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Past studies have shown that when formants are perturbed in real time, speakers spontaneously
compensate for the perturbation by changing their formant frequencies in the opposite direction to
the perturbation. Further, the pattern of these results suggests that the processing of auditory feed-
back error operates at a purely acoustic level. This hypothesis was tested by comparing the
response of three language groups to real-time formant perturbations, (1) native English speakers
producing an English vowel /¢/, (2) native Japanese speakers producing a Japanese vowel (//), and
(3) native Japanese speakers learning English, producing /¢/. All three groups showed similar pro-
duction patterns when F1 was decreased; however, when F1 was increased, the Japanese groups
did not compensate as much as the native English speakers. Due to this asymmetry, the hypothesis
that the compensatory production for formant perturbation operates at a purely acoustic level was
rejected. Rather, some level of phonological processing influences the feedback processing behavior.
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. INTRODUCTION

Evidence from a number of sources supports the idea
that speakers constantly monitor the sounds they produce so
that the produced outcome is consistent with what was
intended. This self-production—perception relationship has
been substantiated by a variety of studies. For example, clin-
ical studies have reported more variable articulation among
postlingually deafened and hearing-impaired individuals
(Waldstein, 1990; Cowie and Douglas-Cowie, 1992; Schenk
et al., 2003). Laboratory studies further examined this
perception—production linkage by perturbing auditory feed-
back in real time. In this paradigm, speakers produce a
speech segment repeatedly, and some of the acoustic param-
eters are modified so that the feedback is incongruent with
the intended articulation. These studies have shown that
speakers spontaneously compensate not only for supraseg-
mental manipulations, such as loudness (Bauer et al., 2006)
and pitch (Burnett er al., 1998; Jones and Munhall, 2000),
but also for segmental manipulations such as vowel formant
frequency (Houde and Jordan, 2002; Purcell and Munbhall,
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2006; Villacorta et al., 2007) and fricative acoustics (Shiller
et al., 2009).

In many of the segmental manipulation studies using
this paradigm, the formant structure of a vowel was manip-
ulated in real time while speakers produced a simple word
like “head” (Purcell and Munhall, 2006; MacDonald et al.,
2010; MacDonald et al., 2011). With altered formant struc-
ture, speakers heard themselves say a slightly different
vowel than the one intended. For example, when the first
formant (F1) of /¢/ for the word head was increased in
frequency by 200 Hz, the speakers’ feedback sounded
more like “had” (/had/). In response to this altered feed-
back, speakers spontaneously lowered the frequency of F1,
so that the feedback was more consistent with the intended
vowel. A similar behavior was observed when the
vowel’s F1 was decreased in frequency; subjects produced
compensations in the opposite direction in frequency to the
perturbation.

The magnitude of compensation to perturbations for
these two directions of shift was reported to be similar,
although average compensations were smaller than the mag-
nitude of perturbation applied. The relationship between
magnitude of perturbation and compensation was closely
examined by a recent study (MacDonald et al., 2010). In this
study, gradual, incremental perturbations were applied to the
vowel formant structure, and the compensatory magnitude
was reported to be a constant proportion of the applied per-
turbation (i.e., proportional compensation at ~25%-30%).
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The symmetrical response to perturbations that either
raise or lower formant frequency and the approximate linear-
ity of the compensatory patterns across a wide range of per-
turbation magnitudes strongly suggest that articulator
trajectory control is regulated without the transformations
involved in phonetic perception. If phonemic organization is
involved in the processing of error feedback, then compensa-
tion should be sensitive to phonemic category boundaries
and result in a nonlinear relationship between compensation
and perturbation magnitudes.

In principle, one might test the hypothesis that compen-
satory production operates at a purely acoustic level without
phonological mediation by testing different vowels within a
language. However, vowels from some regions of the vowel
space might have different acoustic—articulatory relations
[e.g., quantal effects as proposed by Stevens (1989)]. Soma-
tosensory feedback also plays a role in the control of speech
production and this feedback may vary across the vowel
space. Vowels like /i/ have lingual contact with the teeth and
palate and more open vowels have strong joint and muscle
sense information for articulator position. Thus, if differen-
ces in compensatory response across vowels were observed,
phonological constraints and sensorimotor differences would
be confounded. In contrast, cross-language tests of vowels
allow measures of vowels in similar regions of the vowel
space with significant differences in the native language
phonologies.

