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Abstract 
The present study investigated how cognitive factors, memory 
load and attention control, affected imitation of Thai tones by 
Mandarin speakers with no prior Thai experience. Mandarin 
speakers lengthened the syllable duration, enlarged the F0 ex-
cursion and moved some F0 max location earlier compared 
with the stimuli, even in the immediate imitation condition. 
Talker variability had a larger impact on imitation than 
memory load, whereas vowel variability did not have any ef-
fect. Perceptual assimilation patterns partially influenced imi-
tation performance, suggesting phonological categorization in 
imitation and a perception-production link.  
Index Terms: lexical tones, imitation, cognitive factors, non-
native speech contrasts 

1. Introduction 
In order to learn to speak a second language, language learners 
often rely on imitating the words produced by native speakers. 
Imitation links speech perception and production in a natural 
way, providing an excellent opportunity to examine the link 
between perceiving and producing a non-native language 
without the need of orthographic knowledge.  

It is argued that imitation is constrained by native phono-
logical categories. Native speakers fail to imitate phonetic de-
tails of vowel or VOT continua [1-2]. Instead their imitations 
reflect their native phonological categories. Spanish monolin-
guals, Spanish speakers of English and English monolinguals 
were asked to imitate a stop consonant voice onset time 
(VOT) continuum ranging from /da/ to /ta/ in [2]. Their imita-
tions did not show a linear incremental increase in VOT, but 
instead formed two or three VOT response categories that 
matched the native phoneme boundaries. Similarly, Finnish 
children and adults imitated a /æ/ to /ɑ/ vowel continuum, 
showing categorical imitation patterns relevant to their native 
phonological categories [1].  

In addition, second language learning research has report-
ed that imitation by second language speakers is modulated by 
their native language phonology. For example, when asked to 
imitate eight American English vowels (e.g. /i/, /ɪ/, /e/, /ɛ/, /æ/, 
/ʌ/, /ɑ/, /u/), native Mandarin speakers showed influence of 
their native language [3]: /ɛ/, /æ/ with no Mandarin counter-
parts were imitated worse than /i/ and /u/ with counterparts in 
Mandarin. These findings support well-established second 
language speech learning theories, such as the Speech Learn-
ing Model (SLM) [4] and the Perceptual Assimilation Model 
(PAM) [5]. Both models claim that attunement to the native 
language will cause listeners’ inability to discern the phonetic 
differences between pairs of sounds in the L2, or between L2 
and L1 sounds via “equivalence classification” (SLM) and 

“perceptual assimialtion” (PAM). In addition, without accu-
rate perceptual “targets” to guide the sensorimotor learning of 
L2 sounds, production of the L2 sounds will be inaccurate [4].  

However, some researchers argue against imitation as al-
ways being phonologically constrained [6]. English speakers 
identified and imitated Mandarin tones whereas Korean 
speakers identified and imitated English consonants. Re-
searchers found that imitation was generally more accurate 
than the identification. Therefore, they inferred that imitation 
was not always constrained by native phonology as in identifi-
cation and that L2 imitation may bypass some aspects of pho-
nological encoding. Furthermore, they proposed that partici-
pants can operate on a phonetic mode of processing without 
any access to native phonology. In [7], native  speakers  of  
Polish imitated English unreleased  plosives  in  two-stop  se-
quences in two imitation conditions. In one condition, they im-
itated the stimuli immediately and, in another condition, they 
read a digit after the auditory input before imitating. Perfor-
mance was native-like in the first condition and it was signifi-
cantly impeded in the second. This suggests that native lan-
guage constraints on imitation of non-native phones is modu-
lated by the mode of imitation. According to the Automatic 
Selective Perception (ASP) model, the change between a pho-
netic and phonological mode in perception is modulated by 
cognitive load [8]. In this paper, we extend ASP to imitation to 
make predictions about how cognitive factors may influence 
imitation performance.  

