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ABSTRACT 

Previous studies have reported that the visual 
presentation of acoustic or tongue-kinematic 
information during speech (i.e., biofeedback) can 
facilitate speech sound learning; however, 
participant-level success has been highly 
heterogeneous, and individual differences have 
rarely been investigated. The current study 
explored predictors of success in an L2 vowel 
learning task under different biofeedback 
conditions: visual-acoustic or ultrasound. 
Progress in production accuracy was predicted to 
be correlated with individual learners’ sensory 
acuity in auditory and somatosensory domains. 
Baseline accuracy, production variability and 
phonological awareness were also examined and 
found to be significant predictors of learning. 
Sensory acuity was not significant as a main 
effect or interaction, which might reflect 
limitations of the acuity measures adopted for 
this initial study. Future studies will explore 
additional measures of sensory acuity and will 
continue to investigate the potential benefit of 
customizing training paradigms based on 
individual learners’ sensorimotor characteristics. 
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1. INTRODUCTION 

Visual biofeedback can be used to provide a real-
time visual display of speech, together with a 
model representing target production, to augment 
the process of speech production training. 
Various aspects of speech can be presented with 
different technologies for visual biofeedback, 
such as place and degree of tongue-palate contact 
using electropalatography (EPG) [9], tongue 
shape and movements with ultrasound [1], and 
spectral properties of the acoustic signal of 
speech using visual-acoustic biofeedback [14]. 
The current study focuses on ultrasound and 
visual-acoustic biofeedback. 

Previous studies have reported positive effects 
of ultrasound and visual-acoustic biofeedback 
training in individuals with speech sound 
disorders [1, 14, 19] and typically developing 
speakers acquiring non-native sounds [5, 11]. 
However, most of these studies have also shown 
the degree of learning outcomes to be highly 
heterogeneous across participants [15, 20]. The 
factors underlying this variability have rarely 
been investigated. The personalized learning 
framework suggests that individual differences 
can act as significant predictors of learning 
success under different training paradigms, and 
that learning outcomes might be optimized if 
learners are assigned to a training paradigm 
aligned with their individual profile of abilities 
[17, 22]. Inspired by this framework, the current 
study examined predictors of learning success 
when participants received ultrasound or visual-
acoustic biofeedback (Fig. 1) in a task of learning 
vowels in a second language (L2), Mandarin.    

 
Figure 1: Visual acoustic biofeedback shows real-
time formant frequencies (blue wave) and a 
superimposed target formant pattern (red line) in a 
real-time LPC spectrum (generated with KayPentax 
Computerized Speech Lab/CSL, Model 4500). 
 

 
 

The primary predictors under investigation 
were individual learners’ auditory and 
somatosensory acuity, motivated in part by the 
DIVA model [6, 7, 8] which suggests that 
speakers’ precision in production is influenced 
by the size of target regions in auditory and 
somatosensory space. In addition, individual 
speakers’ reliance on these two sensory domains 
has been shown to be independent of one another, 
with some speakers showing a sensory 
preference for one over the other [4, 13, 16]. 
Therefore, we predicted that there would be 
subsets of typical speakers who have relatively 
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higher acuity in one domain and poorer acuity in 
the other. Further, we hypothesized that different 
profiles of sensory acuity could interact with 
biofeedback type to predict learning outcomes. 
When learning to produce non-native speech 
sounds, speakers who have relatively poorer 
auditory acuity may have difficulty establishing 
accurate acoustic targets from auditory input. 
These speakers would be expected to benefit the 
most from visual-acoustic biofeedback, since the 
visually presented acoustic targets could 
compensate for the speakers’ less precise 
auditory perception. On the other hand, speakers 
who have intact auditory but poor somatosensory 
acuity may perceive an L2 target accurately but 
may not be able to use tactile-kinesthetic 
information to identify the articulator 
movements needed to generate that target. These 
speakers would be expected to benefit more from 
ultrasound biofeedback, since information about 
articulator placement that is typically received 
through somatosensory channels is made 
visually explicit through this type of biofeedback, 
which could enhance the establishment of 
somatosensory targets.  

Based on previous findings, baseline 
production accuracy [11], production variability 
[10] and phonological awareness (PA) [17] were 
also examined as potential predictors.  

2. METHODS 

2.1. PARTICIPANTS 

Participants were sixty-five female native 
speakers of English (18-30 years old) with no 
prior knowledge of Mandarin or other languages 
that involve the target vowels described below. 
All participants reported normal hearing and 
speech language abilities and gave informed 
consent before the experiment. The study 
received approval from the Institutional Review 
Board at New York University.  

