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In previous research of tonal phonology, contour tones were assumed to be phonologically
presented not only as a sequence of level tones but also as a single unit. Obligatory Contour
Principle (OCP) constraints, by extension, were thought to prohibit identical level tones
associated to adjacent terminal nodes (OCP-Terminal) and identical adjacent tonal units
(OCP-Unit). This proposal has nevertheless been challenged theoretically and empirically. This
study seeks to offer new experimental evidence to help solve the debate by comparing the
learnability of the two OCP generalizations in an artificial grammar learning paradigm. In Exp |,
we exposed disyllabic tonal patterns conforming either to OCP-Terminal or to OCP-Unit to two
target groups of learners, who were then tested if they could extend the hidden generalization
to their auditory acceptability judgment of novel disyllabic items. Exp Il had the same exposure
phase but required learners to produce novel disyllabic items with tonal combinations of their
choice. In both experiments, the two target groups demonstrated signs of learning target OCP
generalizations from different channels. Crucially, learners implicitly acquired the OCP-Terminal
generalization but only learned the OCP-Unit pattern as explicit knowledge. These findings led
us to conclude that OCP-Unit may not be involved in implicit and automatized phonological
computation.
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1 Introduction

The last 60 years have seen advancement in our understanding of tonal phonology following the
transition from structural (e.g., Wang 1967; Woo 1969) to generative and autosegmental approaches
(Goldsmith 1979), which were later incorporated into a constraint-based framework (e.g., Myers
1997; Chen 2000; Yip 2002). However, the debate over whether level tones and contour tones can

be both phonologically represented as a single constituent has never truly settled.!

In a tonal geometry that we refer to as a level-based system, level tones are always independent
phonological entities. Contour tones are thus assumed to consist of two level tones with separate
root nodes autosegmentally linked to a tone-bearing unit (TBU), such as the rising tone LH
presented in Figure la. In a unit-based system adopted from Yip (1989) in Figure 1b,* level
tones and contour tones are both represented as single constituents, whose terminal level tones

are governed by one single root node.?

a. c b. c TBU
/\ |
T T T Tonal Root Node
L H L H Terminal

Figure 1: An autosegmental representation of LH as (a) a cluster of level tones associated to
separate root nodes and (b) a constituent with one root node governing all terminal level tones.

With the level-based and unit-based views, we could assume two distinct types of Obligatory
Contour Principle (OCP; Leben 1973; McCarthy 1986) that prohibits identical adjacent tonal
entities:* One bans same adjacent terminal level tones, or OCP-Terminal, while the other forbids
adjacent root nodes to have the identical terminal level tones in the same linear order, or OCP-
Unit, as defined in (1). In a level-based tonal model, the two OCP constraints predict the same

tonal gaps (e.g., *H-H, *H-HL, *L-LH) since each tonal unit is equivalent to a terminal level tone.

1 Similar debates over the phonological representation of segmental combinations persist as well. Readers are referred
to Lin (2011) and Berns (2016) for an overview of cluster-based vs. unit-based views on affricates, and an attempt to
explain the representational nature of nasal-stop sequences could be found in Downing (2005).

2 Note that the root node and the terminal nodes in Yip’s (1989) model are in fact specified with the feature [upper]
and [raised] respectively. In the current review, we use H and L consistently for a more direct comparison between
the level-based and unit-based models.

3 We chose not to discuss tonal units represented with single features such as [rise] and [fall] in linear feature matrices
(e.g., Wang 1967) or with an additional autosegmental tier that separates a contour node from a register node (e.g.,
Bao 1990; 1999). The former would be more restricted than non-linear approaches in terms of explaining tonal pat-
terns, and the latter is computationally equivalent to Yip’s unit-based model (Oakden 2020).

4 For non-dissimilatory tonal processes predicted to be possible in level-based and unit-based tonal models, see Yip
(1989), Duanmu (1994), Chen (2000, §2), and Chen (2010).



Thus, in a level-based tonal model, it is necessary to assume only OCP-Terminal as part of tonal
phonology. However, the distinction between the two OCP constraints becomes non-trivial in a
unit-based model, in which same contour tones (e.g., *HL-HL, *LH-LH) violate only OCP-Unit by

having identical terminal level tones linked to adjacent root nodes.

(@9)] OCP-Terminal vs. OCP-Unit
a. OCP-Terminal: Adjacent terminal level tones are forbidden.

b. OCP-Unit: Adjacent root nodes with same terminal tonal specifications are
forbidden.

The controversies with the unit-based view predicting two partially overlapping tonal dissimilatory
processes are twofold (see also §2). First, tonal dissimilatory patterns assumed to be best explained
in a unit-based model using OCP-Unit are usually subject to an alternative, level-based analysis.
Furthermore, a possible tone language in a unit-based model that only obeys OCP-Unit remains
unattested. These uncertainties have led many theorists to question the necessity to posit OCP-
Unit given its limited explanatory power and many potential theoretical problems it has raised.
The debates over the nature of tonal OCP and by extension, the phonological representation of
tones, have nevertheless ended with a stalemate as the discussion hardly goes beyond analyses of
impressionistically transcribed dictionary data. Experimental studies are thus the key to shed new

light on the issue and ultimately explain the nature of phonological tones (Zhang 2010; 2014).