Very few studies have investigated non-native tone imita-
tion by tone language speakers. Even fewer tone imitation 
studies have considered cognitive factors. Therefore, the pre-
sent study examines how cognitive load factors affect the imi-
tation of Thai tones by Mandarin-native speakers with no prior 
experience with Thai. Thai and Mandarin differ in the number 
of tones and types of tones in their native inventories. We used 
Chao values [9] to provide a priori phonetic description of the 
tones in each language. In Chao notation, F0 height at tone on-
set and offset is referenced by numbers 1-5 ranging from low 
to high. Thai has three level tones (characterized as high-level 
T45, mid-level T33, low-level T21) and two contour tones 
(rising T315 and falling T241) [10]. Mandarin has four tones: 
a level tone M55; a rising tone M35; a falling-rising tone 
M214; and a falling tone M51[11]. Pervious perception work 
[12] has indicated that Thai-naïve Mandarin listeners assimi-
lated T45 and T315 into a single Mandarin tone category, 
M35. T33 and T21 were categorized as M55 and M214 re-
spectively. T241 was split between M55 and M51, thus uncat-
egorized.  

Two cognitive factors, namely memory load and attention 
control demand, were systematically manipulated in the study. 
Memory load is the capacity to hold a rapidly decaying 
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memory for a limited period of time [13]. It can affect imita-
tion because the auditory memory used in the phonetic mode 
decays quicker than the memory of more abstract, “encoded” 
phonological categories. Thus the longer participants are 
asked to hold the tone in memory, the greater the auditory 
memory decays, and the more they will have to rely on their 
longer-lasting phonological memory for imitation. Attention 
control is the capacity to efficiently allocate attention between 
task-relevant and irrelevant information [14]. The more com-
plex the stimuli, the higher the demand on attention control, 
which can affect imitation because participants have to allo-
cate more cognitive resources to process the stimuli to extract 
tone-related information.  

We hypothesize that imitation will be more accurate (i.e., 
less deviant from the stimulus) when memory load is low be-
cause the phonetic information is still available in short 
memory. Moreover, when acoustic complexity of the stimuli 
within a block is low, e.g. from one speaker and of one vowel, 
imitation will be better because participants can attend to tone-
related phonetic details. Furthermore, the speaker’s native lan-
guage will interact with the cognitive factors, specifically, 
since participants in this study are naïve listeners, they have no 
L2 phonological system to use, imitation will be more con-
strained by L1 phonology and more L1 accented when 
memory load is high and stimuli within one block are acousti-
cally complex.  

2. Experiment 

2.1. Method 

2.1.1. Participants 

28 native speakers of Mandarin participated in the experi-
ments, divided into two groups for each memory load condi-
tion (low load: Mage = 24 years, SD = 4; 8 females; high load: 
Mage = 25 years, SD = 6; 10 females). Participants completed a 
background questionnaire before the test. All had normal hear-
ing and none had experience with Thai or more than two years 
of formal musical training because musical training can facili-
tate tone perception and imitation [15]. 

2.1.2. Stimulus materials 

Two syllables (/ma/, /mi/) were chosen for the target stimuli 
because they are real words in Thai and Mandarin. The target 
Thai syllables were each recorded several times as produced 
by two female native Thai speakers who had no experience 
with any other tone languages. Two tokens of each target item 
judged to be correct and natural-sounding to a third Thai 
speaker were used in the imitation study. 

2.1.3. Procedure 

Memory load was operationalized as the time between the end 
of the stimuli and the signal for participants to imitate (imita-
tion interval). In the low memory load condition, a message 
“Imitate now!” was shown 500 ms from the offset of the stim-
ulus to let participants start imitating. In the high memory load 
condition, it was shown 2000 ms after the offset of the stimu-
lus. In both conditions, participants had 3 s (timeout) to imi-
tate and the inter-trial interval is 1 s.  

Attention control was operationalized as within-block 
talker variability (same vs. different) and vowel variability 
(same vs. different vowels: /ma/, /mi/). Participants were in-

structed to imitate stimuli as faithfully as possible after they 
heard the auditory stimulus. Before the test session, partici-
pants completed 10 practice trials. Each participant had 160 
trials (2 syllables × 5 tones × 8 conditions × 2 repeats) in total.  

Participants were tested individually in testing booths (at 
Western Sydney University, or UNSW). Stimuli were present-
ed on a Dell Latitude 7280 laptop running E-Prime Profes-
sional 2 via Sennheiser HD 280 Pro headphones at 72 dB SPL. 
Participants’ responses were recorded with a portable digital 
speech recorder (ZOOM H4n) with 41 kHz sampling rate and 
16-bit stereo format. 

