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1. Introduction

While multiple acoustic information exists for linguistic contrasts in 
the speech stream, listeners do not pay equal amounts of perceptual 
attention to all the available acoustic cues (e.g., Summerfield & 
Haggard, 1974; Lisker, 1978; Repp, 1983; Walley & Carrell, 1983; 
Kingston & Diehl, 1994; Holt & Lotto, 2006; Francis et al., 2008). 
The listeners weigh one acoustic dimension more than others in 
identifying contrastive speech categories. Prior experimental studies 
have shown that, in a typical listening condition, English-speaking 
adult listeners, on average, attended to voice onset time (VOT, 
Lisker & Abramson, 1964) more than fundamental frequencies (f0) 
at the post-consonantal vocalic onset for a voice-voiceless contrast 

(e.g., Gordon et al., 1993; Francis et al., 2008), and relied on 
spectral information (vowel formants) more than on duration for a 
tense-lax vowel contrast (e.g., Flege et al.,1997; Cebrián, 2006; 
Escudero & Boersma, 2004).

The current research explored the related fact that the order of 
perceptual primacy among the multiple cues is language-specifically 
defined, which becomes what language learners are to acquire (or 
re-adjust) in the course of a mastery of the target language (Yamada 
& Tohkura, 1992; Flege et al.,1997; Cebrián, 2006; Mayr & 
Escudero, 2010 for L2 mastery; Walley & Carrel, 1983; Nittrouer & 
Miller, 1997; Hazan & Barret, 2000; Nittrouer, 2002; Mayo & Turk 
2004; Li, 2012 for L1 mastery). Specifically focusing on the 
developmental characteristics of perceptual cue-weightings, the 
current study explored Korean-acquiring children’s (aged from 7 to 
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8) processing strategies of two acoustic cues, VOT and f0, in 
identifying three Korean laryngeal stops (/t’/, /t/, and /th/). We were 
mainly interested in examining Korean language-specific patterns of 
children’s acoustic cue processing and in exploring the child 
listener’s cognitive ability as one factor to account for the children’s 
perception strategies.

1.1. Children’s acoustic cue weightings
Developmentally, children are known to acquire native-like relative 
cue-weighting strategies with experiences although initially attended 
acoustic dimensions might not necessarily be identical between 
child and adult populations (Walley & Carrel, 1983; Nittrouer, 
1992, 2002; Nittrouer & Miller, 1997; Hazan & Barret, 2000; Li, 
2012). Nittrouer and colleagues (1992, 1997, 2002) showed that in 
perceiving /s/-/ʃ/ in a prevocalic condition, children (aged 3, 5 and 
7) tended to attend to a F2 transitional cue present in the following 
vowel more than to a spectral cue (i.e., fricative energy 
concentration) present in the fricative signal. They argued that this 
processing pattern reflected a developmental state of perceiving 
phonetic units where they were not analytic enough to separate out 
the consonant independently from the vowel. The formant transition 
cue is to be more important for young language learners than the 
consonantal cue because of children’s global processing of the 
speech signal.

Prior studies documented experimental evidence of developmental 
weighting shifts that cue-processing strategies interacted with the 
age (e.g., Walley & Carrel, 1983; Hazan & Barret, 2000; Mayo & 
Turk, 2004). Mayo & Turk (2004) showed that English-speaking 
children put more weights on a transitional cue than a static cue for 
a /ta/-/da/ contrast as adults did but the magnitude of children’s 
reliance on the primary cue was not as great as that of adults’ and 
the magnitude of children’s reliance on the secondary cue was not as 
small as that of adults’. Similarly in Riki et al. (2007), 
Hebrew-learning children (aged 4~10) utilized the multiple acoustic 
cues (VOT, formant transition, and burst) for a voicing contrast in 
the same order as adults did but the magnitude of perceptual weights 
on each acoustic cue was smaller in younger listeners, indicating 
children’s less sensitivity to linguistic information in the perception. 
In Hazan & Barret (2000), English-speaking children (aged 3~12) 
significantly underperformed the categorical perception task (/t/-V 
vs. /d/-V) in the single-cue condition (i.e., condition with limited 
acoustic information) compared to the multiple-cue condition. The 
finding suggested that child listeners in this age were less able than 
adults to flexibly adapt to available acoustic cue information.

