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ABSTRACT

Second-language acquisition often entails learning to
use unfamiliar speech sounds to distinguish words,
which may require learning to perceive an unfamiliar
phonetic feature or accommodate a new category
boundary along a known phonetic continuum. Here,
native English speakers (N=37) learned an 18-word
vocabulary comprised of six minimal triplets based
on the Korean three-way plosive contrast (fortis, le-
nis, aspirated), defined by a trading relation between
two phonetic features (onset pitch and voice onset
time) that conflicts with how these cues structure lis-
teners’ native categories. Variation in these features
across talkers and place of articulation further obfus-
cates this contrast. Learning outcomes were highly
variable: Mixture model analysis suggested two
groups of learners who differed primarily in whether
they learned to distinguish lenis from aspirated stops.
Both groups learned these contrasts best for bilabials
and least accurately for alveolar stops. These results
underscore the challenge of overcoming native cate-
gory structure in second-language learning.

Keywords: second language acquisition, voice onset
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1. INTRODUCTION

A key challenge in acquiring a second language in
adulthood is learning to perceive and produce novel
phonological categories. Listeners begin to commit
their perceptual and neural pathways to processing
the sound structure of their native language during the
first years of life [14], and thereafter it becomes in-
creasingly challenging to learn to perceive or produce
contrasts from other languages [2].

Two prominent factors constrain speech-sound
learning in adulthood: (i) The extent to which a novel
contrast’s category boundary conflicts with a native
boundary on the same phonetic continuum (e.g., stop
categories with different voice onset time (VOT)
boundaries, or vowels with different distributions in
the F1xF2 space) [4], and (ii) the extent to which a
novel contrast requires attending to a phonetic feature
that is not contrastive in one’s native language (e.g.,
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F3 in the case of Japanese learners of English /r/-/l/
[13], or pitch contour direction in the case of English
learners of Mandarin lexical tones [5]).

An anecdotally challenging contrast for native
English speakers is the Korean three-way laryngeal
contrast for onset plosives. This contrast distin-
guishes words like /ppul/ 2 “horn”; /bul/ & “fire”;
and /pul/ = “grass.” In word onset, the Korean three-
way stop consonant contrast can be characterized via
a trading relation between three levels of positive
VOT (short for fortis vs. intermediate for lenis vs.
long for aspirated sounds) and onset fo (low for lenis
vs. higher for fortis and aspirated sounds) (Fig. 1).
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Figure 1: Acoustics of Korean plosive onset contrasts,
aligned to voicing onset (dashed line). Note differences in
both VOT and onset glottal period (fo0) across categories.

While naturally occurring minimal triplets are rare
in Korean, there are multitudinous instances of both
two-way minimal contrasts. Phonetic descriptions of
these contrasts have defied simple characterization as
a function of only voice onset time (VOT) or aspira-
tion [1], and debate about the articulatory distinctions
among the three contrasts [7] has led to inconsisten-
cies in their transcription via the IPA. A straightfor-
ward articulatory or acoustic classification is further
complicated by allophonic variation in the realization
of these stops (particularly the lenis contrast) as a
function of syllable position [16] and by variation in
their realization across dialects [15]. To avoid mech-
anistic claims about articulation implicit in IPA tran-
scriptions, in this report we use the standard Revised
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Romanization transliterations: fortis /pp/, /tt/, /kk/; le-
nis /b/, /d/, /g/; and aspirated /p/, It/, /k/.

Cross-linguistic work has historically focused on
Korean learners of English [20], but the rapid global
ascent of Korean pop culture has catalysed new inter-
est in learning this language [24]. However, little em-
pirical work has examined the interesting challenges
that the fortis-lenis-aspirated contrast poses for Eng-
lish learners of Korean: First, its division of the VOT
continuum into two aspirated categories conflicts
with English listeners’ expectation that aspiration re-
liably signals a voiceless (vs. voiced) word-initial
stop. Second, onset stops in English (like many lan-
guages) covary in VOT and onset fy, such that onset
fois low for voiced sounds like /b/ and high for voice-
less sounds like /p/ [10,12]. This VOT-onset f; pattern
is violated by Korean lenis stops, where a voiceless,
slightly aspirated stop is realized with low onset fo.