2.2. STIMULI  

An L2 vowel learning task was conducted using 
two Mandarin vowel targets, /y/ and /u/, which 
mainly differ in the second formant (F2) and 
tongue position along the front-back dimension. 
The stimuli for imitation and training were 
isolated /y/ and /u/ productions from female 
Mandarin speakers. Additional /y/ and /u/ tokens 
produced by a female Mandarin speaker were 

synthesized into a 240-step /y-u/ continuum 
using STRAIGHT [12]. All recordings (.wav) 
took place in a sound-attenuated booth, with a 
sampling rate of 44 kHz and encoding of 16-bit. 

2.3. PROCEDURES 

Participants completed two sessions on separate 
days with approximately one week between 
sessions. 

2.3.1. SESSION I 

Session I began with a pure-tone hearing 
screening, followed by tests of auditory acuity, 
somatosensory acuity and PA. 

Auditory acuity was tested using an AXB 
staircase sound discrimination task. In each trial, 
participants listened to three sounds in a 
sequence and were required to indicate if it was 
the first (A) or the third (B) sound that was 
different from the second one (X). Sounds were 
drawn from the /y-u/ continuum described above. 
Acoustic distance between A and B in each trial 
was adjusted based on the accuracy of the 
response in the previous trial: step size decreased 
following correct responses and increased 
following incorrect responses.  

Oral somatosensory acuity was then tested 
using a Spatial Resolution Acuity task [21], in 
which participants were instructed to use their 
tongue tip to identify capitalized letters of 7 
different sizes embossed on one end of Teflon 
strips. This task also followed a staircase design, 
in which the first trial started with a medium 
letter size and accuracy in each trial determined 
the letter size for the next attempt.  

Participants took both acuity tasks twice, but 
only scores from the first run were used due to 
evidence of a possible learning effect. 

Lastly, PA was tested using the composite 
score from the elision, blending and phoneme 
isolation tasks of the Comprehensive Test of 
Phonological Processing (2nd edition; CTOPP-2). 

2.3.2. SESSION II 

Participants were randomly assigned to either a 
visual-acoustic or ultrasound biofeedback 
condition and received 30 min (20 blocks of 6 
trials) of training for each of the two Mandarin 
vowels. The order of vowels being trained was 
counterbalanced across participants. During the 
training, participants repeated after audio models 
while viewing real-time visual-acoustic or 
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ultrasound feedback. A target image was 
superimposed on the LPC spectrum or ultrasound 
screen for participants to match. A female 
Mandarin native speaker provided qualitative 
feedback after each block of trials.  

Twenty repetitions of each target vowel were 
audio recorded at baseline and after training of 
each vowel for acoustical analysis. No feedback 
was provided for these repetitions. 

2.4. ANALYSES 

First (F1) and second (F2) formant frequencies 
from the mid-point of each isolated vowel 
production were measured and converted to Bark 
scale for both English participants and Mandarin 
control speakers. Euclidean distance (ED), which 
quantifies the distance from English participants’ 
productions to the center of the distribution of 
productions from their target speaker, was used 
to evaluate production accuracy. Learning was 
quantified as the difference in median ED 
between pre-training and post-training time 
points, with a negative value indicating improved 
accuracy. Production variability was quantified 
as the area of an ellipse [10] representing a 95% 
confidence interval around the distribution of 
productions for each individual and vowel. 

3. RESULTS 

Scores for each Session I measure were 
reasonably dispersed across individual speakers, 
but the acuity measures were not normally 
distributed, with auditory acuity showing signs of 
a ceiling effect. Accordingly, we avoided 
parametric assumptions in our analyses. 

Descriptive statistics showed a general 
reduction of ED from pre- to post-training phases, 
indicating improvement in production accuracy 
over the course of training. Effect sizes (Cohen’s 
d) revealed that the magnitude of change was 
moderate for both /u/ and /y/. Linear regression 
models were used to examine which factors were 
significant in predicting the magnitude of change 
over the course of biofeedback training. Change 
in ED was entered as the dependent variable, and 
independent variables included auditory acuity, 
somatosensory acuity, PA, baseline production 
accuracy, production variability at both baseline 
& post-training time points, and biofeedback 
type (visual-acoustic or ultrasound). The model 
also included the theoretically predicted 

interaction between biofeedback type and the 
two domains of sensory acuity.  

Model results showed that baseline 
production accuracy was a significant predictor 
for both /y/ (β = -0.66, SE = 0.1, p < .001) and /u/ 
(β = -0.47, SE = 0.1, p < .001), with the negative 
coefficients indicating that a lower baseline 
accuracy was associated with greater 
improvement for both vowels (Fig. 2).  