Languages differ in the number, location, and relative
proximity of vowels, and thus each language presents differ-
ent articulatory challenges. For example, requirements for
the precision of articulation may vary between languages
with closely vs sparsely distributed vowel inventories (e.g.,
Manuel, 1990). Further, languages may also vary in syllabic
structure, vowel quality, and temporal contrasts. Thus, the
requirements for successful control of formant production
may vary across language. All of these phonological charac-
teristics, however, should not influence a low-level acoustic-
articulator mapping. If feedback processing is influenced by
the phonology itself then cross-language differences in the
pattern of compensation can be expected.

To our knowledge, no cross-language formant perturba-
tion studies have been reported in the literature. Although
some work has been done with native Mandarin speakers
(e.g., Cai et al., 2010), the majority of the formant perturba-
tion studies have focused on native English speakers produc-
ing an English vowel. Thus, the compensatory production
for monophthongs reported in previous studies might have
been unique to (1) the participants’ producing their native
vowel and/or (2) English vowels. Whether or not the same
compensatory pattern is observed with non-native vowels or
with other language speakers producing their native vowel is
unknown. By conducting a cross-language examination, we
can confirm or reject the hypothesis that the acoustic feed-
back error is processed at a purely acoustic level. If different
patterns are observed, it would imply that phonological proc-
esses are influencing the processing of error signals in the
control of production.

Because past studies’ findings regarding monophthongs
are limited to (1) production of native vowels and (2) the
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English vowel inventory, these factors were considered in
the current study. Specifically, the level of language experi-
ence and native vowel space were considered by examining
the response to auditory feedback perturbations in native
Japanese speakers speaking Japanese and Japanese speakers
of English as a second language (ESL).

The sounds of a second language (L2) or an unfamiliar
language are not perceived and produced precisely if they
are not part of one’s native language (L1) sound inventory.
Perceptually, at an early stage of learning a new language,
the L2 sounds are categorized into speakers’ L1 sound cate-
gories, but not consistently. For example, Japanese ESL
speakers tend to categorize the English vowel /i/ as the Japa-
nese /i/ or /ii/ most of the time, yet they may also categorize
the vowel as the Japanese f/, ¢/, or i/ (Strange et al.,
1998; Strange et al., 2001). Similarly, a study by Nishi and
Kewley-Port (2007) showed that when asked to identify the
English vowel /i/, Japanese ESL speakers reported the Eng-
lish vowel /¢/ most of the time.

Production studies also have reported large variability
for L2 vowels (Chen et al., 2001; Ng et al., 2008; Wang and
van Heuven, 2006). These studies reported that ESL learn-
ers’ English vowel spaces not only had slightly different
acoustic targets but also larger variability in formant produc-
tion. The larger variability of L2 vowels may be because
acoustic and/or articulatory targets with non-native language
sounds are not well defined, motor coordination to achieve
such targets is more variable, or a combination of the two.
Regardless of the source of variability, the production of
speech sounds differs in the level of practice and experience
in producing the sounds between one’s L1 and L2. Due to
this inherent difference of productive experience, it is possi-
ble that how people compensate for formant-shifted feed-
back may depend on whether they are producing the sounds
of L1 vs L2 during the experiment.

If the level of experience in producing sounds has an
effect, ESL speakers of Japanese should show a different
compensatory production, depending on whether they are
producing their native Japanese or non-native English vow-
els, whereas the pattern of the two language groups produc-
ing their L1 vowel should not differ. If, however, the
behavior is solely due to a frequency-based articulatory map-
ping adjustment and no linguistic processes are involved,
then there should not be a difference across any of the
conditions.

If there is no difference in compensatory production
between native English speakers and Japanese ESL speakers,
this would suggest that there is no level of experience effect.
However, there still might be a difference between Japanese
L1 compensatory production and that of English speakers’
L1 due to language specific vowel phonology. Japanese and
English differ on such factors as differences in acoustic tar-
get, vowel density, durational cues, syllabic structure, supra-
segmental cues and so on. These intrinsic differences
between Japanese and English may impose different require-
ments on the use of feedback in speech production control.
Given that formant perturbation manipulates the quality of
the vowel being produced, feedback processing may be spe-
cific to the particular vowel phonology.