It is unclear how English learners will cope with
the VOT-onset f; trading relation in Korean stops.
Some have speculated that the fortis-lenis contrast
will be hardest for English speakers, since the inter-
mediate VOT and low onset f; of lenis stops may be
confusable for English voiced stops [18]. Others have
suggested that the lenis-aspirated contrast will be the
most challenging [19], because aspiration unambigu-
ously signals voiceless stops in English. Furthermore,
despite the relationship between VOT and onset fj in
English stops, English listeners are notoriously poor
at learning to use pitch in phonological contrasts
[5,22,23]. However, the atypically low onset f; of the
lenis stop provides a correlated cue that may instead
help listeners overcome their native VOT boundary.

2. METHODS

In this study we trained native-English speakers with
no prior Korean experience to use the three-way Ko-
rean plosive onset contrast to identify a vocabulary of
pseudoword triplets based on those contrasts.

2.1. Participants

Native English-speaking monolingual adults (N =37,
25 female, 12 male, age 18-33, mean = 23.1 years)
completed this study. Participants had minimal for-
eign language experience: none had more than two
years of study, no earlier than in college. No partici-
pant had any prior experience with Korean. This
study was approved by the IRB (COUHES) at the
Massachusetts Institute of Technology.

2.2, Stimuli

Training stimuli consisted of 18 monosyllabic Korean
pseudowords (Table 1). These words were organized
into six minimal triplets (e.g., ‘ppan’, ‘ban’, ‘pan’).
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There were two triplets per place of articulation (bila-
bial, alveolar, and velar). Familiar vowel and coda
consonants were chosen to reduce learning demands.

Wk ppan (cow) = ttok (bell) 70 kkaet (car)
HF ban (seashell) | = dok (sock) 70 gaet (parrot)
% pan (hammer) | & tok (grapes) |7} kaet (camera)
W ppim (bus) 9 tteop (brush) | % kkung (chair)
1] bim (lamp) 3 deop (box) |-& gung (hat)

3 pim (desk) & teop (fish) Z kung (fork)

Table 1: Vocabulary of minimal triplet Korean
pseudowords (and target images).

High quality sound recordings were obtained from
four adult native Korean speakers (two male, two fe-
male) of the Seoul dialect. Stimuli were RMS ampli-
tude normalized to 65 dBA. As a control, two addi-
tional native Korean speakers confirmed the natural-
ness and distinctiveness of these stimuli and achieved
perfect accuracy on the vocabulary training.

2.3. Acoustic measurements

We measured the key phonetic features of the three-
way contrast (VOT and onset fy) for all tokens in the
vocabulary to validate the contrastiveness of our talk-
ers' phonetic categories. VOT was measured as the la-
tency between the release burst and the onset of pho-
nation (the point on the waveform with the first high-
amplitude, periodic deflection from zero). Onset fy
was measured over the first five glottal cycles.

Each talker produced clear distinctions among the
contrasts (Fig. 1, left). However, overlap between cat-
egories was also evident due to variation in mean fy
and idiosyncratic VOT across talkers. In addition to
being a critical feature of this contrast, VOT also var-
ies for stops as a function of place of articulation, with
longer VOTs for more posterior constrictions [1,18].
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Figure 2: Phonetics of the vocabulary. Acoustics (left)
show the challenge of overlapping category boundaries
across talker and place of articulation (normalized at
right). Symbols denote each talker, colours denote each
contrast (green: fortis, orange: lenis, purple: aspirated).
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A linear mixed-effects model of laryngeal contrast
and place of articulation effects on VOT (by-talker
random intercepts) revealed significant effects of lar-
yngeal contrast (F>60 = 132.7, p <0.0001; aspirated >
lenis > fortis) and place of articulation (F2,60 = 20.8, p
< 0.0001; velar > labial > alveolar), but their interac-
tion was marginal (F460 = 2.20, p = 0.08).