 
Figure 2: Association between baseline production 
accuracy (baseline ED) and change in ED over the 
course of training 
 

 
 

For /y/ only there was a significant effect of 
post-training variability (β = 0.09, SE = 0.037, p 
= 0.02), in which greater learning was associated 
with lower variability at the post-training time 
point (Fig. 3). For /u/ only, PA was a significant 
predictor (β = -0.02, SE = 0.0072, p = 0.01), 
showing that higher PA was associated with a 
greater improvement. 
 

Figure 3: Association between post-training 
production variability (area of the ellipse) and 
change in ED over the course of training 

 

 
 

The rest of the hypothesized predictors and 
interactions did not reach significance. 

936



4. DISCUSSION 

For both vowels, participants showed a general 
reduction in ED from pre- to post-training phases, 
indicating that they did get closer to the L2 
targets, despite the brief duration of training 
provided. This corroborates previous research 
evidence showing that even a short duration of 
biofeedback training can yield improved speech 
production [5, 11]. It is unknown if the observed 
improvement could be specifically attributed to 
the biofeedback component. This could be 
investigated in future studies by including a no-
biofeedback control group. The present study 
also did not find a significant difference in 
response to the two types of biofeedback 
examined, although further study is needed to 
confirm that these approaches are truly 
equivalent in their effect.  

The finding that lower baseline accuracy was 
associated with greater learning gains is 
consistent with previous research [2, 11]. This 
finding makes intuitive sense because low 
baseline performance leaves more room for 
improvement and avoids ceiling effects.  

The present finding that a larger magnitude of 
progress was associated with lower post-training 
variability for /y/ aligns with previous findings 
[10, 11] suggesting that successful learners show 
a reduction in variability corresponding with the 
establishment of a new and stable category for a 
non-native sound. In contrast, there was no 
significant effect of post-training variability for 
/u/. This result contrasts with previous work 
suggesting that effects of variability are more 
pronounced for L2 vowels that have a similar 
counterpart in L1 (as /u/ does) versus dissimilar 
vowels [10]. However, it is possible that some 
speakers showed low variability for the similar 
L2 vowel not because they established a stable 
L2 target, but because they were simply using the 
motor plan for English /u/ both before and after 
training. Given this possibility, variability may 
be less reliable as a sign of learning success in the 
context of an L1-adjacent vowel like /u/.  

For /u/ only, PA was a significant predictor, 
with higher PA corresponding with a larger 
magnitude of progress in production accuracy. 
Previous research has reported PA as a predictor 
of L2 learning (e.g., [17]), but the mechanism of 
its association with L2 production is less well 
understood. One possibility is that speakers with 
higher PA are more likely to attend to subtle 

acoustic differences observed across languages. 
This could also explain why PA was a significant 
predictor for the similar vowel /u/ but not the 
uncategorized vowel /y/, which learners are 
likely to perceive as distinct even without close 
attention to phonetic detail.  

Contrary to our predictions, there was no 
significant interaction between biofeedback type 
and sensory acuity, nor were there main effects 
of sensory acuity. This might reflect limitations 
of the current acuity measures. The synthesized 
/y-u/ continuum used in the AXB discrimination 
task was generated from the /y/ end, meaning that 
the task was likely a better measure of acuity 
perceiving /y/ than /u/. However, in light of the 
above discussion of the relatively close 
proximity of Mandarin and English /u/ and its 
implications for perceptibility, a continuum 
starting from the /u/ end might be better for the 
current purpose. It is also possible that 
production variability, which has been suggested 
to reflect how narrowly specified a speaker’s 
auditory targets are [3, 18], is simply a better or 
more relevant measure of auditory acuity than the 
explicit AXB task used here. Similarly, although 
stereognosis tasks similar to that used here have 
been effective as predictors of production 
distinctness for consonants such as [s] and [ʃ], its 
focus on tactile acuity of the tongue tip means 
that it may be less relevant for the vowel targets 
that constitute the focus of the present study. In 
addition, some participants achieved a perfect 
score in the second run, suggesting that a more 
challenging task (e.g., drawing from a larger set 
of letters) might be more appropriate. 

5. CONCLUSION 

The current study explored predictors of learning 
in biofeedback-enhanced L2 speech sound 
training. We hypothesized that sensory acuity in 
auditory and somatosensory domains would 
interact with biofeedback type (visual-acoustic 
vs. ultrasound) to predict response to training. 
The hypothesized interaction was not significant, 
but the potentially relevant factor of production 
variability did predict learning outcomes. 
Phonological awareness was also a significant 
predictor, consistent with previous findings [17]. 
Future research in this line could ultimately 
enhance clinical and pedagogical outcomes by 
pairing learners with training paradigms 
customized to their own sensorimotor 
characteristics.  
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