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Abstract

timed language such as English [8]. However, not only rhythmic patterns of syllabic timing, but also patterns of fundamental
frequency (f0 ) and intensity can demonstrate the prosodic differences between L1 and L2 speech. But because of the complexities of pitch calculation, few investigations have been devoted to analyze the deviance in f0 change patterns of L2 English by Chinese learners. Though Hirst and Ding [9] employed
18 acoustic metrics to compare 40 English passages and showed
a correct prediction of 95.88% of L2 English speech by Chinese
from that of native English, they did not show whether these
metrics could distinguish higher- and lower-level learners.
Other investigations mainly compared f0 proﬁles such as
f0 means and f0 ranges, and mixed results have been found.
Some studies have found compressed f0 ranges and fewer pitch
variations in L2 speech [10, 11], which could be attributed to
less conﬁdence in L2 production. Other studies reported larger
f0 ranges in L2 due to the inﬂuence of L1 prosody [12, 13].
As to f0 means, the results were more various between L1 and
L2 speakers due to different groups of speakers and different
styles of speech (e.g. spontaneous or read speech). In the current study, we focused on the more robust effect of f0 change
patterns to provide relatively reliable measures for distinguishing different prosodic performances in L2 English production of
Mandarin speakers. Instead of comparing f0 means and ranges,
we studied f0 ﬂuctuation patterns as described by Eady [4].
Normally stressed syllables are associated with longer duration and more or larger pitch movements [14]. Based on the
rhythmic ﬁndings in timing that Mandarin L2 English learners display a smaller normalised pairwise variability index for
vocalic intervals than native English speakers [15], we may hypothesize that L2 English produced by Chinese learners may
demonstrate more f0 peaks (small ripples) and lower variations
in f0 peak recurrence intervals, which could be transferred from
the lexical tones in the native tone language.

Prosodic speech characteristics are important in the evaluation of both intelligibility and naturalness of oral proﬁciency
for learners of English as a Second Language (ESL). Different f0 movement patterns between native and Mandarin Chinese learners have been an important research topic for secondlanguage (L2) English speech learning. However, previous
studies have seldom examined f0 movement patterns between
lower-level and higher-level Mandarin ESL learners. The current study compared f0 change patterns extracted from the same
20 English sentences read by 20 lower- and 20 higher- level
Mandarin ESL learners, and 20 native English speakers from
a speech database. Appropriate procedures were applied to
ensure a more accurate estimation of f0 values and to catch
characteristic deviation in f0 movement patterns of ESL learners. The results showed that lower-level Mandarin speakers displayed more frequent f0 ﬂuctuations and smaller standard deviation of intervals between f0 peaks than both native speakers
and higher-level learners. The special characteristic of many
smaller “ripples” on pitch contours of lower-level L2 English
speech resembles Mandarin Chinese f0 movements, which suggests a negative transfer from the ﬁrst language (L1) Mandarin.
The ﬁndings can shed light on the assessment and learning of
L2 English prosody by Mandarin ESL learners.
Index Terms: F0 pattern, L2 English speech, Mandarin Chinese Learners