Mitsuya et al.: Cross-language response to formant perturbations 2979



In the current study we compared compensatory produc-
tion of three groups: (1) native English speakers producing
English /¢/ (ENG L1), (2) native Japanese speakers produc-
ing Japanese /e/ (JPN L1), and (3) native Japanese speakers
producing English /¢/ (JPN L2). Briefly, if vowel quality and
distribution of vowels affect speech control, then the differ-
ence in compensatory production with formant-shifted feed-
back is expected between ENG L1 and JPN L1 groups.
However, if only language experience affects the behavior,
we would expect that there might be a difference between
ENG L1 and JPN L2, but no difference between ENG L1
and JPN L1 groups. Last, if the compensatory production
operates at a purely acoustic level, without any mediation of
phonological processing, then these three groups should not
show any differences.

Il. EXPERIMENT
A. Participants

The participants in this study consisted of 18 native
English speakers and 35 native Japanese speakers. All speak-
ers were female. The study was restricted to one gender to
reduce formant differences across participants. The English
speakers were undergraduate students at Queen’s University
and their average age was 19.38 (ranging from 18 to 23
years). The Japanese speakers were students studying Eng-
lish as a second language at Queen’s School of English.
With the exception of two participants, all the Japanese
speakers had been in Canada for less than 8 months at the
time of the study. The majority of Japanese speakers was en-
rolled in the intermediate level of the ESL program, and had
not been immersed in an English speaking culture prior to
coming to Canada. The other two Japanese speakers were
undergraduate students at Queen’s University. One had fin-
ished the highest level of the ESL program at Queen’s Uni-
versity and the other had moved to Canada from Japan
during her high school years. The mean age of the Japanese
group was 21.3 years (ranging from 19 to 32 years).
Each participant was tested in a single session. No partici-
pants reported speech or language impairments and all
had normal audiometric hearing thresholds over a range of
500—4000 Hz.

B. Equipment

Equipment used in this study was the same as that
reported in Purcell and Munhall (2006), and Munhall et al.
(2009). Participants were seated in a sound insulated booth
(Industrial Acoustic Company) and wore a headset micro-
phone (Shure WH20) and the microphone signal was ampli-
fied (Tucker-Davis Technologies MA3 microphone
amplifier), low-pass filtered with a cutoff frequency of 4.5
kHz (Krohn-Hite 3384 filter), digitized at 10 kHz and fil-
tered in real time to produce formant shifts (National
Instruments PXI-8106 embedded controller). The manipu-
lated voice signal was amplified and mixed with speech
noise (Madsen Midimate 622 audiometer), and presented
over headphones (Sennheiser HD 265) such that the speech
and noise were presented at ~80 and 50 dBA SPL,
respectively.

2980  J. Acoust. Soc. Am., Vol. 130, No. 5, November 2011

C. Online formant shifting and detection of voicing

Detection of voicing and formant shifting was per-
formed as previously described in Munhall et al. (2009).
Voicing was detected using a statistical amplitude-
threshold technique. The formant shifting was achieved in
real time using an IIR filter. Formants were estimated every
900 us using an iterative Burg algorithm (Orfanidis, 1988).
Filter coefficients were computed based on these estimates
such that a pair of spectral zeroes was placed at the location
of the existing formant frequency and a pair of spectral
poles was placed at the desired frequency of the new
formant.

D. Estimating model order

The iterative Burg algorithm used to estimate formant
frequencies requires a parameter, the model order, to deter-
mine the number of coefficients used in the autoregressive
analysis. Prior to data collection, speakers produced six
utterances of seven English vowels, /i, 1, e, ¢, &, 9, and u/, in
an /hVd/ context (“heed,” “hid,” “hayed,” “head,” “had,”
“hawed,” and “who’d”). When a word appeared on a screen
in front of them, speakers were instructed to say the
prompted word without gliding the tone or pitch.

For the Japanese participants, the five Japanese vowels
/a, e, i, 0, and w/ were also collected in a similar manner
after collecting the English vowels. Participants were asked
to produce the Japanese vowels in an /hV/ context. The
words were shown on the monitor in Hiragana (3", “~”,
“OV, 9F7, “%7). Similar to the English words, these Japa-
nese prompts were lexical items in Japanese.

For both English and Japanese speakers, utterances were
analyzed with model orders ranging from 8 to 12. For each
talker, the best model order was selected using a heuristic
based on minimum variance in formant frequency over a
25 ms segment midway through the vowel (MacDonald
etal., 2010).

E. Offline formant analysis

The procedure used for offline formant analysis was the
same as that used by Munhall et al. (2009). The boundaries
of the vowel segment in each utterance were estimated using
an automated process based on the harmonicity of the power
spectrum. These boundaries were then inspected by hand
and corrected if required.