In the current study, we investigated experimentally if OCP-Unit in a unit-based model is part
of unconscious and automatized phonological knowledge by studying the implicit learnability
of OCP-Unit patterns in two artificial grammar learning (AGL) experiments (Reber, 1967). Our
research hypothesis is that patterns conforming to OCP-Terminal is an implicitly learnable
phonological generalization as they have been observed in typologically diverse tone languages.
Then, if a unit-based representation of tones is also computed at an abstract level of phonology
and OCP-Unit is part of tonal phonology, OCP-Unit should be equally learnable as an implicit
generalization. In the two experiments, we first exposed naive learners to auditory input that
strictly obeyed either OCP-Terminal or OCP-Unit in a brief training session. We then asked the
learners to judge or produce novel items to test if they had acquired the target abstract knowledge
and could extend it successfully. Contrary to the null hypothesis that both OCP generalizations are
implicitly learnable, our experimental results indicated that OCP-Unit played at best a marginal
role in the learners’ test performance. The current study and its findings are expected to not only
breathe new life into the discussion of the fundamental issues in tonal phonology, but also supply

a rare example of tonal AGL experiments with methodological improvements.
In the rest of the article, we will continue to provide a more in-depth literature review in §2,
elaborate on the experimental design and the results of the two AGL experiments respectively in

83 and 84, and finally explore residue issues in a general discussion in §5.



2. Tonal OCP: From theoretical debates to experimental investigation

In tonal phonology, the evidence of OCP-Terminal has been firmly established as many languages
appear to avoid juxtaposing same level tones in the output. Previous studies have also found OCP-
Terminal to target either only H sequences (e.g., Clark 1989; Mmusi 1992; Aranovich 1994; Myers
1997; Downing 2003; Jenks & Rose 2011) or only L sequences (e.g., OCP-L; Clark 1990; Daly &
Hyman 2007; Salffner 2010). It is thus plausible to further divide OCP-Terminal into OCP-H and
OCP-L. OCP-Terminal provides a simple account of interactions between level and contour tones that
result in tonal alternations in surface representations, as demonstrated in the data of Luba (Hyman
2007: 11-12) in (2). In (2a), the input LH-H has to be changed to L-H as the two underlyingly
adjacent terminal Hs would violate OCP-Terminal in a faithful output. Likewise in (2b), the rising
tone LH in the input is simplified as H in the output so there exists no surface L sequence that would
violate OCP-Terminal. Finally, in (2c), when the rising tone LH is adjacent to a terminal level tone
that could create an H or L sequence on both ends, the rising contour is simplified as L, rather than
H. This output preference implies that an L sequence is more tolerable than an H sequence in Luba
(Hyman 2007: 11-12), which could further support the independence of OCP-H and OCP-L.°

2) Tonal dissimilation in Luba; bolded tones are deleted in the output
a. LH+H — L-H
b. L+LH+L — L-H-L
c. L+LH+H — L-L-H

Contrary to the abundant evidence of OCP-Terminal found in typologically diverse languages,
the trace of OCP-Unit has been largely observed in Chinese tone languages, which are renowned
for their rich contour tone system and complex tone sandhi patterns. The Tianjin dialect is
among the instances that has been frequently discussed in the literature.® Chen’s (2000) review of
Tianjin tone sandhi includes four primary disyllabic patterns listed in (3).” The tonal epenthesis
and deletion in (3a-b) could eliminate the underlying L sequence and avoid the potential OCP-

Terminal violation.® The contour tone simplification process in (3c—d) are necessary presumably

5 In a constraint-based framework (e.g., Prince & Smolensky 2004), this stronger bias against adjacent Hs could be
captured with the ranking OCP-H » OCP-L » MAX-T.

6 See also Lin (2011; 2019), Hsiao (2015), and Wee (2019) for the operation of OCP-Terminal in other Chinese tone
languages. In these studies, OCP-Terminal and OCP-Unit are commonly referred to as OCP-t (¢t = terminal node) and
OCP-T (T = tonal root node) respectively.

7 It is important to note that substantial diachronic changes in Tianjin tone sandhi have been found in more recent
phonetic studies, including Zhang & Liu (2011; 2016), Li & Chen (2016), and Li et al. (2019), perhaps due to a close
language contact with Standard Chinese. Nevertheless, one could still argue that the unit-based analysis applies to
the original tone sandhi patterns before the onset of the diachronic changes.

8 We are aware of the perceptual basis of (3a) (i.e., tonal absorption; Hyman 2007: 12). However, the perceptual
force may coincide with an abstract, symbolic identity restriction (e.g., Berent et al. 2002; Berent 2013), which could
altogether facilitate the learning of the tonal alternation.



because two identical and adjacent contour tones in the output would violate OCP-Unit (e.g.,
Lin 2008; Wee 2015). OCP-Terminal is also at play to determine the output of (3c-d), which
never includes an H or L sequence. Wee (2004) claimed to discover two additional tone sandhi
processes (4) related to OCP-Terminal, in which an underlying H sequence is avoided in the
output (cf. Zhang & Liu 2011). In sum, Tianjin tone sandhi seems to support the operation of both

OCP-Terminal and OCP-Unit in tonal phonology.