1. Introduction
Mandarin Chinese and English are representative cases of tone
and stress languages. The f0 pattern in Mandarin is determined
mainly by tone contours of all the lexical items, but the f0 pattern in English is determined mainly by the phrasal stresses (i.e.
pitch accents) on only a few of the lexical items in a sentence
[4, 1, 2]. The pitch contour in Mandarin is an interaction of lexical tones and sentence intonation, which is compared to “small
ripples on large waves” by Chao [3]. The investigations in the
different f0 patterns between Mandarin Chinese and English
have been an interesting topic for experts. In the early 1980’s,
Eady found that Chinese speech was characterized by more f0
ﬂuctuations as a function of time and as a function of the number of syllables, which reﬂected the difference between a tone
language like Chinese and a stress language like English [4].
In recent years, Keating and Kuo also showed that Mandarin
speakers had higher f0 maximums and means, and larger f0
ranges, and they argued that the choice of speech materials to
compare could be critical [5].
Moreover, it is suggested that the prosodic pattern of an
adult’s L2 can be characterized by that of acquired L1 [6, 7].
The rhythmic features of syllable-based Mandarin Chinese have
been observed to be transferred in the L2 speech of a stress-
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2. Method
2.1. Speech database
The speech database was taken from the Global TIMIT Learner
Simple English [16], which was part of the Global TIMIT
project designed for acoustic-phonetic studies [17]. The learner
database consists of two separate sets of 50 speakers reading
120 sentences from the original TIMIT [18]. These sentences
were selected as simple to read by Chinese learners of English. Among the 120 sentences, 20 sentences were read by
all speakers, 40 sentences were read by 10 speakers, and 60
sentences were read by ﬁve speakers. L1 Simple English was
recorded at the University of Pennsylvania from 25 female and
25 male native American English speakers; L2 Simple English
was recorded at Shanghai Jiao Tong University from 25 female
and 25 male Chinese learners of English.
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(circles with larger diameters) in L1 English is shown in Figure
1 (a); while a pitch contour with many ﬂuctuations of circles
in medium comparable diameters is displayed in Figure 1 (b).
It can be observed that compared with L1 English, L2 English
produced by the Chinese learner exhibited more minor stresses
not only in syllable timing (e.g. many syllables with comparable duration) but also in f0 movements (e.g., more ﬂuctuations
of f0 contour). The f0 movement of the L2 English resembles
the Mandarin Chinese intonation of “smaller ripples” on the
“large waves”. We employed appropriate processing techniques
to illustrate the differences between L1 and L2 groups, and to
further separate the lower- from higher- level for L2 learners.
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(a) Spoken by one L1 American English speaker
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2.2.2. Analysis of f0 -related values
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We applied different f0 extraction software packages, and found
that unreliable f0 estimation mainly appeared at two kinds of
places: 1) creaky periods, and 2) junction points of voiceless
and voiced parts. By comparing the available f0 extraction techniques, we found that the REAPER (Robust Epoch And Pitch
EstimatoR) speech processing system [20] proved to be able
to provide more accurate f0 measurements within the creaky
voice at low pitch ranges. To avoid extremely high and low values at junction points, we carried out the pitch tracking through
a two-pass procedure following the strategy proposed by Hirst
[21, 22]. First, we inspected our data and set a more accurate
search range of 75-300 Hz and 100-400 Hz for male and female
speakers respectively, and calculated the ﬁrst and third quartiles
(i.e., q1 and q3) across all f0 samples for each speaker. Second,
we set the f0 ﬂoor and ceiling for each speaker to 0.75 · q1 and
1.5 · q3 , respectively. By using a personalized search range, we
greatly reduced the estimation errors of f0 extraction, and the
speakers’ f0 histograms were observed to be more centralized
around the mean values. Finally, f0 values were extracted using REAPER [20] with a ﬁve millisecond (ms) frame rate with
personalized ranges to ensure optimized accuracy.
To reduce sex-based differences, f0 values in Hertz (Hz)
were converted to semitones (st). Instead of a ﬁxed base frequently, we employed a speaker-dependent reference calculation (Equation 1) proposed by Yuan and Liberman [23] to further reduce the individual difference.


f0 [Hz]
f0 [St] = 12 · log2
(1)
f0 base
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(b) Spoken by one L2 Mandarin Chinese speaker

Figure 1: Prosody display of sentence “Outside only a handful
of reporters remained.”