The first three formant frequencies were estimated off-
line from the first 25 ms of a vowel segment using a similar
algorithm to that used in online shifting. The formants were
estimated again after shifting the window 1 ms, and repeated
until the end of the vowel segment was reached. For each
vowel segment, a single “steady-state” value for each form-
ant was calculated by averaging the estimates for that form-
ant from 40% to 80% of the way through the vowel.
Although using the best model order reduced gross errors in
tracking, occasionally one of the formants was incorrectly
categorized as another (e.g., F2 being misinterpreted as F1,
etc.). These incorrectly categorized estimates were found
and corrected by examining a plot with all the “steady-state”
F1, F2, and F3 estimates for each individual.
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F. Procedure

The participants were split into three experimental
groups. The 18 native English speakers were assigned to the
English L1 group (ENG L1). The native Japanese speakers
were randomly assigned to either the JPN L1 (n=17) or
JPN L2 (n=18) group. The speakers in these two groups did
not differ in the time they had spent in Canada prior to the
study. Other than the utterances produced for the experi-
ment, the procedure for each group was identical. Both the
ENG L1 and JPN L2 groups produced utterances of the Eng-
lish word “head” (/hed/), whereas the JPN L1 group pro-
duced utterances of the Japanese word “~” (/he/).

The experiment consisted of two conditions: F1 Increase
and F1 Decrease. In the F1 Increase condition, when feed-
back was altered, F1 was increased. Similarly, in the F1
Decrease condition, when feedback was altered, F1 was
decreased. The order in which speakers performed the F1
Increase and F1 Decrease conditions was counterbalanced
and speakers received a short break between conditions.

Over the course of each condition, each speaker pro-
duced 140 utterances. Each condition consisted of four
phases (Fig. 1). In the first phase, Baseline (utterances 1-20),
speakers received normal feedback (i.e., amplified and with
noise added but with no shift in formant frequency). In this
and subsequent phases, subjects were encouraged to speak at
a natural rate and level with timing controlled by a prompt
on a monitor. Each prompt lasted 2.5 s, and the intertrial
interval was approximately 1.5 s. In the second phase, Ramp
(utterances 21-70), speakers produced utterances while
receiving altered feedback in which F1 was increased (F1
Increase condition) or decreased (F1 Decrease condition) by
4 Hz per utterance. In the third phase, Hold (utterances
71-90), speakers received altered feedback in which F1 was
increased (F1 Increase condition) or decreased (F1 Decrease
condition) by 200 Hz. In the final phase, Return (utterances
91-140), utterances were produced with normal feedback
(i.e., the formant shift was abruptly turned off).
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The baseline average of F1 was calculated from the last
15 utterances of the Baseline phase (i.e., utterances 6-20)
and the F1 results were then normalized by subtracting the
subject’s baseline average from each utterance value. The
normalized results for each utterance, averaged across speak-
ers, can be seen in Fig. 2. All three groups of speakers com-
pensated for the altered feedback in both shift conditions by
changing production of F1 in a direction opposite that of the
perturbation. However, differences in the magnitude of the
response were observed across groups.
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FIG. 1. (Color online) Feedback shift applied to the first formant for the F1
Decrease (solid line) and F1 Increase (dashed line) conditions. The vertical
dashed lines denote the boundaries of the four phases: Baseline, Ramp,
Hold, and Return.
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FIG. 2. (Color online) Normalized F1 production averaged across talkers
for the F1 Decrease (solid circles) and F1 Increase (open circles) condition
for (A) ENG L1, (B) JPN L1, and (C) JPN L2 groups. The vertical dashed
lines denote the boundaries of the four phases: Baseline, Ramp, Hold, and
Return.
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To quantify the change in production, we defined com-
pensation as the magnitude of the change in formant fre-
quency from the baseline average with sign based on
whether the change opposed (positive) or followed (nega-
tive) that of the perturbation. A measure of average compen-
sation was computed by averaging over the utterances of the
Hold phase (i.e., utterances 71-90) for each individual in
each shift condition. The average compensation of each
group is plotted in Fig. 3. For each of the shift conditions, an
analysis of variance (ANOVA) was conducted on the aver-
age compensation data with Order of shift condition and
Language groups as between-subject factors. For the F1
Decrease condition, none of the effects was significant, indi-
cating that neither order nor language group had any effect
on the compensation magnitude. However, for the F1
Increase condition, only a significant main effect of Lan-
guage group was found [F(2, 47)=8.215, p <0.001]. Post
hoc analyses with Bonferroni correction showed that the
speakers in the ENG L1 group produced significantly larger
compensation compared to JPN L1 (p <0.05) and JPN L2
speakers (p < 0.01). However, the two Japanese groups did
not differ (p > 0.10) from each other.

