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Training American listeners to perceive Mandarin tones has been shown to be effective, with
trainees’ identification improving by 21%. Improvement also generalized to new stimuli and new
talkers, and was retained when tested six months after trafiving/anget al., J. Acoust. Soc. Am.

106 3649-3658(1999]. The present study investigates whether the tone contrasts gained
perceptually transferred to production. Before their perception pretest and after their post-test, the
trainees were recorded producing a list of Mandarin words. Their productions were first judged by
native Mandarin listeners in an identification task. Identification of trainees’ post-test tone
productions improved by 18% relative to their pretest productions, indicating significant tone
production improvement after perceptual training. Acoustic analyses of the pre- and post-training
productions further reveal the nature of the improvement, showing that post-training tone contours
approximate native norms to a greater degree than pretraining tone contours. Furthermore, pitch
height and pitch contour are not mastered in parallel, with the former being more resistant to
improvement than the latter. These results are discussed in terms of the relationship between
non-native tone perception and production as well as learning at the suprasegmental [e2803 ©
Acoustical Society of America.DOI: 10.1121/1.1531176

PACS numbers: 43.70.KML ]

I. INTRODUCTION height andF0 contour as the primary acoustic parameters
- o characterizing Mandarin tond$lowie, 1976. For learners
_Laboratory training of the d|scr|m|n§1t|on of new pho- whose native language is nontonal, tone has presented great
netic contrasts is based on the assumption that the adult hi‘,ﬁfficulty, since the functional association between thEfe

Ejneaend pf;igﬂiu?elssey;rtcer:n hsaus” fgiiéhtiactagig_tz;t?vghsa:gri'elnn_r]aracteristics and the segmental structure is unfamiliar to
j 9 Rem (e.g., Kiriloff, 1969; Bluhme and Burr, 1971; Shen,

contrasts can be learned through auditory training. For ex: ) . .
ample, there have been studies that trained American Iister:il-ggg' Mandarin tone thus provides an ideal case for the

ers with a three-way voice-onset tim®&OT) distinction study of suprasegmental training.
(e.g., Pisoniet al, 1982 McClaskey, Pisoni, and Carrell, N Wangetal.(1999, eight American learners of Man-
1983, trained French listeners to identify the Engligh-3/ darin were tramed in eight sessions during the course of 2
contrast (e.g., Jamieson and Morosan, 1986, 1988nd weeks'to identify t'he four tones in natural words prodgced
trained Japanese listeners to identify Engligrahd 1/ (e.g., by native Mandarin talkers. Results show that, consistent
Logan, Lively, and Pisoni, 1991; Lively, Logan, and Pisoni,With the previous segmental training studies, the perception
1993; Lively et al, 1994; Bradlowet al, 1997. These stud- ©f Mandarin tone improved significantly after trainitg1%
ies have shown that the identification of non-native speecimprovement Moreover, this improvement generalized to
contrasts improved with training, and the improvement wagiew stimuli (18% improvementand new voiceg25% im-
extended to novel phonetic contexts and was retained longrovemen, and was retained when probed 6 months after
after training. training (21% improvement These results are consistent
While these studies show the effect of training on segwith the previous findings at the segmental level, suggesting
mental learning, Wanget al. (1999 extended the training that training produces highly generalized perceptual learning
procedure to the suprasegmental level by training Americatthat yields long-term modifications of the learners’ percep-
listeners to identify Mandarin Chinese tones. Mandarin photual system.
nemically distinguishes four tones, with tone 1 having high-  One subsequent question is whether perceptual training
level pitch, tone 2 high-rising pitch, tone 3 low-dipping can affect production, so that training efforts could result in
pitch, and tone 4 high-falling pitctChao, 1948 Studies of  positive transfer from one modality to the other. The transfer
the acoustic characteristics of Mandarin tones found that thgf learning from perception to production has been reported
differences in tones are manifested physically by differenn stydies training learners to perceive non-native segmental
fundamental frequencyH0) values(Liu, 1924, with FO  contrasts. Rochetl995 examined the transfer effect of per-
ceptual training on production of French voice onset time
3Electronic mail: yuewang@buffalo.edu (VOT) categories by native speakers of Mandarin Chinese.
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Using an imitation task, productions of voiced and voicelessMandarin words. Since the perceptual training of Mandarin
stops(labials, dentals, and velarm a variety of vowel con- tones has resulted in long-term perceptual improvement
texts were elicited both before and after perceptual trainingacross stimuli and voiceNanget al, 1999, the goal of this
Perceptual training involved synthetic stimuli consisting of astudy is to examine whether perceptual learning of this su-
labial (/b/ or /p/) stop followed by a single vowelu/) con-  prasegmental property can be transferred to the production
text. An assessment of production gains following perceptuaflomain. This study presents the results of the American
training was carried out by measuring VOT values in pretestearners’ productions before and after training, first with an
and post-test productions. Mean VOT durations for initialassessment by native Mandarin listeners in an identification
stops did show improvement towards more French-like VOTtask, and then with an acoustic analysis of pitch track com-
values. Production accuracy was also assessed by natiparisons. This is the first attempt to quantify the training
speaker judgments, with voiceless stops exhibiting moreffect with acoustic analysis, to capture the nature of the
misidentifications in pretest productions compared to postproduction improvements following perceptual training.