In order to divide the L2 group into higher and lower levels in prosodic performance, we asked ﬁve experienced English
teaching assistants to rate the speakers. Based on the ofﬁcial criteria of ﬂuency and coherence used in national standard tests,
we made more detailed criteria for the evaluation of prosodic
performance. We used 1-5 scales with 1 indicating very Mandarin Chinese-like prosody (i.e., very strong Chinese accent)
and 5 indicating near-native English prosody (i.e., near-native
accent). After several rounds of trials, the raters could achieve
a minimal correlation of 0.8 in their assessments of randomly
selected ﬁve sentences. For the best and worst 20 speakers, the
raters could reach a total agreement. Then each rater should
rate four different sentences of each speaker, and we averaged
their scores and selected 20 speakers with the highest scores
as English learners of Higher level (EnHi) and 20 speakers with
the lowest scores as English learners of Lower level (EnLo), and
left the other 10 speakers in the middle out. We also selected the
10 best L1 English speakers into English Native (EnNa) group
according to the evaluations of our raters. Finally, we obtained
three groups, the sex ratios were not exactly 1:1, but they were
still balanced, with male:female ratio of 13:7, 9:11, and 12:8 in
EnNa, EnHi, and EnLo, respectively.

The base frequency used for calculating semitone (f0 base)
was speaker-dependent, which referred to the 5th percentile of
all f0 values of a given speaker.
2.2.3. Analysis of f0 change patterns
We employed appropriate techniques to plot f0 curves and identify f0 peaks. To plot f0 contours, we intended to compare f0
change patterns that were related to perceptual prosody in the
current study. Unlike the calculation of the variables by Eady in
[4], which was based only on the voiced parts, our calculation
was determined on the basis of the interpolated and smoothed
pitch curves with voiceless parts of signal because the curve
continues to evolve during the voiceless portions of speech, as it
is explained by Hirst in [22]. Since we also compared the intervals between peaks, we excluded all silent periods longer than
50 ms, and employed the same strategy described by [23] for interpolation and smoothing. The f0 contours were ﬁrstly linearly
interpolated to be continuous over the unvoiced segments and
creaky periods, and a Butterworth low-pass ﬁlter with normalized cutoff frequency at 0.1 with ﬁltﬁlt was employed to smooth

2.2. Analysis procedure
2.2.1. Display of prosody
A visual inspection of f0 movement patterns is important to
gain an overall impression. With the help of ProZed [19], differences of f0 patterns between L1 native English and L2 English
by Mandarin Chinese are displayed in Figure 1.
The pitch contour is demonstrated in a continuous line with
each circle corresponding to one syllable, with the vertical level
and diameter of the circle representing the pitch and duration
of the syllable respectively. The unit of pitch has already been
normalized to the logarithmic scale log2 (Hz/median). A declarative intonation contour with phrasal stresses on a few syllables
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3. Results
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3.1. Means of f0 variables
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The means of relevant f0 information are presented in Table 1.
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Table 1: Means of relevant information of three groups

(a) Produced by one L1 American English speaker

Normalized f 0

Group

EnNa (L1)
EnHi (L2)
EnLo (L2)
Male Female Male Female Male Female
f0 (Hz)
121.13 200.02 127.96 216.35 122.37 218.34
f0 (st)
4.32 5.61 5.33 5.61 4.05 6.61
duration (s)
2.77 2.99 3.65 3.60 3.89 4.24
peak counts
12.01 12.74 14.32 14.62 17.57 17.76
peak/syllable
0.744
0.878
1.078
peak/second
4.337
4.011
4.416
mean prominence
0.251
0.250
0.246
std prominence
0.225
0.236
0.237
mean distance
0.090
0.078
0.063
std distance
0.041
0.039
0.030
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(b) Produced by one L2 Mandarin Chinese speaker

Figure 2: F0 curves with peaks identiﬁed of sentence “His technique is ample and his musical ideas are projected beautifully.”

The values in each group were averaged across all sentences and speakers of the same category. As sex difference
was no longer signiﬁcant, the means were averaged across
sexes to facilitate comparison among groups. The females
had higher f0 (Hz) means than males, and the Chinese speakers had relatively higher f0 (Hz) means than the American
speakers. Sex-based difference has been greatly reduced in
f0 means expressed in semitones. It is clear that EnLo was
characterized with the largest values in sentence duration,
peak counts, peak/syllable, and peak/second; the smallest values in mean distance and std distance; comparable values in
mean prominence and std prominence.