3 Four primary Tianjin tone sandhi patterns (Chen 2000: 105-106)
a. L+L — LH-L
b. HL+L — H-L
c. LH+LH — H-LH
d. HL+HL — L-HL

(@) Two extra Tianjin tone sandhi processes from Wee (2004)
a. LH+H — L-H
b. LH+HL — L-HL

Although introducing OCP-Unit into a unit-based tonal model may help complete an analysis
of dissimilatory tonal patterns, it also raises theoretical issues. Crucially, a unit-based
analysis is frequently subject to an alternative analysis motivated by phonetic naturalness
without an arbitrary and complex grammar construction. For instance, dissimilation between
contour tones in (3c—d), with fewer tonal ups and downs in the outputs, could simply be the
consequence of reducing overall articulatory complexity (e.g., Hyman 2007: 16-18; Hyman &
Vanbik 2004). Another case where an analysis is in fact complicated by the inclusion of OCP-
Unit could be seen in Wee’s (2015) constraint-based analysis of Tianjin tone sandhi (Table 1).
The goal of the analysis is to solve a dilemma caused by the surface tonal sequence HL-LH; if
the avoidance of adjacent Ls in (3a-b) is due to a top-ranked OCP-Terminal, it is not possible
to explain why HL-LH does not undergo tone sandhi. Wee thus proposed a ranking in which
OCP-Terminal is ranked below faithfulness constraints and analyzed (3a) as an alternation
driven by a top-ranked OCP-Unit.® The HL-LH sequence, without violating OCP-Unit, is now
acceptable because as single constituents, the two adjacent contour tones are not identical at
the root level. The only pattern left unexplained is (3b), since the low-ranked OCP-Terminal
itself cannot be held accountable for the derivation HL+L — H-L. To tackle this issue, Wee
proposed a top-ranked local conjunction constraint that binds Head-Tone-Complexity (HTC) in
(5) and OCP-Terminal (i.e., HTC & OCP-Terminal); with this constraint, the underlying tonal

sequence in (3b) HL+L cannot surface faithfully since the output not only has adjacent Ls

9 Note that the diachronic changes of Tianjin tone sandhi documented in recent studies (see fn.7) do not necessarily
undermine Wee’s OCP account of the tonal alternations. For example, Zhang & Liu (2011) found that the output of
L+L is H-L rather than LH-L, but the analysis that OCP-Unit drives the alternation of L +L remains valid.



(i.e., OCP-Terminal violation) but also a more complex head tone HL in the right-headed tonal

sequence (i.e., HTC violation).

5) Head-Tone-Complexity (HTC): Non-head tones must not be more complex than
head tones. Tonal complexity hierarchy = Rising » Falling » High » Low

HTC & OCP-Terminal

Input: /L+L/ OCP-Unit DEP/MAX OCP-Terminal
L-(L) *|
*LH-(L)

DEP/MAX OCP-Terminal

Input:/HL+L/ OCP-Unit HTC & OCP-Terminal

HL-(L) *1

< H-(L)

OCP-Terminal

Input: /HL+LH/ | OCP-Unit HTC & OCP-Terminal DEP/MAX

< HL-(LH)

H-(LH)

*|

Table 1: An excerpt of Wee’s (2015) analysis of Tianjin tone sandhi; () = prosodic head.

Concerns over local conjunction aside (e.g., McCarthy 2002: 18-19), a phonetically based
analysis without OCP-Unit in Table 2 is possible. First, one could analyze the alternation in (3a-
b) with a top-ranked OCP-Terminal that forces an output to avoid any surface H or L sequence.
The preservation of the underlying HL.+LH sequence in the output could be explained by a
lower articulatory complexity of HL-LH compared to that of other output candidates avoiding
adjacent Ls. For instance, if the initial HL in HL+LH is reduced to H as in the output H-LH,
the articulatory gestures must be adjusted rapidly from the offset of the initial H to the onset
of the following LH to leave enough time to fully realize the rising contour. By contrast, the
output in (3a) (i.e., HL+L — H-L) does not require the same acute gestural change; a simple
low-pitch target to be realized after the initial H could be reached even with a slower gestural
transition. This difference in articulatory complexity can be captured by a markedness constraint
NoAcuteChange (NAC) defined in (6), which is violated by H-LH but not H-L.'°

(6) NoAcuteChange (NAC): Acute changes in the articulatory gesture are prohibited.

10 The tonal alternation (4b) (i.e., LH+HL — L-HL) could be attributable to a constraint that bans non-domain-final
rising tones (e.g., Zhang 2002; 2004; et seq.), which is productive in modern Tianjin (e.g., Zhang & Liu 2016).