Given the background, the current study questioned whether and 
how Korean-learning children would show language-specific patterns 
of processing the stop categories with a three-way laryngeal 
contrast, i.e., tense, lax and aspirated stops. This research question 
with Korean children’s stop perception deserves attention because 
of Korean language–specific roles of acoustic cues (VOT and f0, in 
particular) in representing a stop laryngeal contrast. A number of 
production studies have documented that Korean laryngeal 
categories were differentiated by f0 as well as VOT, as the lax stops 
(long-lag VOT) were distinguished from the aspirated stops (also 
long-lag VOT) by having a lower f0 at the following vowel onset 
(Silver, 2006; Kang, 2014; Kong et al., 2011). The f0 cue also 
played an important role in the adults’ perception of the lax stops 
(e.g., Schertz et al., 2015). The prior findings mostly with adult 
listeners indicate that it is not a single cue (e.g., VOT in English) but 

at least two cues (VOT and f0) that are equally primarily activated 
in distinguishing the three stop categories one after another. It has 
never been reported, to our knowledge, how children process these 
two cues in perceiving the stops so far. As a preliminary step to 
investigate how Korean children learn to deal with multiple acoustic 
cues, the current research examined Korean-speaking children aged 
from 7 to 8 (who are mature enough to handle the behavioral 
perception tasks) by conducting the identification task of the stop 
categories.

1.2. Speech processing and executive function
The current study attempted not only to describe the processing 
strategies in Korean-speaking children, but also to explore the 
children’s cognitive ability via Executive Function (EF) tasks as an 
explanatory factor of the processing patterns.

EF refers to the high level cognitive processes involving a 
self-directed thought and action toward the goal (Barkley, 2012; 
Diamond, 2013; Friedman et al., 2006). A widely accepted EF 
model is the integrative model, suggested by Miyake et al. (2000). 
In this model, EF is proposed as three separable and also moderately 
correlated components including updating of working memory 
(WM), inhibition and shifting attention. WM refers to the ability to 
maintain the verbal or nonverbal information while involving other 
cognitive activity (Baddeley & Hitch, 1974; Baddeley, 2003). Some 
examples of WM task are backward-digit span task, reading span 
task, corsi block test, counting span task, etc. (Alloway, 2007; 
Daneman & Carpenter, 1980; Lezak, 1983). Inhibition refers to the 
ability to focus attention to the given target while ignoring the 
irrelevant stimuli (Diamond, 2013) and this ability is measured by 
stroop task, simon task, flanker task, etc. (Eriksen & Eriksen, 1974; 
Hommel, 2011). Finally, shifting refers to the ability to flexibly 
change perspective or thought to adjust to the given demands 
(Diamond, 2013). The frequently used tasks to measure the shifting 
ability are Wisconsin Card Sorting task and Dimensional Change 
Card Sort (DCCS) Test (Stuss et al., 2000; Zelazo et al., 2003).

EF has been of great interest in various fields of developmental 
research because of its close link to speech and language abilities. 
The associations between the perceptual level of speech processing 
and cognitive abilities have been reported in the bilingual 
population (Lev-Ari & Peperkamp, 2013) and in the population with 
hearing impairment (Kronenberger et al., 2013; Nittrouer et al., 
2013). For instance, Kronenberger et al. (2013) recruited children 
with Coclear Implant (CI) and children with Normal Hearing (NH) 
to examine the relationship between speech-language skills and EF. 
All children were administered the speech perception tasks (isolated 
word recognition task and sentence recognition tasks), the language 
tasks, and the EF tasks (verbal and nonverbal WM tasks, 
fluency-speed tasks, and inhibition tasks). Correlational analyses 
revealed that there were significant relationships between speech 
perception scores and EF skills including verbal WM capacity and 
fluency-speed, suggesting EF may play an important role in 
transmitting the speech signals to the auditory nerve system by rapid 
encoding and processing in children with CI.

Also, the indirect link between more fine-grained speech 
perception processing (perceptual weighting strategies) and 
cognitive ability has been reported (Nittrouer & Burton, 2005). 
Nittrouer & Burton (2005) investigated whether the early language 
experience would facilitate the efficient usage of language-specific 
perceptual weighting strategies, and further examined whether these 
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perceptual strategies would enhance storage and retrieval of words 
in working memory system. They manipulated language experience 
by recruiting children aged from 4 to 5 years, who were divided into 
four groups: low socio-economic status (SES) group, chronic otitis 
media (OME) group, both SES and OME group, and control group. 
Children completed a series of speech and language tasks including 
speech perception task, phonological awareness task, verbal WM 
task, and comprehension task. Results showed that the less language 
experienced group (OME and SES groups) weighted a formant 
transition cue more than the control group and the OME group made 
more errors on the verbal WM task and the comprehension task than 
the control group, suggesting the circular link among language 
input, differential perceptual strategy use of speech, working 
memory skill, and comprehension. Based on these findings, it is 
reasonable to hypothesize that there may exist the bidirectional link 
between these two components of speech system and cognition 
system although the relationship between perceptual strategy (cue 
weighting in speech) and EF was not directly tested.