the f0 curves. To identify f0 peaks, we employed topographic
prominence analysis, which has been successfully used to detect syllabic peaks in identifying acoustic biomarkers from the
repetitive syllable production task [24]. In our current study, a
ﬂuctuation was deﬁned to be a point on the f0 curve at which
the slope of the line changes from a positive to a negative value
or vice versa, as it was described by Eady [4]. MATLAB tools
[25] were used to identify the ﬂuctuation points (local peaks
and valleys) in the f0 contour. Since many micro f0 movements
(micromelody) caused by the segmental nature of the individual
speech sounds were not associated with prosodic change patterns [22, 26], some f0 perturbations due to segmental sounds
should not be counted as prosodic ﬂuctuations. The threshold
value was manually tuned to set a moderate value of 0.5 semitone as the threshold for all categories of speech. That means
in order for the local maximum or minimum point on the curve
to be labelled as a ﬂuctuation point, it had to differ from the
immediately preceding minimum or maximum point by at least
0.5 semitone. The resulted number of peaks was comparable to
those described in [23].

3.2. One-way ANOVA across groups of f0 changes
One way ANOVA and post-hoc test (Tukey’s HSD) were run
for each variable for f0 changes separately across three groups
and the obtained signiﬁcance levels are shown in Table 2.

Table 2: Signiﬁcance levels for f0 variables
Variable

Signiﬁcance level across groups
EnNa-EnHi EnNa-EnLo EnHi-EnLo
peak/syllable
***
***
***
peak/second
***
***
mean prominence
std prominence
***
***
mean distance
***
***
***
std distance
***
***
Note: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

In order to facilitate comparison, we normalized the range
of peaks and valleys of each sentence so that all f0 contours
appeared between 0 and 1, which was similar to the prosody
display between -0.5 and +0.5 in Figure 1. For each sentence, a
graphic display that plotted f0 variations as a function of time
was produced. We obtained altogether 1,200 plots for three
groups: 1,200 = 20(speakers) · 20(sentences) · 3(groups).
One example is shown in Figure 2. It is clear that ﬂuctuations or
peaks marked with little triangles in the same sentence occurred
more frequently for the Chinese learner in Figure 2 (b) than for
the American speaker in Figure 2 (a).

It was found that peak/syllable and mean distance displayed signiﬁcant difference among three groups, and the most
prominent difference was the peak/syllable. The peak counts in
each sentence across three groups are displayed in Figure 3.

Since all the speakers read the same sentences, we ﬁrst
counted the number of peaks in each sentence, and then divided the peak number by the number of syllables and duration
in seconds of each sentence. Thus we obtained two measures:
peak/syllable and peak/second. We also speciﬁed two measures
of the peaks: 1) prominence: how much the peak stands out due
to its intrinsic height and its location relative to other peaks; and
2) distance: the distance between peaks. The mean and standard deviation of prominences and distance were also included
as f0 -related parameters.