Input: /L+L/ OCP-Terminal ; NAC DEP/MAX

L-L *

& LH-L

Input: /HL+L/ OCP-Terminal | DEP/MAX
HL-L *|

*H-L

Input: /HL+LH/ OCP-Terminal E NAC DEP/MAX
*-LH * i

H-LH i * *

Table 2: A possible phonetically-based reanalysis of Wee’s (2015) analysis in Table 1.

Our goal is not to offer a full reanalysis of any particular tone sandhi pattern but to highlight
the conflicts in the analyses of tonal dissimilation arising from opposite theoretical perspectives.

Without new evidence, the analytical debates can hardly see a major breakthrough.

Following the above review, one may turn to typological survey for a new lead, as a grammar
hypothesis generates predictions on possible languages. In a minimal constraint grammar
assuming a unit-based representation of tones with OCP-Unit, OCP-Terminal, and a faithfulness
constraint (Faith), there are three crucial rankings in (7) and each corresponds to a possible
tone language. With a top-ranked Faith in (7a), a tone language would not demonstrate tonal
dissimilation at all, such as Cantonese (Yue-Hashimoto 1972; Yip 2002: 174-178). A top-ranked
OCP-Terminal in (7b) predicts a language with dissimilation only between adjacent terminal level
tones, as is the case with Luba reviewed earlier in this section. Finally, the ranking (7c) predicts
a tone language in which surface tonal sequences never include identical tonal constituents next
to each other. According to Wee (2019: 167-168), however, this type of tone languages is yet

to be discovered,'! a gap that renders the unit-based view on tonal dissimilation questionable.

7 A crucial factorial typology with Faith, OCP-Unit, and OCP-Terminal
a. Faith » {OCP-Unit, OCP-Terminal}
b. OCP-Terminal » Faith » OCP-Unit
c.  OCP-Unit » Faith » OCP-Terminal

11 Wee (2019: 167-168) claimed that the Boshan dialect of Chinese (Qian 1993; Chen 2000: 165) may belong to the
language type. However, the analysis of Boshan tone sandhi is also inevitably complicated by the diachronic devel-
opment of tones and could not fully endorse a top-ranked OCP-Unit.



In sum, while analytical debates may revive and typological evidence will mount, an experimental
test would also be useful for tapping into the psychological reality of unit-based tonal dissimilation
and OCP-Unit. Thus, we put forth an experimental investigation in the current study focusing on the
learnability of the grammar (7b) and (7c) in the unit-based tonal model. If tones could dissimilate
as single constituents, both OCP-Terminal and OCP-Unit should be synchronically available at the
level of abstract phonological computation to acquire the grammatical generalizations in (7b)
and (7c). Our prediction is that (7b) with a top-ranked OCP-Terminal, supported by typological
evidence, is a computable and learnable phonological generalization. The primary research

question would be whether the grammar (7c) with a top-ranked OCP-Unit is equally learnable.

In this study, we attempted to answer the research question in AGL experiments (Reber 1967;
et seq.). The experimental paradigm has been popularized to test if linguistic regularities hidden
in learning input could be acquired as abstract generalizations and extended to novel forms,
and whether these generalizations are acquired implicitly (i.e., without learners’ awareness). A
widely adopted AGL experimental design is to present minimally contrasting learning input to
separate learner groups to investigate the relative learnability of distinct linguistic patterns.'? In
recent decades, this AGL paradigm has been extended to examine hypotheses regarding intrinsic
inductive biases for phonological regularities that are computable, formally simpler, formally/
phonetically more natural, or typologically attested or more common (Pycha et al. 2003; Wilson
2003; 2006; Seidl & Buckley 2005; Peperkamp et al. 2006; Moreton 2008; Finley & Badecker
2009; Carpenter 2010; Finley 2012; 2015; 2017; Gallagher 2013; White 2014; White & Sundra
2014; Hayes & White 2015; Lai 2015; Martin & Peperkamp 2020; among many others). To
our best knowledge, Kao (2017) and Chen (2020) have been so far the only two studies that
investigated the relative learnability of tonal generalizations in the AGL paradigm.'® In Kao’s
(2017) study, inductive biases were found for a contour formation rule that preserves the linear
order of underlying tonal sequences and a tone retention rule that preserves an underlying L
sequence. Chen’s (2020) experimental results indicated a bias in favor of a phonetically natural

tonal constraint over a phonetically unnatural one.

In our AGL study, we created two minimally contrasting disyllabic tonal patterns with four
tones (H, L, HL, and LH) to compare the relative learnability of the two target OCP generalizations.
In the OCP-Terminal language, surface tonal patterns were created without any sequence including
adjacent identical terminal level tones. By contrast, disyllabic combinations in the OCP-Unit language
never included pairs of identical level or contour tones. If both OCP-Unit and OCP-Terminal are

part of learners’ unit-based phonological grammar of tones, learners exposed to either language

12 For additional methodological advantages of this paradigm and its comparison with other AGL paradigms, see Ham-
rick & Sachs (2018).