Together, it seems to be clear that the sub-phonemic level of 
speech processing is the fundamental component that subserves the 
language development and that children’s EF skills and language 
processing are closely linked. However, little is known about how 
Korean-speaking children perceive and process native speech 
sounds at the sub-phonemic level. Especially, it is hard to find 
research about the associations between EF and speech processing 
in Korean children. Thus, we planned to investigate the potential 
relationship between EF and sub-phonemic level of speech 
processing in Korean young children, which would be the first step 
to fill the gap in literature of Korean speech processing and 
cognition system in young children.

1.3. Current study
Despite the critical role of speech processing strategies in efficiently 
accessing to phonological system and its impact on appropriate 
language development, it is rare to find research examining 
Korean-speaking children’s perceptual processing strategies of the 
speech and the developmental characteristics of Korean-speaking 
children’s perception patterns. Likewise, with respect to the 
Korean-speaking children’s performance of EFs, studies scarcely 
exist examining the relationship between the EF scores and speech 
perception — although there has been studies that investigated the 
EF and literacy skills as a global indication of language skills.

Therefore, in the current study, we attempted to document 
experimental evidence of the relationship between speech 
processing strategy and cognitive ability by testing how child 
listeners would utilize cue weighting strategy in perceiving Korean 
stop categories and whether the individuals’ sensitivity to the 
acoustic information would be related to their performance of EF 
tasks.

2. Method

2.1. Participants
15 Korean-speaking elementary school children (7:25~8:83, mean = 
8.07, first or second grade) participated in the speech perception 
tasks and a series of EF tasks. All of participants were within normal 
ranges in their vocabulary ability with a mean of 91.80 (SD=9.87) 
for expressive vocabulary and a mean of 95.47 (SD=13.54) for a 

receptive vocabulary indexed by Receptive & Expressive 
vocabulary Test (REVT; Kim et al., 2009). Also, their non-verbal 
IQ was in a normal range with a mean of 112.47 (SD=13.40) 
indexed by Kaufman Assessment Battery for Children (K-ABC, 
Moon & Byun, 1997).

2.2. Auditory stimuli
We used a subset of the existing stimuli (stop-/a/) that has been 
created and tested by the first author (Kong et al., 2011; Kong & 
Yoon, 2013; Kong & Kang, 2015; Kong & Edwards, 2016). The 
original stimulus set was prepared by acoustically manipulating a 
natural production of /ta/ by a 30-year old Korean male speaker. For 
the VOT steps, varying duration of the burst release portion in a /tha/ 
production were copied and pasted immediately after the burst 
release of the /ta/ token. For the f0 steps, flat values were overlaid 
over the vowel. The manipulations were implemented in Praat 
(Boersma & Weenink, 2013) using a built-in Pitch Tier 
Manipulation function. Out of the complete set of 30 CV syllables 
(6-step VOTs [9ms, 13ms, 19ms, 28ms, 40ms, 59ms] X 5-step f0s 
[98Hz, 106Hz, 114Hz, 122Hz, 130Hz]), twelve different stop-/a/ 
syllables were chosen for the sake of child listeners’ attention span 
by considering distributions of the acoustic variables: Each of 
four-step VOTs (9ms, 19ms, 28ms, and 59ms) was combined with 
three-step f0s (98Hz, 114Hz and 130Hz).

2.3. Tasks and procedure
Participants performed both a speech perception task and multiple 
EF tasks. A three-alternative forced-choice (3AFC) identification 
task was designed to test the speech perception. Sitting in front of a 
lap-top computer, child participants listened to auditory stimuli 
played over a headphone and chose one response out of three given 
consonant character options displayed on the monitor, namely,  “ㄷ” 
(/t/), “ㅌ”(/th/), and “ㄸ”(/t’/). This 3AFC task was programmed 
and conducted at E-prime 2.0 software platform (Psychology 
Software Tools, Pittsburgh, PA) to present the stimuli at regular 
intervals and to record the responses automatically. Twelve different 
CV syllables were repeated three times in a random order.

For the executive tasks, working memory, inhibition, and shifting 
abilities were measured. To measure the WM ability, a digit n-back 
task for verbal working memory and a visual n-back task for visual 
working memory were used (Owen et al., 2005; Vanderplas & 
Garvin, 1959). For these tasks, child participants were asked to 
respond to the target stimulus (i.e., digit or shape) located in a n 
position before in a sequence. The participants decided whether the 
given stimulus is identical to the one in a n position before by 
pressing either ‘the same’ or ‘different’. N increased from 1 to 3 for 
this study. They were asked to respond as fast and accurately as 
possible. From the tasks, we obtained accuracy and response time of 
each trial.