test productions. While perceptual training did transfer to

production of voiceless stops in initial position, the improve-Il. NATIVE LISTENER EVALUATION

ment in production was not significant for voiced stops, anda pethod

did not generalize to the production of stops in intervocalicl Participants

position. Although Rochet suggests that lack of generaliza-"
tion may be the result of phonetic cues being actualized dif-  The participants were the 16 native speakers of Ameri-
ferently for stop consonants in initial versus intervocalic po-¢an English in the perceptual study, with eight trainees who
sition, the training procedures may also be responsib|e,c_)articipated in the 2-week perceptual training program, and
Using different methodological manipulations, Bradlow €ight controls who did not receive trainingVang et al,

et al. (1997, 1999 also investigated the effects of perceptual 1999. The participants were randomly selected from the stu-
training on production, by examining the production of thedents at Comnell University who had taken one or two semes-
English £-1/ contrast by Japanese learners. Similar tol€'S of l\'/landarln. Chme;e. None of them had ever lived in a
Rochet, perception and production data were gathered bof§andarin-speaking environment, and most of them had no
at pretest and post-test, and native speakers were used §§Perience with a tone language prior to learning Mandarin
assess production gains. In the Bradlemal. studies, how- (except for four with limited CantonegeAll were paid for
ever, perceptual training involved identification of naturally thelr_ partlupatlon.(For details of the characteristics of the
produced Englishr/ and 1/ minimal word pairs using a high Participants, see Wanet al, 1999) _ .
variability perceptual training proceduréLogan et al, Eighty-two adult native speakers of Mandarin Chinese
1991). The results are consistent with Rochet, showing thaf18—35 years oldwith no reported speech or hearing impair-

native speakers identified the post-test productions more af1€Nts participated voluntarily as judges. They were all raised

curately than the pretest productions. Moreover, these prg2d educated in Beijing, and were familiar with thiyin

duction improvements were generalized to novel stimuli, andystem and the tonal diacritics which were used in this study.
were retained 3 months after the perceptual training. How- L
ever, the studies found no correlation between degree o% Stimuli
learning in perception and production. That is, it is not the ~ The stimuli consisted of 80 real monosyllabic Mandarin
case that improvement in perception and production prowords presented in isolation, 20 with each of the four tones.
ceeded in parallel within individual learnefBradlowet al,  Half of these stimuli were used in the perceptual training
1997. Overall, these studies have shown that perceptudi‘old” stimuli ), while the other half did not appear in train-
training has a facilitatory effect on the production domain,ing (“new” stimuli), in order to test the generalization of the
but the nature of the relationship between perception an@roduction gains. The same stimuli were used for both pre-
production is still not clear. test and post-test. Thus, each subject provided four sets of
Although nearly all training studies have focused on perroduction stimuli: 40 old stimuli from pretest, 40 new
ception, Leathet1990 reports an initial attempt to examine stimuli from pretest, 40 old stimuli from post-test, and 40
the effect of production training on perception. This studynNew stimuli from post-test.
examined a group of Dutch speakers who were trained to
produce four Mandarin wordavith the same syllableyw’) 3. Procedure
differing in tone. Leather found that these Dutch speakers Before the tone perception pretest, the trainees and the
were able to perceive the differences in tone without percepeontrols were tape recorded in a sound-insulated booth in the
tual training. The author concluded that training in one mo-Cornell Phonetics Laboratory, using a cardioid microphone
dality tended to be sufficient to enable learners to perform in(Electrovoice RE2D and cassette recordeiCarver TD-
the other. However, since only one syllable was used in train1700. They were asked to read the list of 80 stimuli
ing as well as testing, the generalizability of the learning(blocked for old and new stimuli in the perceptual training
effect was not easily determined. We do not know if this typeat a normal speaking rate, and were encouraged to repeat or
of training can produce long-term learning that can be ex<orrect whenever they felt necessary. The stimuli were pre-
tended across stimuli, voice, as well as speech modality. sented on a sheet of papergmyin using the tonal diacritics
In the present study, American trainees were recordedamiliar to the speakers. The speakers were recorded reading
both before and after perceptual training, producing a list othe same stimuli after their perception post-test 2 weeks later.
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100 + that in the identification task, the judges could also catego-

EEZ‘Z}% rize the trainees’ productions as being none of the four tones.
L0T e However, the results reveal that this category constitutes only
% Egi,‘;;i‘ﬁ?w a small proportion(2.7% of the pre- and post-test judg-
g 80T ments, indicating that for most of the cases, the trainees’
e productions were judged as one of the four Mandarin tones.
§ 70 T As shown in Fig. 1, the trainees showed an improvement
< in their production evaluation scores from 57% in the pretest
60 to 75% in the post-test for the old stimuli, and from 55% to
68% for the new stimuli. This indicates the trainees’ substan-
307 _ , . tial improvement in production after perceptual training; that
trained subjects control subjects

is, their improvement not only occurred on the stimuli used

FIG. 1. Mean percent-correct identification of the four tone productionsin Perceptual training18% increasg but was also general-
from the American trainees and the control subjects at pretest and post-teized to new stimuli that were not included in the perceptual
as judged by native Mandarin listeners. “Pre-old” and “post-old”: pre- and training (13% increase

post-test identification of the stimuli included in perceptual training; “pre- .
new” and “post-new”: pre- and post-test identification of the stimuli not I'n contrast, although the Contml. SUbJe_CtS started at ap-
used in perceptual training. proximately the same level as the trainees in the prétekt

stimuli”: 57%, and “new stimuli”: 58%), they exhibited

The stimuli provided by the eight trainees and eight con-littlé improvement in the post-tegtold stimuli”: 61%, and
trols at both pretest and post-test were digitized at 11 kHzNeW stimuli”: 59%). The lack of substantial improvement
and low-pass filtered at 5 kHz usingAvES+/ESPS speech for the control_s _occurred both for the stimuli mcluded. in the
analysis software running on a SUN Sparc Station, aftePerceptual training4% changgand also for the new stimuli
which they were edited and segmented. (1% changg