In order to examine the symmetry of the magnitude of
compensation, paired sample #-tests were performed within
each group, using the average magnitude of compensation
for the last 20 trials in the Hold phase. Although both ENG
L1 and JPN L2 groups showed no significant results, JPN L1
group’s difference approached significance [#(16) = —1.915,
p=0.07], suggesting a slightly larger compensation in the
F1 Decrease condition [X=53.27; standard deviation
(s.d.) =53.39] than the F1 Increase condition (X =26.76;
s.d. =26.52).

Although F2 was, in general, more variable than that of
F1, overall, our speakers did not change their F2 production
during the Hold phase. The change in production of F2 was
examined in the same way as F1 production. Using the aver-
age F2 during the last 15 utterances of the baseline as a refer-
ence, speakers’ average change in F2 production during the

80 1
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70 - ®F1 Decrease

i
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40 4
30 A ]
20 A
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FIG. 3. (Color online) Average compensation in F1 over the Hold phase
(i.e., utterances 71-90). Compensation is defined as the magnitude of the
change in formant frequency from the baseline average with sign based on
whether the change opposes (positive) or follows (negative) that of the per-

turbation. Error bars indicate one standard error.
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Hold phase was computed. A mixed design ANOVA with
language groups as a between-subjects and direction of F1
shift as a within-subjects factor was conducted. No signifi-
cant interaction or main effect of either factor was observed
(p >0.05).

In the Return phase, de-adaptation in the F1 Decrease
condition among the JPN L1 group displayed a different pat-
tern from that of the other groups, showing that the compen-
satory production seemed to be maintained even after the
perturbation was removed. A one-way ANOVA with Lan-
guage groups as a between subject variable was performed
on the average magnitude of compensation for the last 20 tri-
als in the Return phase of the F1 Decrease condition, and it
revealed a significant group difference [F(1,2)=4.97,
p < 0.05], and the subsequent post hoc analysis with Bonfer-
roni correction (o set at 0.016) confirmed that the JPN L1
group in the F1 Decrease condition was significantly larger
than that of ENG L1 and JPN L2 groups (p<0.016),
whereas these two groups did not differ significantly
(p>0.016). In the F1 Increase condition, on the other hand,
there was no group difference (p > 0.05).

The quality of the vowels produced during the Baseline
phase was examined to verify that the vowels produced by
each group were spectrally similar. For each individual, the
average F1 and F2 were calculated from the last 15 utteran-
ces of the Baseline phase (i.e., utterances 6—20). The average
baseline F1 for each group can be seen in Fig. 4. A repeated
measures ANOVA was conducted for the average baselines
of F1 and F2, with Shift Condition as a within and with Lan-
guage Group and Order of shift direction as between-subject
factors. For F1, although the average F1 of the utterances
produced by the native Japanese speakers was slightly lower
than those of the native English speakers, no significant
interactions or main effects were found (all with p > 0.05).
However, for F2 (see Fig. 5), a significant main effect of
group was found [F(1,2) =34.584, p <0.001]. The post hoc
analysis with Bonferroni adjustment showed that the two
Japanese groups showed significantly higher value of F2,
compared to the ENG L1 group, indicating that the vowel

750 1
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B F1 Decrease
725 4

700

675

Baseline F1 [Hz]

650

625

600

ENG L1 JPN L1 JPN L2
FIG. 4. (Color online) Average F1 computed from the last 15 utterances of
the Baseline phase (i.e., utterances 6—20). Error bars indicate 1 standard

€rror.
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that our Japanese speakers were producing was more fronted
than the one that the ENG L1 speakers produced.

The difference in F2 produced across groups led us to
speculate that the cross-language differences in compensa-
tion observed in this study may be the result of inherent dif-
ferences in producing vowels with slightly different
positions in the vowel space. The Japanese groups produced
vowels with a higher F2 value, and in this particular location
of the vowel space, it may be more difficult to alter produc-
tion in a manner that compensates for perturbations that
increase F1. If so, native English speakers who have a rela-
tively higher baseline F2 frequency for /¢/ should also com-
pensate in a similar manner to Japanese speakers. To
examine this, the ENG L1 group was split into two sub-
groups using a median split based on the average F2 value of
e/ collected during the prescreening procedure. A mixed
design ANOVA was performed with the F2 grouping as a
between-subject and Shift directions as a within-subject fac-
tor. None of the effects were significant (p > 0.05). More-
over, we also examined the correlation between the
magnitude of compensation and speakers’ average baseline
F2 value. For both shift directions, no significant correlation
was found among all of the groups (all p > 0.05). The obser-
vation of no relationship between the F2 value and magni-
tude of compensation within each group suggests that the
difference in compensatory pattern between ENG L1 vs Jap-
anese groups is not likely a result of modest cross-group dif-
ferences in formant acoustics.