2.1.4. Data analysis 

Average pitch, direction, length, extreme point and slope have 
been reported to be the primary factors affecting the percep-
tion of lexical tones [16]. While tone contour direction and 
slope can be compared via several statistical modelling meth-
ods, such as growth curve analysis [17], generalized additive 
mixed modeling [18] and functional data analysis [19], due to 
the limited space, this paper focuses on comparing discrete 
measures that capture features like average pitch, length and 
extreme points. ProsodyPro [20], a Praat script, was used to 
extract several acoustic measures from the pitch contours of 
the Thai stimuli and their imitations: syllable duration, F0 
mean, time-normalized 10 points of F0, and F0max location 
(relative to the syllable duration). F0 maximum to minimum 
excursion (F0 excursion in short) was calculated by measuring 
the range of F0 between 10% to 90% of the syllable length 
(the most stable part). Theoretically, F0 means indicate overall 
pitch for the three phonologically level tones: T33, T21, T45. 
F0 excursion could distinguish level tones from contour tones, 
T241 and T315 which should differ in having different F0max 
locations. Statistically, in a PCA analysis of lexical tones [21], 
these acoustic measures outweighed other measures in differ-
entiating Thai, Mandarin, Southern and Northern Vietnamese 
tones. In order to make F0 means comparable across different 
speakers, we did Lobanov normalization to F0 means and cal-
culated F0 excursion based on Lobanov-normalized F0 means 
[22]. It should be noted that the Lobanov-normalized F0 mean 
values reflect how much an F0 mean for a tone varies from the 
F0 mean of the speaker. 

2.2. Results 

2.2.1 Acoustic comparison of Thai tones target stimuli 
First, we measured syllable duration, Lobanov-normalized 
mean F0, F0 excursion, F0max location (in Table 1) to exam-
ine how these measures contribute to distinguishing Thai tone 
target stimuli.  

Four linear mixed-effects models were built with the four 
measures as dependent variables respectively and tone types 
as the fixed-effects factor and participants and vowels as ran-
dom-effects factors. To calculate the p-values for the fixed ef-
fects (tone types), we used the Kenward-Roger approximation 
to the degrees of freedom, as recommended by [23], and the 
Anova function from the car package in R, with test specified 
as “F”. Significant main effects of tone types as a fixed factor 
were found for all four measures: syllable duration, F(4, 33) = 
3.10, p = .03; mean F0, F(4, 33) = 22.59, p < .001, F0max-min 
excursion size, F(4, 33) = 12.60, p < .001, F0max location, 
F(4, 33) = 72.63, p < .001. This indicates that the selected four 
measures distinguish the five Thai tones.  

Moreover, we conducted multiple comparisons to test how 
different measures distinguish Thai tones with the R-package 
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lsmeans. P-values smaller than .05 were considered signifi-
cant. T241 was significantly shorter in syllable duration than 
T315 and T45, whereas differences in syllable duration among 
other Thai tones were not significant. As for F0 mean, three 
phonologically level tones, T33, T21, T45 were distinct from 
each other. All other tone pairs were significantly different in 
F0 mean, except for T241-45 and T315-33. T241 had a signif-
icantly larger F0 excursion than all other Thai tones whereas 
T33 had a significantly smaller F0 excursion than other Thai 
tones. Both T21 and T33 showed no difference in F0 maxi-
mum location. T241 had the maximum F0 in the middle of the 
syllable while both T45 and T315 had it at syllable offset.  
Table 1: Acoustic measures (means) for the Thai target stim-
ulia 

Thai 
tones 

Duration 
(ms) 

F0_mean F0 
excursion 

maxF0_loc 
(%) 

T21 597 -0.11 0.19 13 
T241 548 0.07 0.27 38 

T315 625 -0.02 0.16 98 
T33 596 -0.03 0.08 29 

T45 612 0.08 0.19 89 
aNote: F0 mean  and F0 excursion are normalized using for-
mula in  [22]. 
 
2.2.2 Deviation of the imitated Thai tones from the targets 
4640 raw imitated tones were collected and 179 were removed 
because participants started imitating before they had been in-
structed to do so. To obtain difference scores, we subtracted 
stimuli data from the imitation data for each acoustic 
measures: syllable duration, Lobanov-normalized mean F0, F0 
excursion, F0max location. The resulting difference scores 
were selected as dependent variables and each was fitted with 
a linear mixed-effects model. Memory load (low vs. high), 
talker variability (same vs. different), vowel variability (same 
vs. different) and tone types (five Thai targets) were used as 
fixed factors and participant and imitated vowel (high vowel 
/i/ and low vowel /a/) were random factors (intercept). Four 
models were built to test all possible main effects and interac-
tions.  