3.3. Binominal logistic regression analysis between groups
To further examine the contribution of each variable to the classiﬁcation of speaker groups, we employed logistic regression
analysis, in which all signiﬁcant variables listed in Table 2 were
entered as independent variables and group as binary dependent
variable. Two binominal logistic regressions were performed,
one for comparison between EnHi-EnLo and another between
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It is well acknowledged that f0 means (Hz) of females are
signiﬁcantly higher than those of males. In our current study, L2
Chinese learners also demonstrated higher f0 means (Hz) than
those of American speakers, which is in line with the ﬁndings
of many studies [12, 9] on Chinese learners due to L1 transfer.
But there are opposite reports for other L2 learners [10] because
they are too cautious to vary more. Actually, f0 means (Hz)
reﬂect individual differences and L1 backgrounds, and also depend on recruited speakers and selected materials. In the current
study, short read English sentences instead of long difﬁcult passages or spontaneous speech were selected, so L2 learners were
conﬁdent enough to show a habitual larger pitch range in L2 as
in their L1 language, which also resulted in larger f0 means.
By employing speaker-dependent reference frequency in converting f0 from Hz to st, we maximally reduced cross-sex and
cross-group differences, and provided a good basis for comparison of f0 patterns between groups of different proﬁciency.
The invariant ﬁnding that L2 speech is slower than native
L1 speech has been once again proved in the current study.
Because of slower speech rate, higher-level learners even displayed fewer f0 ﬂuctuations as a function of time than L1 native
speakers. However, we assume that f0 patterns of the sentence
should not change with the speech rate. Therefore, we could
argue Chinese-accented English may be attributed to more f0
ﬂuctuations as a function of the number of syllables. More and
regular small f0 peaks can distinguish lower- from higher -level
learners, and these f0 patterns mirror the typical lexical tones
of “small ripples” of Mandarin Chinese. However, we should
be cautious to extend our ﬁndings to general contrast between
L2 tonal language and L1 stress language. It is reported that L2
English by Vietnamese learners demonstrated fewer f0 movements than the L1 English native speakers due to ﬂatter pitch
contours in the Vietnamese language than the English language
[27]. That means more smaller f0 ﬂuctuations of L2 English
may be a special feature for Chinese ESL learners. Keating and
Kuo [5] argued that Mandarin high-falling tone alone can differentiate Mandarin Chinese f0 movements from those of English. And because there are a high percentage of Tone 4 in Chinese texts [28], they can generate so many small ripples of f0
movements in Mandarin. Moreover, Mandarin speakers apply
their accustomed f0 patterns in their L2 English, especially for
lower-level speakers. And this phenomenon can be employed to
evaluate the prosodic performance of Mandarin Chinese speakers. Considering that prosodic deviation of L2 speech is a complex interaction of a variety of rhythmic cues (including duration, f0 and intensity) [29, 30], future work will endeavour to
determine the cumulative effect of prosodic properties on the
evaluation of L2 English speech by Mandarin Chinese learners.
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Figure 3: Comparison of number of peaks among three groups.

EnNa-EnHi. The number of powerful predictors was further reduced. The results of the logistic regressions are presented in
Table 3. It is clear that compared with EnHi, EnLo was associated with higher peak/syllable and lower std distance; while
compared with EnNa, EnHi was related to higher peak/syllable
and lower peak/second and m distance.
Table 3: Results of logistic regression for two comparisons.
EnLo (vs. EnHi)
Coefﬁcient Z-value
p-value
6.98
11.80
<2e-16 ***
- 12.17
-2.35
0.019 *
EnHi (vs. EnNa)
Predictors
Coefﬁcient Z-value
p-value
peak/syllable
11.39
12.96
< 2e-16 ***
peak/second
-2.12
-11.93
< 2e-16 ***
m distance
-11.03
-4.27
1.92e-05 ***
Note: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Predictors
peak/syllable
std distance

Though peak/second and mean distance could distinguish
EnLo from EnHi when each variable was conducted separately,
it did not show a signiﬁcant difference when combined with
other variables. While std prominence could distinguish EnHi
from EnNa, it became less powerful when other variables were
added. The number of f0 ﬂuctuations (peak counts) decreased
while the sentence duration increased from EnLo over EnHi to
EnNa. Therefore, f0 ﬂuctuations as a function of number of syllables (peak/syllable) increased from EnLo over EnHi to EnNa,
while f0 ﬂuctuations as a function of time (peak/second) increased from EnLo to EnHi, but decreased to EnNa because of
the slow speech rate of L2 speakers.
The results in Table 3 showed that EnLo English could be
improved by enlarging its deviation of peak recurrence intervals
and slightly reducing f0 ﬂuctuations to resemble the prosody of
EnHi English, while EnHi English could be further improved by
reducing its f0 ﬂuctuations and enlarging the intervals between
the peaks to approach the prosody of EnNa English.

5. Conclusions
The current study novelly employed the f0 ﬂuctuation variables to evaluate the L2 prosodic performance for Chinese ESL
learners. The ﬁndings can provide implications for L2 English
speech learning and teaching.
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In line with our hypothesis, we have demonstrated that more f0
peaks and lower variations in f0 peak recurrence intervals are
associated with Chinese-accent L2 English, which suggests a
negative transfer of the L1 Mandarin language. Besides, some
discussions are provided for the results in this study.
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