To examine the precision of control of vowel production,
the standard deviation of F1 was calculated for each speaker
based on the last 15 utterances of the Baseline phase. A
repeated measures ANOVA, with the Order of shift direction
as a within-subject and Language group as a between-subject
factor was carried out. None of the effects were significant
(p>0.05), indicating that the production of the vowels,
regardless of the speakers’ native languages and L1/L.2 status,
was relatively stable across the groups and the shift condi-
tions. Thus, no statistically significant differences in the qual-
ity or stability of vowel production were observed across
groups. For F2, an ANOVA revealed that JPN L2 group had
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FIG. 5. (Color online) Average F2 computed from the last 15 utterances of

the Baseline phase (i.e., utterances 6—20). Error bars indicate one standard
error.

J. Acoust. Soc. Am., Vol. 130, No. 5, November 2011

significantly larger variability during the baseline phase,
compared to the ENG L1 group [JPN L2: mean = 58.0, stand-
ard error (s.e.)=7.6; ENG L1: mean=404, s.e.=3.3].
However, the variability of the JPN L1 (mean=48.9,
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FIG. 6. (Color online) Vowel space of an average individual speaker from
(A) ENG L1, (B) JPN L1, and (C) JPN L2 groups. The centroid of each
ellipse represents the average F1/F2 value for that vowel. The solid and
dashed ellipses represent one and two standard deviations, respectively. The
arrows indicate the 200 Hz perturbation and the arrow tips indicate what the
acoustic feedback speakers would have heard if they did not compensate.
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s.e.=4.2) group did not differ significantly from that of ei-
ther JPN L2 or ENG L1 groups.

The native language and second language vowel spaces
may vary in the distribution of vowels and this might influ-
ence compensation. Vowel spaces were estimated based on
the words collected for estimating model order. The seven
English vowels in an /hVd/ context (heed, hid, hayed, head,
had, hawed, and who’d) were used to estimate the English
vowel space of our ENG L1 and JPN L2 groups. Similarly,
for Japanese speakers, estimates of the Japanese vowel
space were calculated from the five Japanese vowels pro-
duced in an /hV/ context. The results for an average indi-
vidual speaker are plotted in Fig. 6. The results for the
English and Japanese vowels are also found in Tables I and
II, respectively. In comparing the vowel spaces, we see that
the distribution of front English vowels produced by JPN
L2 is strongly assimilated to their native Japanese vowels,
in such a way that /1/ is produced almost identical to /i/ and
/¢ is similar to Je/.

IV. DISCUSSION

The current study examined cross language differences
in the compensatory production for real-time formant pertur-
bations. The results for our native English speakers repli-
cated previous findings that when F1 of the vowel /¢/ was
increased or decreased in frequency, the speakers compen-
sated for the change by altering the frequency of F1 in the
direction opposite the shift (Purcell and Munhall, 2006; Vil-
lacorta et al., 2007; MacDonald et al., 2011). Moreover, the
magnitude of compensation for both shift directions was
very similar. For the F1 Decrease condition, our Japanese
speakers also compensated for the formant perturbation in a
similar manner to English speakers regardless of whether
they were producing an English /¢/ or Japanese /e/. How-
ever, in the F1 Increase condition, the Japanese speakers
exhibited significantly less compensation compared to the
native English speakers in the same condition.

This asymmetry in the magnitude of compensation by
Japanese speakers might have a number of different explana-
tions. The origin of the difference may have something to do
with speech motor coordination. Speakers of different lan-
guages may have varying levels of experience in producing
the gestures for vowels in a given location in the vowel
space. Thus, when presented with formant perturbations,
speakers of one language may be less familiar with produc-
ing the required compensatory gestures, regardless of the

manner in which the acoustic feedback error is processed.
For example, native Japanese speakers might have less expe-
rience in producing compensatory gestures close to /&/ than
speakers of English since this vowel requires movements
outside of the normal Japanese vowel space. However, it
was not gestures in this region that produced the observed
differences between Japanese and English. The cross-
language difference in the compensatory response that we
observed was for gestures that were comfortably within
(e.g., toward the center of) the vowel space rather than out of
the vowel space. Thus, it is unlikely that the cross-language
pattern observed here is a result of differing abilities to pro-
duce vocal tract movements.