 
Figure 1: Difference scores for syllable durations under dif-
ferent cognitive load conditions 

Syllable duration of the imitated Thai tones is shown in 
Figure 1. We found a significant main effect for tone types, 
F(4, 4394) = 69.74, p < .001 and a significant interaction be-
tween talker variability and tone types, F(4, 4394) = 4.58, p < 
.001. No main effects or interactions were found for vowel 
variability. We ran multiple comparisons to test the pairwise 

differences among tone types and the interaction. Positive dif-
ference scores indicate that Mandarin speakers lengthened the 
syllables relative to the original target durations. T33 was sig-
nificantly lengthened as compared to all other Thai tones. 
T241 was significantly lengthened as compared to T45, T21, 
T315, and T45 imitations were significantly longer than the 
targets for T21 and T315. There was a significant effect of 
talker variability for T21, β = -18.50, SE = 5.71, t(4394) = -
3.241, p =.03, but not for any other Thai target tones. 

Difference scores for Lobanov-normalized F0 mean of the 
imitated Thai tones are shown in Figure 2. Normalized F0 
showed significant main effects of talker variability, F(1, 
4394) = 9.50, p = .002, and tone types, F(4, 4394) = 54.31, p < 
.001 and significant interactions between talker variability and 
tone types, F(4, 4394) = 11.01, p < .001, and between imita-
tion interval and tone types, F(4, 4394) = 13.06, p < .001.  

 
Figure 2: Difference scores for Lobanov-normalized F0 mean 
under different cognitive load conditions 

We ran multiple comparisons to test the pairwise differ-
ences among tone types and to break down interactions be-
tween tone types and memory loads, and between talker varia-
bility and tone types. The imitations of both T45 and T315 had 
significantly larger difference scores compared with other tone 
imitations. Memory load significantly affected T21, β = 0.02, 
SE = 0.0046, t(592) = 4.90, p < .001, T315, β = -0.018, SE = 
0.0046, t(590) = -4.01, p = .002,  and marginally significant 
for T45, β = -0.014, SE = 0.0046, t(596) = -3.09, p = .06. 
Talker variability had a significant effect on T21, β = -0.0185, 
SE = 0.0046, t(4394) = 3.99, p = .0027, T315, β = -0.017, SE = 
0.0046, t(4394) = 3.70, p = .008, T33, β = -0.016, SE = 
0.0046, t(4394) = 3.57, p = .01 and had a marginal significant 
effect of T45, β = -0.014, SE = 0.0046, t(4394) = -3.06, p = 
.06. 

 
Figure 3: Difference scores for F0 excursion under different 
cognitive load conditions. 
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For F0 excursion (in Figure 3), we found significant main 
effects of tone types, F(4, 4394) = 86.03, p < .001 and a sig-
nificant interaction between memory load and tone types, F(4, 
4394) = 6.29, p < .001. The difference scores for all tones 
were positive, suggesting that imitated tones had larger excur-
sion size than the original stimuli. We ran multiple compari-
sons to test the pairwise differences among tone types and the 
interaction. T315 had significantly larger difference scores 
than other tones while T21 had a significantly smaller differ-
ence score than other tones. Both T241 and T33 had signifi-
cantly larger difference scores than T45. Memory load did not 
significantly affect excursion difference scores for the same 
tone targets. 

F0 max location ratio (Figure 4) showed main effects of 
talker variability F(1, 4394) = 7.55, p = .006, and  tone types, 
F(4, 4394) = 95.46, p < .001, and significant interactions be-
tween talker variability and tone types, F(4, 4394) = 40.95, p 
< .001 and memory load and tone types, F(4, 4394) = 5.29, p 
< .001. The negative difference scores in F0 maximum loca-
tion indicates earlier position of maximum location in the syl-
lable for imitation than stimuli. We ran multiple comparisons 
to test the pairwise differences among tone types and the in-
teractions. The difference scores were larger in both T241 and 
T315 as compared with other tones. Talker variability had sig-
nificant effects on T21, β = -0.096, SE = 0.01614, t(4394) = -
5.95, p <.0001, T241, β = -0.1224, SE = 0.0161, t(4394) = -
7.58, p <.0001, T33, β = -0.1421, SE = 0.0161, t(4394) = 8.78, 
p <.0001. Memory load did not significantly affect F0 max lo-
cation difference scores for the same tone targets. 