13 Wang & Saffran (2014) and Caldwell-Harris et al. (2015) also investigated the learning of tonal combinations in AGL
experiments, although inductive bias was not their main research focus.



should be able to converge on the respective target OCP generalization and extend the acquired
generalization to novel test items. Unlike previous AGL experiments testing various inductive
biases, we also included necessary awareness measures in our experimental design to disentangle
the effects of implicit (or unconscious) learning from explicit (or conscious) learning (see also
Moreton & Pertsova (2016)). Awareness measures are crucial since the two OCP generalizations
are assumed to be part of online, automatized, and unconscious phonological knowledge, which is
assumed to guide children in early language acquisition.'* Thus, our experimental results should
not only indicate a successful learning of the OCP generalizations, but also reveal the implicit
nature of the acquired knowledge. In particular, for adult learners recruited for our study, AGL
would be practically similar to L2 learning, in which explicit learning is highly influential (e.g.,
Krashen 1982; DeKeyser 2003; Ellis 2005; Ionin et al. 2009; Morgan-Short et al. 2012; Lichtman
2013; Hulstijn 2015). It is thus important not to misinterpret the outcome of explicit learning as
evidence of implicit phonological knowledge, and the effects of explicit learning must be properly
isolated. Ultimately, our research question could be formulated as (8), which could be answered

with experimental results from two AGL experiments discussed in the rest of this article.

€)) Are OCP-Terminal and OCP-Unit equally learnable as an implicit phonological
generalization?

3 AGL experiment | with an acceptability judgment task

In Exp I, we tested if learners could acquire the target OCP generalizations implicitly after being
briefly exposed to training input and extend these abstract generalizations to their auditory

acceptability judgment of novel test items.

3.1 Participants

A total of 90 L1 speakers of Taiwan Mandarin enrolled as an undergraduate or graduate student
at National Tsing Hua University in Taiwan were recruited for Exp I. None of them reported any
learning or hearing impairment or majored in a field related to linguistics. The participants were
randomly assigned to one of the three learner groups (Unit: male = 15, female = 15; Terminal:
male = 12, female = 18; Control: male = 17, female = 13). The age of these 90 participants
ranged from 20 to 34 years old (sd = 2.72) and the age means did not differ significantly across
the three learner groups.’ All the 90 participants reached an accuracy rate of 90% or higher
in a random memory recognition task administered during the training session (see §3.3) and
completed both training and test sessions in Exp I. All participants were paid 100 NTD for their

participation.

14 See, for example, Demuth (1993) and Kappa & Papoutsi (2019), for the acquisition of OCP in child phonology.
15 10. Unit vs. Terminal: t(58) = -0.158, p = .875; Unit vs. Control: t(58) = -0.436, p = .665; Terminal vs. Control:
¢(58) = -0.316, p = .753.
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3.2 Materials

As briefly explained in §2, we created an artificial language composed of disyllabic sequences
and manipulate tonal patterns in the training input for each of the three groups of learners.
The consonants, vowels, and tones were all selected from Taiwan Mandarin, the L1 of the
participants. The disyllabic sequences were combinations of simple CV syllables [pi, pu, pa, t",
thu, tha, ki, ku, ka, ni, nu, na, mi, mu, ma], in which C1/C2 and V1/V2 must not repeat (e.g.,
[pinu] and [kumal]; cf. *[kini] and *[t"utPa]). This step would have helped lower the chance of
directing learners’ attention incorrectly to any phonological generalization potentially related
to consonant and vowel harmony. As a result, 120 disyllabic training items were generated
for Exp I, which were associated with di-tonal patterns composed of H, LH, L, and HL. Note
that the four tones corresponded to the tonal labels T1, T2, T3, and T4 in Taiwan Mandarin
respectively. In addition, T3 was viewed as a low-level tone L, rather than as a dipping tone
MLH as in most analyses of Standard Mandarin phonology, which coincided with the finding
in Huang’s (2017) phonetic investigation. Treating T3 as L also helped eliminate a potential
perceptual confusion between the dipping tone MLH and the rising tone LH (e.g., Huang 2001;
Fon et al. 2004; Liu & Samuel 2004) in our training input, which could undermine the learning
of target tonal patterns.

For the Terminal group, eight di-tonal patterns without violating the target constraint (Table 3)
were distributed pseudo-randomly across the 120 training items (i.e., 15 tokens for each of the
eight tonal patterns). For the Unit group (Table 4), in addition to the four di-tonal patterns
violating OCP-Unit (i.e., *H-H, *LH-LH, *L-L, and *HL-HL), another four di-tonal patterns were
also left out from the training input as accidental gaps (H-HL, LH-L, L-H, and HL-LH). This step
assured that both target groups processed the same number of di-tonal patterns during the
training session (i.e., eight di-tonal types). The accidental gaps were carefully selected to avoid
an asymmetrical distribution of the four tones (i.e., each tone appeared in each position twice in
the eight available tonal patterns). Furthermore, four out of the eight available di-tonal patterns

still served as the positive evidence against OCP-Terminal (e.g., LH-H and HL-L).

Table 3: Di-tonal combinations without violating OCP-Terminal.