The observed asymmetry of compensatory production
thus appears to be due to cross-language differences in how
auditory feedback is perceptually processed and applied to
formant control. When the acoustic feedback is perturbed
outside of the acoustic Japanese vowel space (Vance, 1987),
less compensation was observed than that produced by Eng-
lish speakers. When the formant feedback is perturbed into
the acoustic Japanese vowel space, compensation by Japa-
nese speakers was similar to that of English speakers.

The cross-language differences in compensation are
consistent with the perception of auditory feedback error
being influenced by the distribution of vowels in the vowel
space (see Fig. 6). For native English speakers producing
the vowel /¢/, the acoustic consequence of both the F1
Increase and F1 Decrease shifts would be feedback that was
close to the acoustic region of an adjacent vowel (/&/ and /1/
respectively).

Similarly, for Japanese speakers producing /f/, the
acoustic consequence of the F1 Decrease shift would be
feedback that was close to the Japanese /i/. Thus, speakers
may have compensated in order to maintain the perceptual
distinctiveness of the vowel produced (English /¢/ or Japa-
nese /e/). For Japanese speakers producing /e/, the acoustic
consequence of the F1 Increase shift would be feedback
that was similar in F1 to the Japanese /a/. However, the Jap-
anese vowel /a/ has a much lower F2. Although the native
Japanese speakers may not have perceived the perturbed
feedback as a good token of /e/, they may have perceived it
as being an acceptable token. Thus, there would be less
need to compensate to maintain perceptual distinctiveness.
Taken together, we can reject the hypothesis that com-
pensatory production is purely a frequency-based error
reduction process. Instead, we hypothesize that the nature
of acoustic feedback is phonologically mediated. This

TABLE I. Acoustic parameters of English vowels. An average individual’s mean F1 and F2 (with standard deviation in parentheses) of the seven English

vowels produced in an /hVd/ context for each group.

i n /el lel &/ o/ v/
F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2
ENG 365.09 269497 52990 2146.87 465.69 251692 685.50 2009.86 877.49 1769.82 784.26 1345.34 384.69 1293.44
L1 (20.1) (40.6) (21.6) (34.8) (25.0) (78.6) (29.1) (39.3) (33.7) (45.7) (38.1) (72.8) (14.8) (80.8)
JPN 39425 274947 416.27 268446 547.08 2489.22 638.07 2319.80 778.73 1792.11 611.76 107498 421.97 1473.73
L2 (18.2) (52.4) (29.6) (64.5) (31.8) (81.3) (38.7) (62.1) (46.0) (76.3) (44.9) (86.9) (21.3) (89.8)
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TABLE II. Acoustic parameters of Japanese vowels produced by each group of Japanese speakers. An average individual’s mean F1 and F2 (with standard
deviation in parentheses) of the five Japanese vowels produced in an /hV/ context for each group.

fi/ /e/ Ja/ Jo/ Jw/
Fi F2 Fl F2 F2 Fli F2 FI F2
JPN L1 411.38 2734.08 668.23 2334.95 895.23 1419.57 593.11 905.57 435.25 1363.05
(17.6) 41.5) (21.8) (45.4) (29.0) (65.5) (34.2) (52.5) (13.7) (74.5)
JPN L2 399.96 2765.79 614.55 2374.12 840.95 1369.97 533.35 869.27 437.47 1506.88
(22.7) (54.0) (29.3) (58.3) (39.2) (74.9) 27.1) (36.9) (20.2) (87.7)

interpretation is consistent with the findings reported by
Manuel (1990) for extent of coarticulation as a function of
vowel space density.

The nature of the phonological mediation is at present
not clear. Previous studies (e.g., Purcell and Munhall, 2006;
MacDonald et al., 2010) have shown that speakers initiate
compensation for relatively small perturbations (<100 Hz
for F1) and make approximately linear compensations to
feedback changes that clearly cross a category boundary
without producing any inflection in the response. A number
of aspects of vowel representation may be playing a role in
these results including category prototypes, dimensions of
category goodness, perceptual ambiguities relative to adja-
cent vowels and various nonlinearities of the vowel percep-
tual space (e.g., Kuhl, 1991).