These production stimuli were then transferred to a PC A three-way repeated measures ANOVA was calculated
for play out in a perception experiment, usiBigss software with test.(pretest, post—te}:tgs within-subject factor and
(Mertus, 1989. The final output included four separate sets9roup(trained, contral and stimulugold, new as between-
of data for each subject, i.e., 40 old and 40 new stimuli insubject factor. The results revealed a 5|g_n|f|_c§1nt main effect
perceptual training at both pretest and post-testhait3 s ©f tst[F(1,28)=49.3,p<0.0001, and a significant test by
interstimulus interval. These stimuli were recorded to audidd™0Up interaction F(1,28)=26.9,p<0.000]. The effects
tape for evaluation by native Mandarin listeners in Beijing. ©f  group  (F(1,28)=0.7,p>0.412) and stimulus

Prior to the perceptual judgment task, all potential Chi-([F(1,28)=0.19,p>0.663) did not reach significance.
nese judges were asked to identify a list of Mandarin wordg' Néré was no interaction of tesstimulus [F(1,28)
produced by a native Mandarin speaker. Only those wha-2:0,p>0.168,  groupxstimulus  [F(1,28)=0.10,p
were able to identify all the tones correctly were included in>0.778, or tes&stimulus<group [F(1,28)=0.14,p
the present study. Two listeners failed to reach this criterior” 0:712. These results suggest that the pretest and post-test
and were excluded from participation. performance_wa§ different for the trained and control sub-

The 16 American subjects’ productions were evaluated€cts, and this difference occurred across the old and new
by a total of 80 native Mandarin judges. Five different judgesStimuli in the perceptual training. More specifically, for the
were asked to identify a single subject’s productions at botffained group, paired sampléstests showed a significant
pretest and post-test presented from a portable tape recordéifference between pretest and post-teg(15)=28.90,p
Answer sheets were provided containing the 40 stimuli in<0-0001. In contrast, for the control group, no significant
each of the four sets, written jpinyin with no tonal diacrit- ~ difference was observed for tefg(15)=1.30,p>0.226.
ics. Next to each stimulus, there were five categories, i.e., the N Sum, the above results show a significant improve-
four tonal diacritics, and a “none” category. Judges were toMentin prodgctlon as thg rgsult of perception trammg'for the
circle a tonal diacritic corresponding to the tone they heardirainees. Native Mandarin listeners more often perceived the
and to circle “none” if they decided what they heard did not intended tone_ after training as compareq to before training.
correspond to any of the four tones. The order of presentd¥loreover, this improvement in production was observed
tion of the four stimulus sets for each of the 16 subjects wa®°th for stimuli used in training and was extended to novel
counterbalanced among judges. Thus, the identification taskimuli not included in perceptual training. However, the per-
resulted in a total of 800 observations for each of the 1¢°€Ptual ratings of the native Mandarin listeners suggested no
speakers (5 judges40 stimulix 4 sets. such improvement for the controls, judging controls’ post-

test productions as accurately as their pretest productions.

B. Results

1. Overall improvement and generalization 2. Individual trainees

Figure 1 shows the overall results of the production Further analyses of these data examined productions for
judgments. It displays the percentage of correctly identifiedndividual participants and individual tones. These subse-
productions by the American trainees and the control subguent analyses concentrated on the trainees and focused on
jects as evaluated by the Mandarin judges. It should be noteithe stimuli that were used in the perceptual training.
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TABLE |. American trainees’ percent-correct tone production as judged byTABLE II. Confusion matrices for the American trainees’ tone productions

Mandarin listeners. (as judged by native Mandarin listengrat (a) pretest and(b) post-test
(10 stimulix 8 traineex 5 judges= 400 responses for each tgn€orrect re-
Trainee Pretest Post-test Increase sponses are shown in bold.
1 44 47 +3 Stimulus
2 24 55 +31
3 59 74 +15 Tone 1 Tone 2 Tone 3 Tone 4
4 69 88 +19
5 74 92 418 Produced as
6 77 90 +13 (@) pretest
7 47 67 420 Tone 1 300 23 3 52
8 61 83 499 Tone 2 49 255 231 59
Mean 57 75 +18 Tone 3 9 31 101 21
Tone 4 35 73 39 262
None 7 18 26 6
. . , . b) post-test
Individual trainees’ percent-correct tone production as ()Tp;nse s 265 - u a6
judged by Mandarin listeners at pre- and post-test is pre- 1gpe 2 9 340 161 36
sented in Table |, which shows that each trainee’s production  Tone 3 1 23 184 8
accuracy improved after perceptual training. Across all eight  Tone 4 21 4 32 305
trainees, percent-correct tone production improved on aver- None 4 7 12 5

age 18% from pretest to post-test. It is also noted that there is
a large degree of variability among the eight trainees in term#rainees made for each tone as judged by native listeners of
of initial accuracy level$24% to 77%, as well as amount of Mandarin. Tone confusions were examined, summing over
improvement(ranging from 3% to 31% the errors obtained for each tone pair. For example, the num-
ber of errors for tone pair 1 and 2 is the sum of errors of both
tone 1 produced as tone 2, and tone 2 produced as tone 1. It
can be seen that, at pretest, the most confusing tone pair was
The trainees’ productions for each individual tone areygnes 2 and 3, followed by tones 2 and 4, tones 1 and 4, tones
illustrated in Fig. 2. Trainees’ performance for each tone im-1 gand 2, tones 3 and 4, and tones 1 and 3. A similar rank
proved from the pretest to the post-test. A two-way ANOVA order was retained at post-te¢Spearmanp=0.81, p