 
Figure 4: Difference scores for F0 maximum location ratio 
under different cognitive load conditions  

3. Discussion 
First of all, we found a significant main effect of tone types for 
all four acoustic difference measures. In other words, the devi-
ation in imitation from the target stimuli in all four measures 
varied from one tone to another. T21 was the best imitated 
tone, showing low difference scores in most cases but it was 
susceptible to memory load and talker variability. The imita-
tions of T241 had significant larger difference scores in sylla-
ble duration and F0 excursion and F0max, suggesting that 
T241 was difficult for Mandarin participants. Given that T241 
was not categorized as any Mandarin tone categories [12], the 
L1 phonological influence is smaller than categorized tones. 
Thus the observed difficulties in imitation lie more in encod-
ing and producing the Thai targets. T33 was significantly 
lengthened and was imitated with a larger F0 excursion as 
compared to the target stimuli. T315 was imitated with higher 
F0, whereas T45 with lower F0 than the original stimuli. Giv-

en that T315 is lower than T45, this means that the two tones 
were produced with very similar F0 which is in line with the 
observation that T315 and T45 were both perceptual assimi-
lated into M35 [12]. To sum up, Mandarin speakers length-
ened the syllable duration to match the longer stimulus sylla-
bles, but they overdid the lengthening. F0 excursion was en-
larged in the imitations, suggesting that Mandarin speakers at-
tempted to follow the pitch change of Thai, but over-
exaggerated the change. Mandarin speakers tended to delay 
their F0 peak for T241, T315 and T45, relative to the target 
stimuli.  

Second, some cognitive factors affected imitation perfor-
mance. Talker variability had significant main effects on two 
of our four measures, namely F0 mean and F0 max location. It 
was also involved in interactions with tone types for syllable 
duration, F0 mean and F0 max location measures. This sup-
ports our hypothesis that processing task-irrelevant infor-
mation increases demands on attention control, leading to 
poorer performance when imitating.  

Memory load did not show a main effect for any of the 
acoustic measures, but it interacted with tone types for F0 
mean, F0 excursion and F0 max location. In multiple compari-
son tests, for the same tone, memory load modulated F0 mean 
for T21, T315 and T45. However, for F0 excursion and F0 
max location, we did not find any significant effect of memory 
load for the same tone types. Therefore, memory load did not 
drastically change imitation performance. The difference 
scores from the target stimuli in the low memory load condi-
tion suggest that participants did not imitate the phonetic de-
tails of the target tones correctly. Previous research on imita-
tion of consonant length also showed little effect of memory 
load [24]. The less than expected effect of memory load could 
be because when waiting for imitation in the long interval 
condition, participants rehearsed internally, which reduced the 
decay of phonetic details perceived from the stimuli, thus di-
minishing the difference between two memory load condi-
tions. Studies that asked participants to do other tasks while 
waiting have reported stronger effect of memory load [7]. 

Vowel variability within a block did not have any main ef-
fects or interactions on the imitation of Thai tones for any of 
the acoustic measures. Unlike talker variability which affects 
pitch more drastically and requires listeners to adapt to a 
change in talkers, vowel quality is more intrinsic to lexical 
tones for tone language speakers. Therefore, processing vowel 
variability may require less cognitive effort than resolving 
talker variability.  

4. Conclusions 
The present study examined how cognitive factors, memory 
load and talker variability, affected imitation of Thai tones by 
Mandarin speakers with no experience with Thai. Mandarin 
speakers lengthened the syllable duration, enlarged the F0 ex-
cursion and moved F0 max location earlier, even in the imme-
diate imitation condition. Talker variability affected imitation 
most and memory load altered imitation performance to a 
lesser degree. Vowel variability did not have any effect on im-
itation. Perceptually uncategorized tones are difficult for naïve 
speakers to imitate and when two tones are assimilated into a 
single category, the imitation of these two tones resembles 
each other. These results have implication for theories of non-
native speech perception and production (SLM, PAM) as well 
as pedagogical implications for second language lexical tone 
training.  
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