In order to further examine the relationship between
phonological category and compensatory behavior, it will be
important to examine speakers’ vowel perception as well as
their articulatory behavior. The vowel spaces obtained from
the current study are only measures of production. Although
they may be related, the ellipses plotted in Fig. 6 represent
variability of production, and do not necessarily indicate
speakers’ perceptual categorical boundaries or goodness
ratings.

Another possible explanation to account for the current
data is the Natural Referent Vowel (NRV) perspective. Polka
and Bohn (2003) found that discrimination between two
vowels is better when the presentation of a more central
vowel is preceded by a peripheral referent vowel. This asym-
metry in perceptual saliency is indeed comparable to our
data pattern observed. In the case of our English speakers, in
both shift directions, more central vowel /¢/ was shifted to-
ward the functionally more peripheral referent vowels /1i/ and
/®/, whereas with our Japanese speakers, in the F1 Increase
condition, the perturbation shift was far from the reference
vowel /a/. Further investigation is needed to examine this
account.

Unfortunately, the current data do not allow us to draw
a strong conclusion on the effect of language experience
(i.e., native vs non-native language status). Although a dif-
ference was observed between the English and JPN L2
group, no difference was observed between the two Japanese
groups. It is possible that Japanese speakers in the L2 group
produced a substituted L1 vowel. Indeed, the similarity in
the baseline vowel production both in terms of formant
structure and variability between the JPN L1 and L2 groups
supports this possibility. However, it is also possible that the
/¢/ produced by the JPN L2 group was strongly assimilated

J. Acoust. Soc. Am., Vol. 130, No. 5, November 2011

toward Japanese /¢/. During the prescreening procedure, our
Japanese speakers did differentiate the production of F2 for
the English /¢/ and the Japanese /¢/. Thus, there is evidence
that at some level, these vowels are distinct in their reper-
toire. In this phase of the experiment, multiple vowels were
produced, which may have resulted in our Japanese speakers
making a conscious effort to maintain vowel contrasts. Dur-
ing the experimental trials in which a single vowel was pro-
duced repetitively, a less familiar L2 vowel might have been
produced in a manner that is more similar to a familiar native
vowel. If our JPN L2 speakers were trying to produce the
English /¢/ (with articulation that was very similar to the Jap-
anese /e/) then our results would suggest that there was a
language experience effect. However, if JPN L2 speakers
were simply substituting the Japanese // when producing
the English /¢/, then the level of language experience was
not properly tested.

In addition to a difference in compensation magnitude
for the F1 Increase condition, some other differences in the
time-course of compensation were observed across the three
groups. For the main analysis, we defined the magnitude of
compensation by averaging change in F1 production over
the Hold phase. However, the stability of compensatory pro-
duction during this phase appeared to be different across the
language groups as well as the shift directions and this dif-
ference influenced the magnitude measures. Although native
English speakers exhibited a strong and relatively stable
compensation in both shifting directions, the Japanese
groups showed different patterns. In the F1 Increase condi-
tion, the JPN L1 speakers, and in both shifting conditions for
the JPN L2 speakers, it seems that the speakers stopped com-
pensating in the middle of the Hold phase even though the
maximum perturbation was still being applied. Their F1 pro-
duction drifted back somewhat to the normal baseline. Dur-
ing the Return phase, the production by the JPN L1 group in
the F1 Increase condition returned to baseline; however, pro-
duction in the F1 Decrease condition did not return to base-
line. This asymmetrical de-adaptation pattern during the
Return phase was previously observed in a similar study
using English native speakers (MacDonald et al., 2011).
Although it is unclear why and how these differences
occurred, such pattern does not seem to be unique and spe-
cific to the language of the target word or speakers’ native
languages per se.

The current results are relevant to speech production
models, such as the DIVA model (for review, see Guenther
and Vladusich, 2009). According to the DIVA model, articu-
lation goals are not acoustic points but “convex regions in
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orosensory coordinates defining the shape of the vocal tract
(Guenther, 1995, p. 595).” The idea that articulatory goals
are defined by a region or space is similar to the idea that
goals are phonemic categories as the current study proposes.

In summary, the data obtained in the current study indi-
cate that the compensatory response to formant-shifted feed-
back is not based on purely acoustic processing. Rather,
some level of phonological processing appears to influence
the behavior. In order to fully examine the role phonological
processing plays in compensatory behavior, we will need to
examine speakers of other languages and conduct vowel per-
ception measurements.
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