(testtone) showed a main effect for tedtF(1,30)  <0.05), except for tones 1 and 4 which became the second
=12.25,p<0.003, indicating significant improvement st confusing pair.

from the pre- to the post-test. There was also a main effect

for tone [F(3,28)=7.45,p<0.001. Post hoc analyses !ll. ACOUSTIC ANALYSIS
(Tukey HSD showed that across pre- and post-test, tone 3 i Method

significantly worse than tones 1, 2, and 4. The interaction of

3. Individual tones

test and tone did not reach significaride(3,28)=0.67,p To examine the American learners’ productions before
>0.577], showing the improvement from pretest to post-testa”d after training, an acoustic analysis of the pitch tracks of
was consistent across all four tones. the pre- and post-training productions was undertaken. Na-

tive speaker norms were derived and trainees’ productions
. were compared to these native speaker norms for each of the
4. Tone confusion Mandarin tones.
Table Il presents a confusion matrix, for both the pre-

and post-test, showing the number of production errors the. participants and stimuli

To provide native norms for the four tones, four native
W pretest speakers of Mandarin Chines2 males, 2 femalgswere

100 7 asked to produce the same list of words as those used for the
O post-test| . . . .
trainees. The setting and procedure were identical to those
g 207 for the trainees.
g The 40 stimuli that were included in the perceptual train-
g 60 7 ing were used in the acoustic analysis for both the Chinese
% and American speakers, yielding a total of 160 stimuli
£ 407 (10 syllables< 4 tones< 4 speakers) for the native speaker
§ productions, and a total of 640 stimuli (10 syllables
20 - X 4 tones 8 traineex 2 tests) for the non-native produc-
tions.
0 - : : L .
tone 1 tone 2 tone3 tone 4 2. Analysis

A total of 800 pitch contourg§160 native productions,
at pretest and post-test as judged by native Mandarin listeners. The pit(:%20 non_natlve pretgst proQuctlons, 320 non-native post-test
contour shapes of the four tones are: tone 1, high-level pitch; tone 2, highProductiong was derived using th@Aves+/EsPssoftware, at

rising pitch; tone 3, low-dipping pitch; and tone 4, high-falling pitch. a sampling rate of 1 ms.

FIG. 2. American trainees’ mean percent-correct productions for each ton
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In order to directly compare the productions acrossonset to the peak of the pitch contour was calculated, since
speakers and stimuli, the pitch contours were normalized ithe duration from the onset to turning poiorresponding
two ways: FO normalization, to accommodate the pitch to the valley has been found to be shorter for tone 2 than for
range differences among speakérspecially between males tone 3(Dreher and Lee, 1966; Moore and Jongman, 1997
and femaleg and duration normalization, to adjust for dif- To eliminate occasional spurious values obtained from
ferences in speaking rate and syllable context. Both the nahe pitch-tracking algorithm at the beginning and the end of
tive productions and the non-native productions were northe stimuli, the first and last 5 points for each pitch contour
malized in this manner. were excluded from the analysis.

FO was normalized per speaker across the four tonesB Results
That is, theF0 values obtained from each speaker were con-"
verted to their logarithms, using a formula commonly Figures 3a)—(d) illustrate, for each tone, the pitch con-
adopted for such purposdg.g., Liao, 1983; Laddet al,  tours of the pretest and post-test productions averaged across
1985; Rose, 1987; Shi, 1986, 1994 trainees and stimuli, as compared to the native norm. The
pitch contours are normalized fdf0 and duration. Pitch
values are represented on a 5-point pitch scal€ aalues.

where H is the highest and L is the lowds® for a given As shown in the figure, for each tone, the post-test pro-
speaker, and X is any given point of a pitch contour. Theduction resembles the native norm more closely than the
output (T) is a value ranging from 1 to 5, corresponding to Pretest production both in terms of pitch height and contour
the 5-point pitch scale for Mandarin tone proposed by Chashape, clearly showing an improvement in production result-
(1948. ing from perceptual training. An analysis of the critical
Duration was normalized per tone across speakers. Fgoints for each tone provides details about the improvement.
each tone, the longest pitch contour was first determined  Table Il displays the averaged values at 0%, 25%,
(containing a certain number &0 values depending on the 20%, 75%, and 100% of the pitch contour, as well as the
length of the production at the sampling rate of Drifaking ~ Pitch range(range, for tone 1 at pretest and post-test across
this number ofF0 values, all other pitch contours for that rainees, as compared to the native norm.
tone were then time normalized by deriving the same number  The native norm shows that, as a high-level tone, Tthe
of FO values, thus interpolating between obseré@ival- ~ Value remains constafange: 0 with a relatively high pitch
across speakers and tokens was 57154 FO points, all is relatively high and level, although the mean pitch values
tone 1 productions were “stretched” to have 570 points ~ are a bit lower than the native norm and the pitch contour
at 1-ms intervals. The pitch contours of the other three tone8!S0 decreases to a certain degreage: 0.3 The pattern is
were stretched in the same fashion, resulting in 589 Mostly retained at post-test, except that the mean pitch val-
points for tone 2, 6160 points for tone 3, and 5260  Ues are even closer to the native norm.