The corresponding model for onset f; showed a
significant effect of laryngeal contrast (F>60 = 56.7, p
< 0.0001; aspirated > fortis > lenis) but not place of
articulation (Fa,60 = 1.51, p = 0.23) nor their interac-
tion (Fae0 = 0.45, p = 0.77).

Normalizing VOT and onset f; within talker and
place of articulation clearly reveals the three-way cat-
egory structure in our vocabulary (Fig. 2, right).

2.4. Training procedure

Participants learned to associate each of the 18 Ko-
rean pseudowords with the photograph of a unique,
familiar, natural object (Table 1). Images were shown
in isolation on a white background. Participants com-
pleted four days of training, each consisting of a train-
ing and a test phase (Fig. 3). During the training
phase, participants passively listened to the word-ob-
ject pairings and actively practiced matching spoken
words to the corresponding objects while receiving
corrective feedback. During the test phase, partici-
pants actively matched spoken words to the corre-
sponding objects without feedback [23].

Stimulus delivery was controlled using PsychoPy
[21]. Participants completed each day's training and
testing by themselves in a quiet room. Audio stimuli
were delivered via Sennheiser HD-202 headphones at
a comfortable volume selected by the participant.

During the training phase, participants completed
interleaved blocks of passive familiarization and ac-
tive practice. Words were trained in minimal triplets
to emphasize the target contrasts. During passive fa-
miliarization, participants heard each word while the
corresponding object was shown for 2000 ms (Fig. 3,
left). Participants were instructed to attend to the
stimuli and remember each word-object pairing. Each
familiarization block contained 24 trials (3 triplet
words % 4 talkers X 2 repetitions). Recordings from
all four talkers were used during training, as high-var-
iability training contributes to category learning [11],
but stimuli were blocked by talker to reduce pro-
cessing costs incurred by talker changes [9,22].

Participants next actively practiced matching the
words in the triplet to the corresponding picture (Fig.
3, middle). While all three objects were displayed on
the screen, participants heard each of the 12 record-
ings (3 words x 4 talkers) in a random order. Their
task was to click on the corresponding picture using a
mouse. Feedback was given immediately indicating
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whether they had chosen correctly or what the correct
answer should have been. This self-paced procedure
was repeated for a total of 24 active practice trials.
The interleaved familiarization-practice cycle of
the training phase was repeated six times, once for
each of the minimal triplets, in a random order. Thus,
participants underwent 144 passive familiarization
trials and 144 active practice with feedback each day.
After completing the training phase, participants’
vocabulary learning was assessed in the Test Phase
(Fig. 3, right). In this phase, an array of all 18 objects
was shown. Participants heard all 72 recordings (18
words x 4 talkers) in a random order, selecting the
corresponding object by clicking on it with a mouse.
The test phase was self-paced and no feedback was
given. Performance on the daily test phase was used
as the dependent variable operationalizing learning.

Familiarization Active practice

@ “ban” @“ppan’

’ E | Correct!

’ W | @“pan

$ “kung”

@ “ppan”

&, @ “pan”

@ “deop”

v+ | G “ppim”

; & “ban” ’ i B Incorrect. ;: - ~‘: @ “gaet’

Figure 3: Vocabulary training procedure. Participants
completed interleaved familiarization and active practice
blocks for each triplet, followed by a test of all 18 items.

3. RESULTS

All participants improved with training, but learning
outcomes on Day 4 were highly variable, with word-
identification accuracy ranging from 22% to 69%.
Mixture-model analysis of Day 4 accuracy indicated
learning outcomes were best described by two sub-
populations (Fig. 4): low-performance learners (LPL)
comprised the bottom two-thirds of participants with
average word learning of 37% + 7%, while high-per-
formance learners (HPL) comprised the top third of
learners with average word learning of 63% + 5%.
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Figure 4: Mixture-model analysis revealed that learning
outcomes were best captured by two distributions, one for
high- and one for low-performing learners (HPL, LPL).
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Figure 5: Learning progress by group. Lines show indi-
vidual learning trajectories. Chance performance is shown
for distinguishing between minimal triplets (1/3).