Table 4: Di-tonal combinations in the training input of the OCP-Unit language.

The above difference between the two target languages may raise methodological concerns,
such as whether the training input in the two target learning conditions was qualitatively matched.
It might be in fact more challenging for the Unit group to acquire the target OCP generalization as
the learners missed part of the acceptable input types. However, we assumed that the accidental
gaps at best played a marginal role in the learning of an implicit generalization with a top-ranked
OCP-Unit. In natural language acquisition contexts, learners do not have to be or may not have
the chance to be exposed to all positive evidence for rejecting non-target linguistic generalizations
(i.e., poverty of the stimulus; Chomsky 1980; et seq.). Crucially, in the training input for both
target groups, there was no exception to the respective target OCP generalization, a design that
should have made the two learning settings comparable. Even in a very unlikely case that the
accidental gaps in the training input for the Unit group contained additional learnable segmental
or tonal patterns, these patterns should have been learned independently from unit-based tonal
dissimilation; that is, learners would have implicitly rejected test items with systematic patterns
hidden in accidental gaps as well as tonal sequences violating OCP-Unit. Accordingly, we chose
to prioritize the control of the number of input tokens to avoid between-group differences arising

from the processing of two quantitatively distinct training sets.

To further minimize the gap between the two sets of training input, two additional steps in
our stimulus design were needed. First, di-tonal patterns that were present in the training input
for both target groups were always paired with the same disyllabic sequences. Second, di-tonal
patterns different only in the initial or final tone were also paired with the same disyllabic
sequences (e.g., Unit: [pi'ku] vs. Terminal: [pi'ku®]). Since the two sets of training input
included four contrasting tonal patterns, half of the 120 training items were minimally different
in their tonal sequence across the two target groups (see Appendix A). The 120 training items
were not a homophone or a pseudo-homophone of a disyllabic lexical item in Taiwan Mandarin

(or Taiwanese Southern Min, which might be the home language of some participants as well).

We also included a Control group exposed to random combinations of the four tones to

measure the baseline performance with training stimuli that did not comply either OCP

1
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constraint. This design was essential to verify if the learning performance of target learners was
merely an artifact of applying irrelevant grammatical or extragrammatical knowledge. For the
Control group, the 120 training items were associated to all possible tonal combinations except
L-L, which is an apparent violation of participants’ L1 phonotactics (i.e., T3 Sandhi; L+L —
LH+L). Each of the 15 tonal combinations was associated with four disyllabic input tokens
(i.e., 4 x 15 = 120) to have a fully balanced tonal distribution. Care was also taken to reduce
the variation in the training input across the three learner groups. If a training item was paired
with the same tonal sequence for the two target groups, the same pair was used in the Control
condition, too. If a training item differed in its tonal combination across the two target learning
conditions, the same segmental combination in the Control condition was paired with one of
the two tonal sequences used in the target conditions (e.g., Terminal: [t"u'mi"]; Unit: [t"u"mi""];
Control: [t"u'mi"]). When it was not possible to strictly follow the above two principles while
maintaining a fully balanced distribution, the bottom line was to have at least one identical
tone in the same position for the same training item across the three learning conditions (e.g.,
Terminal: [t"u'ma™]; Unit = [t"u'ma™]; Control = [t"u"'ma™]). Without positive evidence
against either target OCP generalization, we anticipated the Control group to randomly accept or

reject test items in the acceptability judgment task.

For the auditory acceptability judgment task, we created one different set of 75 disyllabic
test items from 12 monosyllables [fi, fu, fa, si, su, sa, xi, xu, xa, li, lu, la] whose consonants were
not used in the training input. Duplicated onset consonants were included in three practice items
(i.e., [fifu], [susa], and [lali]) but none of the remaining 72 test items repeated onset consonants
or nucleus vowels in both syllables (e.g., [fisul; cf. *[fifa] or *[xifi]) for a consistent stimulus
design across the two sessions. All three groups were presented with this fixed set of 75 test

items, which are listed in Appendix B.

All training and test items were recorded by the author speaking Taiwan Mandarin as his

L1 (see Appendix C for a detailed explanation of recording and processing the auditory stimuli).

3.3 Procedure

The experiment was administered in a quiet room using PsychoPy v3.1.5 (Peirce et al. 2019) on
a laptop/desktop computer with the output volume adjusted to a comfortable level. Participants
were randomly assigned to one of the three learner groups and instructed to complete a learning
task (i.e., the training session). In this learning task, learners were told to listen to words of
a minor Chinese dialect and to try their best memorizing these words. Participants were also
informed in advance that their learning performance would be assessed during the learning task
and in a test session. The design of the auditory acceptability judgment task was not revealed to

the participants prior to their completion of the training phase.