points for tone 4. Thus, the duration of each tone was equal- A comparison of the pretest and post-test productions
ized across all speakers and tokens. relative to the native norm was conducted using a two-way

Using the converted 0 values(T values, the native repeated measures ANOVA. The dependent variable is the
norm for each tone was generated by averaging the four nadeviation score” (the absolute difference ifi values be-
tive Mandarin speakers’ productions across all words. Likefween the native norm and either the pretest or the post-test
wise, for the non-native productions, two averaged producProduction at a given pointThe within-subject factor is test
tions were derived, one for the pretest and the other for thépretest, post-tegtand the between-subject factor is position
post-test by averaging across the eight trainees’ production§0%, 25%, 50%, 75%, 1006

For each contour, pitch values at Génse}, 25%, 50%, A significant effect of test was observeld=(1,34)
75%, and 100%offset), as well as the highegpeak and the =15, p<<0.0001, with an overall deviation scoré.e., an
lowest (valley) points of the contour were calculated to averaged deviation score across all points in a coitofir
record overall pitch height and shape. Furthermore, a numbé}.45 for the pretest and 0.35 for the post-test. There was no
of critical attributes were analyzed on the basis of theirreliable effect of position F(4,34)=0.08,p>0.987], nor
acoustic characteristics and perceptual salience. First, pitohas there a test by position interactipf (4,34)=0.3, p
range (range was calculated, since this feature has beer>0.904]. These results show that across all 5 points in a
identified as a perceptual cue distinguishing tones 1 and Zontour, the difference between the post-tesalue and the
and tones 1 and ¢.g., Leather, 1983; Lin and Wang, 1985; native norm(0.35 is significantly smaller than that between
Fox and Qi, 199D Second, both falling pitch range from the pretestT value and the native norrt0.45, indicating
onset to valley(falling range and rising pitch range from greater degree of approximation to the native norm at post-
valley to offset(rising range were calculated. The falling test.
pitch range, also termedA’F0,” has been found to be criti- Overall, Table Ill, as well as Fig.(d) consistently reveal
cal in the identification of tones 2 andShen and Lin, 1991; trainees’ improvement at post-test for tone 1. It should also
Moore and Jongman, 1997whereas the rising pitch was be noted that both pretest and post-test pitch contours are
found to cue the identification of tone(2.g., Blicheret al, “high” and “level,” suggesting that the trainees’ tone 1 pro-
1990. Finally, the relative temporal positigiposition from  duction was relatively good at pretest, and further improved
the onset to the valley of the pitch contour and from theat post-test. This is consistent with the native speakers’

T=[(lgX—IgL)/lgH—IgL]X5,
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Tone 3

Tone 1
45 1
45 +
Native norm
Native norm = = - - Pretest
e o o - = - - Pretest - - Post-test
T Tl PR .. e e Pogt-test o
< Tewr ) 3]
2 =
454 'Sq
3 8
= 35 1+ =
E :
2 Z
2.5 t t t { 2.5 } } t al
0% 25%  50%  75% 100% 0% 25% 50% 75% 100%
(a) Normalized duration (c) Normalized duration
Tone 2 Tone 4
4.5 -‘—
Native norm -
- - - - Pretest Native norm
e e POSE-tESE - - - - Pretest
= - Post-test
2 =
o ‘a,
S T
= N
=
: :
“~ Z
2.5 t } } — 2.5 t t } {
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
(o) Normalized duration (d) Normalized duration

FIG. 3. (8—(d) Pitch contours on the 5-point pitch scdlE valueg, comparing the native norm, and the pre- and post-test productions averaged across

trainees, for tones 1-4, respectively. The pitch contour shapes of the four tones are: tone 1, high-level pitch; tone 2, high-rising pitch; tdippiBiglow
pitch; and tone 4, high-falling pitch.

evaluation data, with 75% of the intended tone 1 productions A two-way repeated measures ANOVA was conducted
judged by native speakers as correct tone 1 productions abmparing the pretest and post-test productions relative to
pretest and this increased to 91% at post-fektFig. 2). the native norm, with the deviation score as dependent vari-
Table IV shows, for tone 2, the averagédalues at 0%, able, test as within-subject factor, and position as between-
25%, 50%, 75%, and 100% of the pitch contour, as well asubject factor. A significant effect was observed for test
the peak and valleyl values and positions, and the pitch [F(1,34)=8.2,p<0.007], but not for position[F(4,34)
range values of the falling and rising portions of the contour,=0.2, p>0.94] or test by position interaction F(4,34)
for the native norm and trainees’ productions at pretest ane- 1.3, p>0.284]. The overall deviation values show that the
post-test. difference between the pretest and native nddaviation

TABLE IIl. Tone 1: MeanT values at 0%, 25%, 50%, 75%, and 10@%ith standard deviations, s.d., in

parenthesgs as well as the peathighest poin, valley (lowest poin}, and rangé(pitch range, of the pitch
contour of the native norm, and trainees’ pre- and post-test productions.

0% 25% 50% 75% 100%
(s.d) (s.d) (s.d) (s.d) (s.d) Peak Valley Range
Native norm 4.2 4.2 4.2 4.2 4.2 4.2 4.2 0
(0.6 (0.6 (0.6 (0.6 (0.6
Pretest 4.0 4.0 3.9 4.0 3.9 4.1 3.8 0.3
(0.6 (0.6 (0.6 (0.6 (0.6
Post-test 4.1 4.1 4.0 4.0 4.0 4.1 3.9 0.2

0.6 (0.5 (0.5 0.4 0.5
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TABLE IV. Tone 2: MeanT values at 0%, 25%, 50%, 75%, and 100%6th standard deviations, s.d., in parenthg¢se#she pitch contour, as well as mean
T values at the lowegwalley) and highestpeak points and their temporal position in gééxpressed as a percentage of total time durationbrackets, and
the falling pitch rangéthe difference between onset and valleyd the rising pitch rangghe difference between valley and offsef the pitch contour of
the native norm, and trainees’ pre- and post-test productions.