To measure the inhibition ability, a flanker task and a stroop task 
were used (Kopp et al., 1994; van Maanen et al., 2009). For the 
tasks, three different conditions of stimuli were constructed: (1) a 
congruent condition (where both flanker fish and a middle fish faced 
the same direction [flanker] vs. the color and the word were 
matched [stroop]), (2) an incongruent condition (where the flanker 
fish faced the opposite direction to the middle fish [flanker] vs. the 
color and the letter were not matched [stroop]), and (3) a neutral 
condition (where the flanker fish were replaced by squares [flanker] 
vs. where the letter was replaced by the meaningless symbol ‘xxx’ 
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[stroop]). Again, participants were to respond as fast and accurately 
as possible to be reliably reflective of their inhibition ability. 
Finally, to measure the shifting ability, a trail-making test (TMT) 
was used. In this task, three conditions were presented including 
number condition (1~14), letter condition (14 Korean letters) and 
mixed condition (14 numbers and 14 letters were mixed), and 
participants were asked to draw a line to connect (a) each number, 
(b) each letter and mixed (c) letter and number according to their 
order. The total duration of the task was measured to represent the 
relevant cognitive ability. All of EF tasks were presented using the 
SuperLab 5 software (Cedrus Corporation, 2015). It did not take 
more than 15 minutes, on average, to finish each task.

 
2.4. Analysis 
Mixed-effects logistic regression models (Bates et al., 2015)  were 
constructed to estimate perceptual roles of acoustic parameters 
(VOT and f0) in differentiating the three-way contrastive stops (. 
Dependent variables were the child participants’ response categories 
of /t’/, /t/ and /th/. Since a binary dependent variable was considered, 
we made three separate models by pairing the categories into tense 
vs. aspirated, tense vs. lax, and lax and aspirated responses. Fixed 
effect variables were the two acoustic dimensions, VOT and f0, 
treated as continuous variables. The models included random 
intercepts and random slopes for VOT and f0 at the listener level. 
The analyses were implemented in R (R Core Team), using lme4 
package (Bates et al., 2015).

In interpreting the model outputs, the coefficients of each fixed 
effect parameter indicate the group-averaged perceptual dependency 
on the cue in identifying one category over the other. Besides the 
group-level assessments, the individual listeners’ deviations from 
the group-average also have been calculated in the model as random 
slope coefficients of VOT and f0. These individual coefficients 
represent child listeners’ sensitivities to the acoustic cues in the 
speech perception and were used to correlate with various measures 
of EF.

For each EF task, accuracies and response times were obtained 
automatically by the stimuli presentation software. Since there was 
no ceiling effect either in the target trials or in the non-target trials 
as well as the accuracies for each condition differed in the n-back 
tasks, two trial sections were collapsed, and the overall accuracies 
(global accuracies) for each task across conditions were obtained to 
capture the accurate WM abilities. In addition, to maintain 
consistency in analyzing EF tasks, the two numeric measures were 
averaged across the sub-conditions of each task to have global 
figures to indicate their cognitive capacities. Final analyses used 
these global accuracies (from n-backs, flanker, and stroop) and 
response times (from n-backs, flanker, stroop, and trail-making) as 
individual characteristics.

A series of partial correlation tests were conducted between 
individual coefficients from mixed-effects logistic models (based on 
the speech perception tasks) and individual scores of the EF tasks in 
order to address relationship between perceptual strategy and 
cognitive ability. The analysis entered the standardized IQ scores, 
express vocabulary scores, and receptive vocabulary scores as 
control variable to consider variability of intelligence and language 
proficiency among children. The analyses were implemented in R 
using a ppcor package (Kim, 2015).

3. Results 

3.1. Speech perception: 3AFC tasks
3.1.1. Descriptive Patterns
The distributions of response categories showed that the lax, the 
aspirated, and the tense types were frequent in that order (/t/: 47%, 
/th/: 29% and /t’/: 24%), presumably due to the stimuli proportion at 
the middle range of VOT (19ms and 29ms). The response 
distributions along VOT and f0 (<Figure 1>-top panels) illustrated 
that the auditory stimuli of 9ms VOT × 130 Hz f0, 19ms VOT × 98 
Hz f0 and 59ms VOT × 130 Hz f0 were associated with the tense, 
lax and aspirated types most frequently, respectively. Consistent 
with existing knowledge of the Korean stop perception, child 
listeners’ categorical decisions of tense category decreased as VOT 
values increased, and those of lax category decreased as f0 values 
increased (<Figure 1>-bottom). Decision of aspirated categories 
increased as VOT and f0 increased.