On each training trial, an eye fixation cross appeared at the center of the computer screen
for 500 ms, and then a randomly ordered training item was immediately presented auditorily
to the participants via a Musical Fidelity® MF-100 headphone. The training session proceeded
automatically to the next trial three seconds after the offset of each auditory stimulus. To assess
whether participants were attentive to the auditory inputs and followed the instruction to
memorize them, a memory recognition task was administered at random intervals. After listening
to two to five input tokens, participants were presented with an auditory input and were instructed
to judge if the input matched the last input token they had heard immediately before the task.
Chance was equal for the test input to be the token from the last training trial or a randomly
selected training item. Participants responded by pressing S (Yes) or L (No) on the keyboard
without being pressured by a time limit. The training session resumed automatically after a valid
response, but no feedback on response accuracy was provided. At the end of the training session,
the experimental software presented the accuracy rate of the memory recognition task on the
computer screen. Participants who scored an accuracy rate of 90% or higher were qualified to

participate in the test session. All of the 90 participants passed the threshold.

Before the test session, the 90 participants were explicitly told that some rules were hidden
in the training items, and the test session was designed to assess if they had acquired these
rules. We then explained to our participants that none of the auditory inputs in the test session
was used in the training session, and they had to judge whether the test items conformed to the
hidden rules. Participants were encouraged to rely on their intuition and respond spontaneously,
especially if they were unsure about the target rules. We chose to explicitly discuss hidden rules
in our instructions without specifying the target patterns since it was helpful for participants to
fully understand their task and perform the test with similar strategies. In our pilot experiments,
we avoided referring to hidden rules but asked our participants to judge novel test items based
on whether the test items “sounded like or unlike the minor Chinese language in the training
phase”. A few participants nevertheless misunderstood the instruction and took the test as
another memory recognition task; they simply accepted those they believed to be included in
the training session even if it was emphasized that the test items never appeared in the training
session. Thus, while our instruction could have either made participants explicitly aware of the
target tonal patterns or biased participants to rely more on their explicit knowledge, it seemed
necessary for participants to fully understand the test procedure. This was also the reason why

an awareness measure was included in the test session, as we will explain below.

After the test session started, each test trial began with an eye fixation displayed at the
center of the computer screen for 500 ms, which was followed by the auditory presentation of a
randomly selected test item. After the offset of the auditory input, participants had four seconds
to judge whether the test item conformed to the hidden rules by pressing the S key (Yes) or the
L key (No) on the keyboard as quickly as possible. With a valid response, participants were then
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asked if they were confident with their own judgment by pressing either the S key (Yes) or the
L key (No) within 10 seconds. The lack of a positive correlation between learners’ subjective
confidence ratings and their correct responses could be equal to the lack of awareness of target
linguistic generalizations (i.e., zero correlation criterion; Dienes 2007; Graham & Williams 2018);
that is, the target linguistic patterns are acquired as implicit and unconscious knowledge.
Alternatively, if a strong correlation is found, learners may be explicitly aware of the target
knowledge. If participants did not provide their acceptability judgment in time, the test session

proceeded to the next trial without asking participants for their confidence rating.

The test sessions began with three practice trials (see §3.2 for the materials) to familiarize
participants with the procedure. The accuracy rate of participants’ responses was calculated
and presented to all participants in PsychoPy at the end of a test session. Responses were coded
as correct if participants of the target groups accepted test items conforming to the target OCP
generalization and rejected those violating the generalization. However, since the Control group
was exposed to random di-tonal patterns in the training session, we did not set any fixed correct
response for this group. Alternatively, for the debriefing purpose only, responses for the Control
group were randomly coded as correct or incorrect in PsychoPy. Accordingly, the Control group
was mostly presented with an accuracy rate around 50% when the test session ended. We then
provided supplementary information regarding their learning performance should they have any

question. The two sessions in Exp I together took 30 minutes on average to complete.

3.4 Results

The acceptability judgment task elicited a total of 6,345 valid responses in non-practice trials
from 90 participants.!® The number of trials without a valid response for the three groups was
33 (1.5%) for the Terminal group, 46 (2.1%) for the Unit group, and 56 (2.6%) for the Control
group. The mean reaction time of valid acceptability judgment responses within each learner
group was 1,491 ms (Terminal; sd = 820), 1,521 ms (Unit; sd = 821), and 1,599 ms (Control;
sd = 857).7 The data set was analyzed using mixed-effects logistic regression using the lme4
package (Bates et al. 2020) in R 4.0.4 (R Core Team 2021), in which the binary dependent
variable (Accept) was coded as O (reject) and 1 (accept). We chose to analyze the acceptance
patterns since AGL learners in acceptability judgment tasks may be less likely to correctly reject
than to correctly accept novel items (e.g., Chen 2020); the high accuracy rate of accepting novel

items may be canceled by the low accuracy rate of rejecting novel items, which leads to null

16 The raw result data and R codes for all analyses in Exp I and II are available at https://osf.io/zt8jh/.

17 Unpaired two-sample t-tests assuming an equal variance suggested a significant difference in reaction time between
each of the two target groups and the Control group (Terminal vs. Control: t{(4229) = -4.18, p < .001; Unit vs. Con-
trol: t(4216) = -3.02, p = .003) but a non-significant difference between the two target groups (t(4239) = 1.19, p
= .236).