0% 25% 50% 75% 100% Valley Peak Falling Rising
(s.d) (s.d) (s.d) (s.d) (s.d) [position| [position| range range

Native norm 35 3.4 35 3.8 4.1 3.4 4.1 0.1 0.7
(0.6) (0.6) (0.6) (0.6) (0.6 [25%] [1009%)]

Pretest 3.7 3.4 3.4 3.4 3.6 3.2 3.7 0.5 0.4
(0.5 (0.5 (0.6) (0.6) 0.7 [65%] [0%)]

Post test 3.6 35 3.4 3.6 4.0 3.3 4.0 0.3 0.7
(0.5 (0.4) (0.4) (0.4) (0.9 [47%] [1009%)

score: 0.5D is greater than that between the post-test andhe native norm and the trainees’ productions are shown in
native norm(deviation score: 0.34 indicating significantly  Table V.
greater approximation to the native norm in the post-testthan A two-way repeated measures ANOVA (tggiosition)
the pretest productions. with deviation score as dependent variable was conducted.
Detailed analysis of the critical points of the tone 2 na-An analysis of the difference between the pretest and the
tive norm shows that, as a rising tone, the initial falling por-post-test as compared to the native norm at each of these 5
tion of the contour is relatively sho(25% from onsetwith points shows that the post-test productigieviation score:
minimal change in pitch rang@®.1), while the rising portion  0.46 is significantly more similar to the native norm than is
is relatively long, reaching its pedal.1) at the offset of the the pretest productiondeviation score: 0.60[F(1,34)
contour. Comparing the pre- and post-test test productions- 7.6,
with the native norm, the post-test reveals greater approxip<<0.009. Neither position[F(4,34)=0.3,p>0.85 nor
mation to the norm in a number of ways. First, the initialtest by position interaction[F(4,34)=0.6, p>0.654
falling portion is shorter47% versus 65%and less steep reached significance.
(range: 0.3 versus 0).50r the post-test than for the pretest. Detailed analysis of the critical points shows that, for the
Second, similar to the native norm, in the post-test the majonative norm, the turning poirivalley: 2.4 is very low rela-
rising contour is long and reaches its peak at the ofé®).  tive to both the peak at the ongétlling range: 1.2 and the
For the pretest, however, the pegk?) occurs at the onset, offset (rising range: 1.1, and appears relatively lat&5%
while the offset(3.6) does not rise as high as the native andfrom the onsetin the contour. In comparison, the turning
post-test productions. These differences are clearly shown ipoint of the pretest production is not as 168:2), and occurs
Fig. 3(b). in the initial portion(25%) of the contour. For the post-test
Taken together, these results show foredha signifi-  production, although the turning point pitch val(@.1) is
cantly higher degree of resemblance of the post-test produsimilar to that of the pretest, its positioi65%) is much
tion to the native norm both in terms of pitch contour andcloser to the native norm, appearing relatively late in the
height, as compared to that of the pretest. contour as compared to that of the pretest. Moreover, the
The learners’ improvement is also reflected in the nativgpeak of the post-test production occurs in the same position
speakers’ evaluation described previously, as learners’ coms that of the native nornf0%), different from the pretest
rect tone 2 productions as judged by Mandarin speakers inproduction peak positiofil00%.
proved from 64% in the pretest to 85% in the post-test. Overall, the post-test production of tone 3 is signifi-
The average pitch valued) for tone 3 at 0%, 25%, cantly more similar to the native norm than the pretest pro-
50%, 75%, and 100% of the pitch contour, as well as theduction. Analyses show that the approximation is more in
peak and valleyT values and positions, and the pitch rangeterms of pitch shape than pitch heigfaiso cf. Fig. 3c)],
values of the falling and rising portions of the contour, forindicating that the post-test production has not fully reached
the native norms. These results are supported by the native

TABLE V. Tone 3: MeanT values at 0%, 25%, 50%, 75%, and 100#th standard deviations, s.d., in parenthe@sgshe pitch contour, as well as medn
values at the lowedyalley) and highestpeak points and their temporal position in %#xpressed as a percentage of total time durafionbracket$, and
the falling pitch rangdthe difference between onset and valleyd the rising pitch rangéhe difference between valley and offsef the pitch contour of
the native norm, and trainees’ pre- and post-test productions.

0% 25% 50% 75% 100% Valley Peak Falling Rising

(s.d) (s.d) (s.d) (s.d) (s.d) [position] [position] range range

Native norm 3.6 3.1 2.7 2.9 35 2.4 3.6 1.2 1.1
(0.6 (0.9 (0.9 0.5 0.3 [55%)] [0%]

Pretest 3.4 3.2 3.2 3.4 3.7 3.2 3.7 0.2 0.5
0.7 0.7 0.7 (0.6 (0.6 [25%)] [100%]

Post-test 3.6 3.4 3.1 3.2 35 3.1 3.6 0.5 0.4
(0.6 (0.5 (0.6 (0.5 (0.9 [65%)] [0%]
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TABLE VI. Tone 4. MeanT values at 0%, 25%, 50%, 75%, and 10@%th standard deviations, s.d., in
parenthesgof the pitch contour, as well as mearvalues at the highe¢peak and lowestvalley) points, and
their temporal position in %expressed as a percentage of total time duratiorbracket$, and pitch range of
the pitch contour of the native norm, and trainees’ pre- and post-test productions.