Figure 1. Response distributions of /t’/(tense), /t/(lax) and /th/(aspirated) 
along VOT and f0 dimensions (top). Response frequencies of the three 

types as VOT and f0 change (bottom). 

3.1.2. Logistic regression model outputs
The logistic curves are drawn based on the coefficients estimated 
from the mixed-effects regression models of the three contrast pairs 
(<Figure 2>). The outputs are summarized in <Table 1>. In 
differentiating the aspirated stop /th/ from the tense stop /t’/ (<Figure 
2>-left), child listeners were sensitive to changes of VOT values but 
not to changes of f0 values -- the f0 curve was much shallower than 
the VOT curve. This pattern is in line with patterns of adult Seoul 
Korean speakers, reported in Schertz et al., (2015) and Kong et al., 
(2011) in that perceptual reliance on f0 was relatively minimal 
compared to their reliance on VOT. For the other two models with 
the lax type involved, listeners were sensitive to both VOT and f0 
— the curves for VOT and f0 either steeply fell or rose as VOT and 
f0 increased (<Figure 2>-center & right) and model-estimated 
coefficients of VOT and f0 were statistically significant (<Table 
1>). With respect to the relative cue-weighting between VOT and f0, 
the VOT curve was steeper than the f0 curve in the tense-lax model, 
indicating that child listeners perceptually depended on VOT more 
than on f0 in distinguishing /t/ from /t’/ (βVOT=1.119, βf0=-0.825). By 
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contrast, in the lax-aspirated model, the f0 curve was steeper than 
the VOT curve suggesting greater perceptual dependency on f0 than 
on VOT in differentiating /th/ from /t/ (βVOT=0.991, βf0=1.255). The 
finding of greater f0 dependency in child listeners’ perception of the 
lax category is important in that the enhanced perceptual role of f0 
has not been experimented and confirmed in the Korean child 
listeners’ perception.

Figure 2. Logistic curves based on the group-averaged estimations from 
the three mixed-effects logistic regression models. Note that a grey dashed 

line in the center panel is identical to a grey solid line except the signs.

Besides a group tendency, we examined individual differences of 
utilizing the acoustic cues in the stop perception by assessing 
individual listeners’ deviations from the group-averaged coefficient 
estimations of VOT and f0 parameters from the regression models 
(<Figure 3>). In the three separate regression models, correlations 
between VOT and f0 coefficients were statistically significant, 
indicating that the two acoustic cues are not completely independent 
with each other: r(T vs. A)=-0.785 (df =13, p<.001); r(T vs. L)=-0.981 (df 
=13, p<.0001); r(L vs. A)=0.978 (df =13, p<.0001). With reference to 
adults’ patterns (Kong & Kang, 2017: r(T vs. A)= 0.248, df = 51, 
p=.072, r(T vs. L)= 0.241, df = 51, p=.081; r(L vs. A)= -0.651, df = 51, 
p<.0001), child data showed relatively greater degrees of correlation 
between the cues.

In the model of tense vs. aspirated contrast, the negative direction 
of the relationship was observed suggesting a trade-off between the 
two cues across the listeners. That is, listeners who were sensitive to 
VOT did not rely on f0 much and vice versa in differentiating the 
tense from the aspirated types. Given that VOT (but not f0) was 
estimated as an important perceptual dimension for a tense vs. 
aspirated contrast according to the group-level analysis (see <Table 
1>), the VOT listeners appear to be tactful listeners who do not 
attend to the f0 dimension in the irrelevant linguistic context.

tense vs. aspirated tense vs. lax lax vs. aspirated
Estimate (S.E) Estimate (S.E) Estimate (S.E)

intercept 0.348 0.467 1.291 0.362 *** -0.910 0.371 *
VOT 2.072 0.444 *** 1.119 0.278 *** 0.991 0.259 ***

f0 0.439 0.292 -0.825 0.260 ** 1.255 0.228 ***
               Signif. codes:  0 ‘***’0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Table 1. Parameter estimations of fixed effect variables from the 
mixed-effects logistic regression models.