The HPL group learned faster than the LPL group
even on Day 1, when they had already mastered the
basic vocabulary triplets and were constrained by
within-triplet phonetic contrast (chance level = 1/3),
whereas the LPL group did not master between-triplet
word-object associations until Day 4 (Fig. 5).

Patterns of word identification confusion can re-
veal the development of learners’ novel phonological
category structures. Plotting the patterns of confusion
on Day 4 (Fig. 6) revealed that the HPL group had
largely mastered the fortis contrast (83% = 12% cor-
rect identification of fortis contrast words) and was
making progress towards being able to use the lenis
(55% + 12%) and aspirated (51% =+ 11%) contrasts to
distinguish words. The LPL group, however, had not
yet mastered using the fortis contrast to recognize
words (50% + 17% word identification) and was es-
sentially at chance for identifying words distin-
guished by the lenis (32% + 11%) and aspirated (30%
+ 15%) contrasts. In general, both groups found the
fortis stop most distinctive and had the most difficulty
distinguishing lenis from aspirated onsets.
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Figure 6: Onset consonant confusion matrices by group.
More accurate learning of phonetic categories is captured
by greater response clustering along the diagonal.

Both groups were most accurate at identifying
words based on the three-way contrast involving bi-
labial stops (HPL: 70%, LPL: 44%), then velar stops
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(HPL: 63%, LPL: 44%), and were least accurate for
alveolar stops (HPL: 57%, LPL: 22%).

4. DISCUSSION

Learning the Korean three-way laryngeal contrast for
onset plosives is particularly challenging for native
English speakers because (i) it divides a familiar pho-
netic continuum (VOT) in a way that conflicts with
native voicing contrasts [1,4,18] and (i) it violates the
expected relationship between VOT and onset fo [10]
in a way that requires listeners to pay attention to a
perceptually challenging phonetic feature [6,17,23].

Participants varied widely in mastering the vocab-
ulary involving these contrasts after four days of
training. About one in three learners mastered word
identification based on the fortis contrast (which is
most similar to English /b/, /d/, and /g/) but still made
mistakes identifying words based on the lenis vs. as-
pirated contrasts (which are both perceptually similar
to English /p/, /t/, and /k/ in word onset). This pattern
of learning is consistent with the prominence of aspi-
ration in English voiceless stops [1,8], which appears
to dominate perception even when onset f; provides a
potentially disambiguating cue. Despite the VOT-on-
set fo relationship in English [10], it is not clear that
listeners actually use this cue to perceive word-initial
stops, and they may need to be explicitly instructed to
attend to pitch in order to learn to use this feature [6].

Interestingly, the LPL group did not master even
the fortis stop, despite its similarity to English /b/. It
may be that partial overlap in the VOT distributions
of the fortis and lenis stops across talkers led listeners
to discount the contribution of this otherwise reliable
cue, yielding a haphazard pattern of responses.

Also unexpected is learners’ difficulty with the al-
veolar stops. On Day 4, even the HPL group was con-
fusing fortis /tt/ for aspirated /t/ nearly as often as le-
nis /d/. This may be due to the unfamiliar pattern of
VOT-by-place of articulation in this vocabulary:
Whereas English onset stops tend to have increasing
VOT with more posterior place of articulation, here
alveolar stops’ VOT was shorter than bilabial stops
(lenis: /d/ 32 ms vs. /b/ 41 ms; aspirated: /t/ 59 ms vs.
/p/ 74 ms). Combined with an unfamiliar amount of
within-talker variation in VOT (resulting from lenis
vs. aspirated contrast), these unexpected patterns of
VOT may have upended English-speaking listeners’
ability to generalize systematicity in VOT across talk-
ers [8], further undermining their learning.

Overall, these results provide new empirical data
to reaffirm that a core tenet of second-language
speech-sound learning holds true even when a sec-
ondary cue is available to reinforce learning: The
more that a novel phonological contrast conflicts with
native categories, the harder it will be to learn [4].
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