0% 25% 50% 75% 100% Peak Valley Falling
(s.d) (s.d) (s.d) (s.d) (s.d) [position| [position| range

Native norm 4.4 4.3 4.1 3.7 3.4 4.4 34 1.0
0.9 (0.9 0.9 (0.9 (0.9 [0%] [100%]

Pretest 4.0 4.0 3.7 3.5 3.4 4.0 3.4 0.6
0.6 (0.6) 0.5 (0.5 (0.6) [0-25% [100%

Post test 4.2 4.1 3.8 3.5 3.2 4.2 3.2 1.0
0.6) (0.6) 0.6) (0.4 (0.5 [0%] [100%4

Chinese listeners’ evaluation in that although significantlyterms of pitch height and contour, tone 1 was even more
more post-test productiong6%) were judged to be correct native-like in the post-test. The ease of articulation for tone 1
than pretest production®5%), the overall percent-correct might be attributed to the fact that, since the contour shape is
productions is still relatively low in the post-test. constant, learners only need to grasp the single dimension of
Table VI shows the pitch values for tone 4 at 0%, 25%,pitch height to correctly produce this tone. That the produc-
50%, 75%, and 100% of the pitch contour, as well as thaion of tone 1 is relatively easy as compared to the other
highest and lowest pitch values, for the native norm and thehree tones for American learners of Mandarin has also been
trainees’ productions. reported in previous studies analyzing learners’ productions
A two-way repeated measures ANOVA (tegiosition)  poth in laboratory(Leather, 1988 and classrooniMiracle,
with deviation score as dependent variable was conductedggg settings. It is also noted that, despite the closer ap-
An analysis of the difference between the pretest and thgyoximation to a level contour, the post-test production still
post-test as compared to the native norm at each of these &y ot achieve full accuracy in terms of pitch height.
points shows that the post-test producti@eviation score: Tone 2 and tone 3 have consistently been found to be
0.37) is significantly more similar to the native norm than the confusing in both first language acquisitide.g., Li and
pretest productiorideviation score: 0.47[F(1,34)=5.8,p Thompson, 1977; Clumeck, 198and second language ac-
§0.022]. Furthermore, there is no sigr)ificant eﬁecF of pOSi'quisition (e.g., Leather, 1983; Miracle, 1988tudies. The
tion[F(1.34)=0.1,p>0.977 nor a position by testinterac- ., qsion may well be due to the acoustic similarities of

tion [F(4,34)=0.5,p>0.709. these two toneg¢lLeather, 1999 in that they both involve a

init '?‘S i? ﬁ'&héga:l'ﬂgvjogeé thernla'ili\\//elnot[m sr}O\él\;sna h_'ghfalling followed by a rising contour. However, differences
al prich (4.4 Toflowed by a refatively steep 1alrange. o ist in that the rising contour for tone 2 starts much earlier

1.0 Although both the pretesd.0) and post-test4.2) tone and ends much higher than that for tone 3. In addition, the

4 productlons start at a relatively high pitch, post-test value%a"ey for tone 2 is not as low as that for tone 3. In the
are higher than pretest values and consequently closer to the

native norm. In terms of falling range, the post-tésinge: present study, learners’ pretest tone 2 rising contour started

1.0) resembles the native norm more closely than the prete§ Iatl\_/ely late and did not reach high levels at the offset.,
(range: 0.6, showing more resemblance to a tone 3 pattern. However, in

Overall, the post-test production of tone 4 is signifi- the post-test, both the frequency and temporal position of the
cantly more similar to the native norm than the pretest proYalley, as well as the contour offset height closely approxi-
duction. These results are also consistent with the native lignated the native patterns. _ N
tener judgment data, showing that the percentage of Learr_lers’ pretest tone 3 productlon_s reveal a rising con-
productions that was identified as correct was greater in thiPUr starting relatively early just as a typical tone 2. Although
post-test(78%) than in the pretest73%). Both the acoustic N their post-test production the turning point position shifted
analysis and the native listener evaluation data indicate tha@ter toward the native tone 3 direction, its frequency was
the pretest productions improved in the post-test. still not as low as that of the native turning point. Together,

The above results show that the native productions aréese data show that tone 2 and tone 3 were confusable for
consistent with the patterns described in Cti@a648 and the American learners.

Wu (1988 for the four Mandarin tones, showing a high-level ~ The learners’ pretest production of tone 4 is different

pitch contour for tone 1, a mid-high rising contour for tone 2,from the native norm in two dimensions: it starts at a lower

a low-dipping contour for tone 3, and a high-falling contour pitch, and its slope is less steep. In the post-test, the pitch
for tone 4. The American learners’ results show that, as &nge of the learners’ productions was significantly in-

consequence of perceptual training, the post-test productioriseased, which resembled the native value. Although post-
approximate the native productions more closely than do théest pitch height was also increased, it was still lower than
pretest productions. the native norm.