The two models of tense vs. lax and lax vs. aspirated contrasts 
revealed the same relationship between coefficient magnitudes of 

VOT and f0 where child listeners who relied on VOT more than 
others also depended on f0 cue more (i.e., positive association). It is 
noted that, although this positive association between VOT and f0 
was depicted as a downward regression line for tense vs. lax 
contrast pair in <Figure 3>-center due to a negative sign of f0 
coefficients, the trend line indicates an association of greater use of 
VOT (plus coefficients) with greater use of f0 (minus coefficients) 
in terms of magnitude of perceptual dependency. This finding is 
different from adult patterns reported in Kong & Kang (2017) where 
the same experimental protocol (including the same auditory 
stimuli) has been used with 53 Korean adult native speakers in their 
20s. Specifically, the adults’ coefficients of VOT and f0 from the 
lax-aspirated model were highly correlated similar to children’s but 
the relationship between VOT and f0 coefficients was negative 
indicating that adult listeners depended on one cue and suppress the 
other cue, r=-0.651, df=51, p<.0001. The relationship between VOT 
and f0 coefficients from the tense vs. lax contrast was also different 
from adult patterns (r=0.241, df = 51, p=.081 in Kong & Kang, 
2017) in that adults’ coefficients of VOT and f0 were not 
significantly correlated. Supported by the differences between child 
and adult listeners’ use of the two cues, the correlation patterns of 
the coefficients suggest that Korean child listeners did not make 
independent uses of the multiple acoustic cues in the stop 
perception.

Figure 3. Scatter-plots of VOT and f0 coefficients estimated from the 
three mixed-effects logistic regression models. Each data-point represent 

individual child listeners. In each panel, linear regression lines are 
overlaid with 95% confidence intervals indicated in grey.

3.2. Relationship between 3AFC and EF tasks.
3.2.1. Descriptive Patterns: EF tasks
In general, children performed each EF task well. As expected, the 
n-back WM tasks seemed to be more cognitive resource-demanding 
tasks than the inhibition tasks. Also, the mixed condition seemed to 
be more demanding condition than the single-stimuli condition 
(letter or number) in the TMT task. To compare the performance of 
two different modalities within WM task and inhibition task, the 
paired t-tests were conducted. In the WM tasks, children performed 
better on verbal WM task (digit n-back) than non-verbal WM task 
(visual n-back), t (14) = 2.83, p < 0.05, while there was no 
difference in RTs between two tasks, t (14) = 0.13, p = 0.90. It 
seemed to be relatively easier for children to retrieve the verbal 
information positioned n before the target stimuli compared to the 
non-verbal information due to the familiar verbal information (digit) 
in WM task. In the inhibition tasks, children performed better on the 
non-verbal inhibition task (flanker) than the verbal inhibition task 
(stroop) both in accuracies, t (14) = 3.32, p < 0.05, and in RTs, t 
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(14) = - 7.13, p < 0.05. For children, it seemed to be harder to inhibit 
an activation of the familiar semantic information (color) than the 
non-verbal stimuli, so that they made more errors and took longer 
when performing the verbal inhibition task than non-verbal 
inhibition task. These results seemed to reflect each EF task used in 
the current study was well constructed to index independent EF 
components as suggested by Miyake et al. (2000).

  Task Mean S.D. Min. Max.
  digit n-back accuracy 0.706 0.143 0.377 0.888
  digit n-back RT 1193.186 349.037 600.342 1874.675
  visual n-back accuracy 0.603 0.134 0.357 0.829
  visual n-back RT 1180.699 259.868 626.485 1661.105
  flanker accuracy 0.959 0.079 0.683 1
  flanker RT 699.054 129.142 510.305 935.236
  stroop accuracy 0.890 0.100 0.675 0.975
  stroop RT 1280.90 372.258 818.269 2317.355
  trail-making task: number 53.502 25.549 25.33 120.37
  trail-making task: letter 75.946 26.948 28.58 126.83
  trail-making task: num-let 161.960 106.543 43.33 391.02

Table 2. Descriptive statistics of each executive function task: Means, 
standard deviations (S.D.), minimal scores, and maximal scores.

3.2.2. Partial correlations: EF tasks and 3AFC
A series of partial correlation tests were conducted between the 
individual (random-effect) coefficients of VOT and f0 from the 
mixed-effect regression model based on 3AFC perception task and 
individual scores of the tasks assessing the EF capacities. <Table 3> 
summarizes the outputs of the correlation tests.

Correlation with WM capacity: The correlation between WM 
capacity (digit and visual n-back task scores) and perceptual 
reliance on the acoustic cues was meaningful, although it was not 
comprehensively so, in that only one test pair of tense-aspirated 
contrast revealed significant relationship (βf0 & βVOT and visual 
n-back accuracy). Looking into the sign of correlation, the positive 
correlation between βVOT and visual n-back accuracy (r=0.52, p <.1) 
shows that greater dependencies on VOT for a tense-aspirated 
contrast were associated with better WM. Also, the negative sign of 
correlation coefficient (r=-582) between βf0 and visual n-back 
accuracy indicates that listeners relying on the f0 cue more than 
others for a tense-aspirated contrast tended to have lower WM. 
These relationships are expected given the group-averaged trend in 
the speech perception that f0 did not play a significant role in 
differentiating the aspirated stops from the tense stops (<Table 1>). 
That is, child listeners who inefficiently utilized the unimportant f0 
cue more than others had lower WM capacities.

