against using formant cues. Listeners may only learn the
negative implication (ignore the formant cue) without
learning the corresponding positive implication (attend
more to the burst cue). If burst-trained subjects followed
this learning sirategy. we would expect to find two changes
in their response patterns: (1) a decrease in untrained re-
sponses as listeners learned not to use the cue that con-
flicted with the cue they were being trained on. and (2) an
equal increase in both trained and other responses as lis-
teners divided up more of their responses evenly between
these other two possibilities.

The results displayed in Figure 5 suggest that this is
only partially the case. While burst-trained listeners did

indeed increase their other responses by 4 percentage
points, from .22 to .26, as negative learning predicts, this
difference is only marginally significant [#(17) = 1.980,
p = .06]. Similarly, their percentage of trained responses
did increase more than the percentage of other responses
(.07 vs. .04), suggesting that listeners learned not only to
ignore the untrained cue but also to respond more often
according to the trained cue; this difference is not signif-
icant [#(17) = .494, n.s.], however. Thus, we are left with

. the equivocal conclusion that either burst-trained listen-

ers did not learn to attend more to the burst, or attending
to the burst simply demands more training to show a re-
liably greater increase in burst-based responses. In con-
trast, the responses of the formant-trained subjects clearly
indicates that formant-trained listeners learned both to
increase their attention to formant cues (thereby increas-
ing their trained responses) and to decrease their reliance
on burst cues. This change resulted in a decrease in both
untrained and other responses, contrary to the predic-
tions of negative learning. Formant-trained listeners
clearly learned to attend more strongly to formant cues,
and less strongly to burst cues.

Conclusions

The ability to shift attention from less informative cues
to more informative cues based on explicit feedback must
depend on a basic cognitive mechanism that can adap-
tively remap acoustic patterns onto phonological cate-
gories. This is just the kind of mechanism needed to ac-
count for previous research on perceptual learning of
synthetic speech (e.g., Greenspan, Nusbaum, & Pisoni,
1988; Nusbaum & Lee, 1992; Schwab, Nusbaum, & Pi-
soni, 1985). Moreover, this mechanism could also play a
role in second-language acquisition and in normal lan-
guage development.

With respect to second language acquisition, the two
tasks examined in the present experiment, formant-
learning and burst-learning, can be thought of as exam-
ples of learning Best’s (1994, 1995) two-category (TC)
and single-category (SC) contrasts, respectively. In learn-
ing a TC contrast, listeners must learn to distinguish be-
tween two foreign categories that assimilate to different
native categories. In learning a SC contrast, listeners must
also learn to distinguish between the two foreign cate-
gories, but in this case both foreign categories assimilate
more or less equally well to a single native category. Our
listeners were asked to learn to perceive two stimuli as
different, even though both shared one cue for place of
articulation and differed according to another cue. This
task was comparatively easy for the formant-trained lis-
teners because syllables that differ according to formant
transitions map easily onto different categories in English
(a TC contrast) because-the formant structure is a very
salient cue to distinguishing place of articulation. Learn-
ing was more difficult for the burst-trained subjects be-
cause bursts are less salient (Walley & Carrell, 1983).
Thus, tokens that differed only in terms of the burst (but
shared formant cues) were both still assimilated to the



single category cued by the formant transitions (a SC
contrast).

Even though the architecture of the human vocal tract
makes it impossible for any real human language to ex-
hibit a divergence of these particular two cues, the prin-
ciple still holds. In phonetic learning, listeners must re-
late acoustic pattern structure to phonological categories
in a context-sensitive manner. Although the present re-
sults do not directly examine learning in these cases,
where new phonological categories must be learned at
the same time as acoustic patterns, it seems plausible that
a mechanism that shifts attention between acoustic cues
may be an important part of this process. Indeed, just this
kind of mechanism for shifting attentional focus among
acoustic cues has been invoked either explicitly or im-
plicitly by many researchers to account for facts of both
first and second language acquisition (e.g., Best, 1994;
Jusczyk, 1994, 1997; Pisoni et al., 1994; Polka, 1991;
Strange, 1995; Werker, 1994).

Research on the acquisition of foreign language con-
trasts suggests that a listener’s ability to learn a new pho-
netic contrast may require restructuring existing knowl-
edge (cf. Cheng, 1985). In the process of phonetic learning,
listeners must discover which cues are important in which
contexts, and then shift their attention to those cues in
those contexts. The data presented here constitute evi-
dence for the existence of a cognitive mechanism for per-
forming precisely this kind of reanalysis of familiar cues
on the basis of category-level feedback.
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NOTES

1. All tests using residual mean squares are based on arcsine-
transformed percentages to insure that block and treatment effects are
additive (Kirk, 1995).

2. Analyses on the generalization set stimuli are one tailed because
results from the training set stimuli indicate (but do not determine) the
likely direction of change on the generalization stimuli.

(Manuscript received August 17, 1998;
revision accepted for publication January 26, 2000.)



Notices and Announcements

Psychonomic Society Journals on Line

The September issue of Psychonomic Bulletin & Review is now available on line free of charge, as well
as in print. Beginning in January 2001, all of the Psychonomic Society journals will be on line. On-line sub-
scriptions will be available at no additional cost to all who subscribe to the printed editions of the journals.
Others will be able to download individual articles for a fee. Tables of contents and abstracts of current and
past issues from January on will be available to all at no cost. For information updates, readers should check
the Psychonomic Society Publications web site: www.psychonomic.org.

1681