In terms of individual tones, the present results show  Taken together, the analysis of the productions of the
that among the four tones, although the learners’ pretest prdeur tones in pretest and post-test seems to suggest that the
duction of tone 1 was similar to the native tone 1 both intwo dimensions of pitch height and pitch contour are not
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TABLE VII. Tone pair confusion patterns for perception and production at TABLE VIII. Confusion patterns for tone pair 2 and 3, and tone pair 3 and

pretest and post-test, in terms of percent errors for each tone pair. 4 at pretest and post-test, in terms of percent errors of the total number of

stimuli, showing the difference between perception and production in terms
Pretest errorg%o) Post-test error§%) of confusion direction.
Perception Production Perception Production Pretest error¢%) Post-test erroré)

Tones 2&3 25 33 8.3 23 Correct—incorrect Perception  Production  Perception  Production

Tones 28&4 10 17 35 5.0

Tones 1&2 8.8 9.0 2.8 4.4 Tone 2 as tone 3 16 4 5.6 2

Tones 1&4 7.3 11 5.5 8.4 Tone 3 as tone 2 9 29 2.7 21

Tones 3&4 5.0 7.5 1.0 5.0 Tone 3 as tone 4 1.7 4.8 0 4

Tones 1&3 25 15 0 15 Tone 4 as tone 3 3.2 2.6 1 1

mastered in parallel. As compared to pitch contour, pitch  Comparing the pretest and post-test data, it is also noted

height is more resistant to improvement. that tone pair 2 and 3 errors decreased to a large degree in
perception. However, a similar decrease is not as evident in

IV. RELATION BETWEEN PRODUCTION AND production comparing pretest to post-test. Similarly, tones 3

PERCEPTION and 4 did not improve greatly in the production post-test.

Wanget al. (1999 showed that, after perceptual training . These patterns are also reflecteq in the overall results for
of Mandarin tone, the American trainees’ identification 'F‘d""d“a' tones, in tha_‘t the pergeptyon of tpne 3 was rela-
greatly improved21% increase The present study demon- “V?'Y good to_start_wnh and significantly |mpr0\{ed after
strated that their production accuracy also increased signiff—ra'n.Ing (see Fig. 2 in Wanet al, 1999, vyhereas .|ts pro-
cantly, indicating a relation between the perception and proguc'uon was poor in the pretest and remained so in the post-

duction of Mandarin tone. Consequently, American traineestesusee Fig. 2 Taken together, these data show that while

perception and production of Mandarin tone in the pretes;{One 3 was relativgly casy t_o identify, it was difficult to pro-
and post-test are compared to examine the nature of thguce, and was resistant to improvement.
relationship.

The tone confusion data of the perception res{Wang
et al, 1999 show that, in the pretest, the most confusing The present study shows that, after perceptual Mandarin
tone pair was tones 2 and 3, followed by tones 2 and 4, tone®ne training, the American learners’ productions of Manda-
1 and 2, tones 1 and 4, tones 3 and 4, tones 1 and 3. Thitn tone improved without any production training. The na-
rank order was mostly retained in the post-test, except thatve Chinese listeners’ evaluation of the trainees’ pretest and
tones 1 and 4 became the second most confusing pair. Intgpost-test productions indicates that, after training, there was
estingly, the present tone production confusion results revean improvement for each of the four tones, and the improve-
strikingly similar patterns in both pretest and post-test. ment in production was even extended to novel stimuli

A comparison of the perception and production confu-which were not used in the perception training. Native Chi-
sion patterns in the pretest and post-test is shown in Tableese listeners’ evaluation of the controls’ pretest and post-test
VII, in terms of the percent errors for each tone pair. Asproductions did not show a similar improvement. Acoustic
shown in the table, in the pretest the percent errors for peranalysis consistently revealed that the trainees’ post-test pro-
ception and production are highly correlated (5) ductions were significantly more similar to the native norm
=0.98,p<0.000]. The rank order in terms of tone pair is in terms of both pitch height and contour than were pretest
also highly correlated for perception and productji{5) productions. These results indicate that the effect of training
=0.94,p<0.005. Similarly, perception and production are in perception transferred to the production domain.
significantly correlated in the post-test, both in terms of er-  The present study is consistent with previous training
rors[r(5)=0.9, p<0.01] and in terms of tone pair rank or- studies in the segmental domain showing the transfer of per-
der[p(5)=0.9,p<0.015. ceptual learning to production, such as the production of

These results show that trainees’ tone perception anBrench VOT categories by native Chinese speak@oshet,
production are highly related. However, despite this general995, and the production of the English-1/ contrast by
consistency, differences do exist between perception and prdapanese learner®8radlow et al, 1997, 1999; Akahane-
duction. Yamada, 1999 Together, these studies coupled with the

It is noted that although tone pair 2 and 3 is the mostpresent results show that the facilitatory effect of perception
confusing pair for both perception and production, the directraining on production not only occurs for segmental learn-
tion of confusion is different for these two modalities. Thating, but also extends to suprasegmental learning.
is, tone 2 was incorrectly perceived as tone 3 more fre-  The facilitatory effect of perception training for produc-
qguently than tone 3 was incorrectly perceived as tone 2. Ition learning supports the view in segmental acquisition re-
contrast, tone 3 was incorrectly produced as tone 2 moreearch that the two speech modalities are related, with per-
frequently than the reverse. Similar patterns are also foundeption “leading” production (Flege, 199Y. Indeed, the
for tones 3 and 4, in that tone 3 was more often incorrectlycurrent phonetic learning theories are all perception oriented,
produced as tone 4, but less often perceived as tone 4. Thestating that perceptual experience can guide sensory-motor
patterns are illustrated in Table VIII. learning (Kuhl, 2000a, b, and the accuracy with which L2

V. DISCUSSION AND CONCLUSIONS
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