Correlation with inhibition control: There were significant 
correlations between accuracy scores of the flanker task and 
individual VOT and f0 coefficients across the contrast pairs.  It is 
necessary to mention that we related the accuracy scores to the 
acoustic coefficients (although it is common in the field to treat the 
response time as a numeric representation of inhibition control), 
because we found no evidence of compromise between accuracy 
and response time -- positive correlations between accuracy and 
response time in the flanker tasks might imply that listeners tried to 
be accurate although it took time.

For the tense-aspirated contrast pair, greater individual VOT 

coefficients were associated with higher accuracies indicating that 
listeners relying on VOT more than others had better inhibition 
control. For the same contrast pair, individual f0 coefficients were 
negatively correlated with the accuracy scores of the flanker task, 
suggesting that listeners who depended on the f0 cue in the 
tense-aspirated identification (i.e., an unimportant cue for the 
perception according to the group trend) tended to have poor 
inhibition control. This association of poor inhibition control with 
use of unimportant acoustic cue (i.e., f0 in tense-aspirated contrast 
pair) was also found in the stroop task accuracies with a marginal 
statistical significance (r=-0.503). For the tense-lax, and 
lax-aspirated contrast pairs, VOT and f0 coefficients were 
significantly correlated with the flanker accuracy scores in a 
consistent direction where individuals with more strengthened use 
of the acoustic cue (VOT) were associated with better inhibition 
control.

tense-aspirated tense-lax lax-aspirated
βVOT βf0 βVOT βf0 βVOT βf0

 digit n-back accuracy 0.097 -0.35 0.261 -0.179 -0.288 -0.335
 digit n-back RT 0.146 0.219 0.159 -0.237 0.345 0.362
 visual n-back accuracy 0.52 -0.582 0.422 -0.351 0.338 0.307
 visual n-back RT -0.089 0.248 -0.384 0.359 -0.102 -0.098
 flanker accuracy 0.775 -0.749 0.749 -0.714 0.595 0.556
 flanker RT 0.297 -0.173 0.128 -0.166 0.512 0.506
 stroop accuracy 0.518 -0.503 0.377 -0.301 0.076 0.046
 stroop RT 0.187 -0.035 -0.157 0.132 0.276 0.281
 trail-making task: number -0.638 0.678 -0.588 0.543 -0.274 -0.246
 trail-making task: letter -0.17 0.235 -0.376 0.361 -0.247 -0.258
 trail-making task: num-let -0.639 0.614 -0.701 0.684 -0.273 -0.209

Table 3. Summary of the correlation tests. Variables of speech perception 
are presented in columns and those of executive function are in rows. Bold 

indicates p<.05, and italic indicates p<.1.

Correlation with attention shift control: Consistent with the other 
EF tasks, the TMT response time of the mixed condition 
(number-letter) were significantly correlated with beta coefficients 
of VOT and f0 for the tense-aspirated and tense-lax contrast pairs. 
The correlation signs consistently suggest that the enhanced uses of 
informative cues were associated with shorter duration of TMT. 
Children with shorter RTs in TMT tended to rely on VOT (higher β
VOTs) and f0 (smaller βf0 in Tense-Lax pair) more than others, 
yielding a negative relationship for the VOT cue and a positive 
relationship for the f0. More importantly, children’s use of an 
uninformative cue (f0 for a tense-aspirated contrast) was associated 
with shorter RTs in TMT.

To summarize, the results of partial correlation tests consistently 
supported that the listeners attending to uninformative cue (less 
tactful processing strategy) underperformed in the EF tasks and 
those with greater attention to informative acoustic cues (tactful 
processing strategy) outperformed in the EF tasks.

4. Discussion 

The current study investigated how Korean-speaking children utilize 
the multiple acoustic cues in perceiving the stop laryngeal contrasts 
and whether their perceptual attention to the acoustic cues is related 
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to the general cognitive abilities by testing their executive function 
(EF). The findings showed that the children aged from 7 to 8 
depended on the VOT cue consistently across the laryngeal contrast 
and also employed multiple cues by either ignoring or activating the 
f0 cue depending on the nature of the contrast pair. Individual level 
analysis revealed that selective uses of the acoustic cue (i.e., f0) 
were related to children’s EF in a way that suppression of 
uninformative cue and enhancement of useful cue for the contrasts 
(e.g., f0 and VOT for the tense-aspirated contrast, respectively) were 
associated with better cognitive controls. The current findings 
converge to support that listeners’ general cognitive ability is 
responsible for listeners’ speech processing patterns.

While cautious interpretations of the observations should be 
made due to a relatively small sample size (N=15) of the present 
study, the results revealed consistent tendencies of how children (of 
this age range) processed sub-phonemic information present in the 
speech signals to access the phonetic categories. The child 
participants’ effective uses of multiple acoustic cues reflected the 
enhanced role of f0 in the context of a sound change in the Korean 
stops (Silva, 2006; Kang, 2014). In accommodating phonetic 
characteristics of the three laryngeal stops, children selectively 
employed the f0 cue as acoustic information, while the role of VOT 
was effective across the contrastive pairs. Specifically, the active 
use of f0 was noticeable in perceiving the lax type (e.g., lax-tense 
and lax-aspirated stops). The role of f0 was even greater than that of 
VOT in differentiating the lax from the aspirated stops, of which 
VOT values were known to overlap according to the production 
studies (Kim, 2004; Kong et al., 2011). By contrast, when the f0 
characteristics between tense and aspirated stops were not distinct, 
the children tended to ignore the f0 cue. The tendency in children’s 
speech perception confirms that the changed acoustic nature of the 
Korean laryngeal stops have widely spread across generations in the 
speech community.

The study revealed age-related characteristics of speech 
perception, which were not quite adult-like based on prior research. 
For one, it was observed that children used the two cues (VOT and 
f0) in a highly correlated manner across individuals, indicating that 
internal organizations of the multiple cues were different between 
child and adult listeners. For child listeners, the use of f0 
systematically covaried with that of VOT, even when f0 was not an 
useful cue for a category distinction: For a tense-aspirated pair, 
greater perceptual reliance on VOT was associated with less use of 
f0. This differs from an inconsistent relationship in adults’ 
perception of tense-aspirated stop contrast observed in Kong & 
Kang (2017). Compared to adults, children showed a poor control of 
activating one cue independently of other cues in processing the 
laryngeal stops.

Another novel finding in the current research is that individual 
children’s perceptual patterns tended to be related to their 
performance of the EF tasks. Importantly, the nature of relationship 
was insightful in that individuals with better cognitive ability 
processed available acoustic cues more tactfully than others in 
identifying the phonetic categories of the Korean stops. That is, 
Korean child listeners who could suppress less informative, thus not 
primary acoustic cue (e.g., f0 for tense-aspirated contrast) turned out 
to have better controls of working memory, inhibition capacity and 
attention shift. Similarly, child listeners who paid attention to VOT 
across the stop contrast pairs excelled in the EF tasks. These results 
support that child listeners’ cue-weighting strategies in speech 

perception are modulated by their general cognitive function in 
order to make selective use of multiple available information.

With respect to the association of better cognitive ability with 
less use of f0 for the tense-aspirated in the current research, it is 
likely that this relationship reflects developmental characteristics of 
how and what child listeners at this age range can do with multiple 
information given that their cognitive abilities are still developing.  
Contrary to our findings with child listeners, Kong & Edwards 
(2016) demonstrated that English adult listeners with better EF 
controls were able to attend to redundant acoustic cues more than 
others in processing the phonetic categories. Their findings suggest 
that adult listeners who can hold both primary and redundant 
information for the task of speech processing are considered 
efficient listeners. It appears that efficiency of speech processing 
needs to be assessed differently between cognitively fully developed 
adults and cognitively still developing children, because of dynamic 
interaction between language and cognition.

One might be skeptical of the current interpretation of the 
relationship between EF and speech perception since the 
correlations were not found across the board in the entire sets of EF 
tasks we administered. Indeed, digit n-back (a measure of WM), and 
stroop (a measure of inhibition) were either not or only minimally 
correlated with any uses of acoustic parameters for the three contrast 
pairs. While understanding one’s conservative position seeking for 
more robust demonstration of the relationship, we note that the 
complex nature of EF tasks makes it unrealistic to obtain significant 
correlations across the board, since each type of EF tasks stimulates 
different aspects of participants’ cognitive processing and carries 
different degrees of performance difficulties. The current 
experimental evidence is still valued as an inspiring preliminary 
attempt to consider the cognitive ability as a source of individual 
variations in speech perception, which has not been investigated 
over Korean-speaking populations.

To conclude, the current study showed that, for the child listeners 
aged from 7 to 8, there was a meaningful relationship between 
speech processing strategy and general cognitive ability in a way 
that the inefficient listeners who are poor at managing the acoustic 
information for phonetic categories had poor cognitive abilities 
related to executive function. Further studies on this relationship 
needs to follow up in order to better understand the interplay of 
cognitive ability and language acquisition in the course of life-time, 
in general.
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