https://osf.io/zt8jh/

results. In addition, it was just not possible to code and analyze correct responses for the Control
group (see 83.3). The fixed predictors included Group with ternary levels (Control vs. Terminal
vs. Unit) and OCP-H, OCP-L, and OCP-Unit with binary levels representing constraint violation
(Yes vs. No). The predictors were Helmert-coded to compare a level to other levels of the same
predictor, rather than merely to a reference level.!® This was crucial for us to test performance
differences between all learner groups in our regression modeling. We also divided OCP-
Terminal into OCP-H and OCP-L since the two constraints were found to operate independently
across languages (see §2) and their rankings could thus be acquired separately as well. Two-way
interactions between Group and the three OCP variables were also included, which were critical
to answer our main research question. We did not include the interactions between the OCP
variables since the study was not designed to investigate the ganging effect of OCP violations.
By-subject and by-item random slopes and intercepts were also included in our search of an

appropriate regression model.

We first followed Barr et al. (2013) to begin with a ‘maximal’ model in (8) including all
random intercepts and slopes into consideration, with the BOBYQA optimizer (Powell 2009)
configured to have a maximum of 100,000 iterations. When the model failed to converge,
we gradually removed random effects with a zero or near-zero variation until the model
converged. This second step of model simplification, as opposed to model selection, was
recommended in Mastuschek et al. (2017) to construct a model that could best balance the
chance of Type I and Type II errors. The simplified model (9) that converged is summarized
in Table 5, and the three crucial two-way interactions between Group and OCP are visualized

in Figure 2.

€)) Accept ~ Group + OCP-H + OCP-L + OCP-Unit + Group X (OCP-H + OCP-L +
OCP-Unit) + (1 + OCP-H + OCP-L + OCP-Unit | Participant) + (1 + Group | Item)

9 Accept ~ Group + OCP-H + OCP-L + OCP-Unit + Group X (OCP-H + OCP-L +
OCP-Unit) + (1 + OCP-L + OCP-Unit | Participant) + (1 | Item)

The above analysis suggested a significantly lower acceptance rate for the Terminal group than
for the Control group (f = -0.264, SE = 0.088, z = -3, p = .003) with no significant difference
between the Unit group and the other two groups combined (f = -0.037, SE = 0.051, z = -0.734,
p = .463). In addition, there existed no across-the-board OCP effect. Multiple significant two-way
interactions between Group and OCP were also discovered in our mixed-effects modeling with

implications for the learning of the OCP generalizations. The left panel in Figure 2 illustrated

18 Helmert coding was generated using the R base function contr.helm(), which compares a factor level to all previous
levels, which may be alternatively viewed as reversed Helmert coding. The order of levels in Helmert coding in R is
alphabetical by default. Thus, the base level is Control for Group and Yes for the three OCP predictors.
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B SE b4 p
Intercept -0.074 0.117 | -0.364 .526
GroupTerminal -0.264 0.088 -3 .003 *
GroupUnit -0.037 0.051 | -0.734 463
OCPHYes -0.056 0.07 -0.803 422
OCPLYes -0.033 0.081 | -0.405 .686
OCPUnitYes -0.131 0.081 | -1.619 .106
GroupTerminal:OCPHYes -0.252 0.04 -6.269 <.001 *
GroupUnit:OCPHYes -0.014 0.023 -0.628 .53
GroupTerminal:OCPLYes -0.127 0.053 -2.391 017 *
GroupUnit:OCPLYes 0.101 0.031 3.312 <.001 *
GroupTerminal:OCPUnitYes | -0.001 0.052 -0.016 .988
GroupUnit:OCPUnitYes -0.059 0.03 -1.953 .051

Table 5: The mixed-effects modeling of the acceptability judgment data; * = p < .05.
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Figure 2: Two-way Group X OCP interactions from the mixed-effects model.




a difference in responses from the Control group and the Terminal/Unit group to test items
with or without a violation of OCP-H. For the Control group, the learners were more inclined
to accept the test items violating OCP-H, whereas the learners of the Terminal/Unit group
were less inclined to accept the same set of the test items. This difference corresponded to the
significant interaction term GroupTerminal:OCPHYes indicating a significantly more negative
OCP-H effect for the Terminal group than for the Control group. The nonsignificant interaction
term GroupUnit:OCPHYes suggests that the OCP-H effect was not significantly more negative for
the Unit group than for the Control/Terminal group combined. The middle panel in Figure 2
indicated three distinct OCP-L effects for each of the three learner groups. First, OCP-L violation
did not affect the judgments of the Control group. Second, the Terminal group, if compared to
the Control group, was more likely to reject the test items violating OCP-L. This difference was
reflected in the significant interaction term GroupTerminal:OCPLYes with a more negative slope
for the Terminal group than for the Control group. The Unit group demonstrated a positive effect
of OCP-L than the Control/Terminal group combined, which was represented by the significant
interaction term GroupUnit:OCPLYes. In the rightmost panel in Figure 2, there were two similar
slopes for the Control/Terminal group suggesting only a mild negative effect of OCP-Unit
violation. The slope for the Unit group stood out with a more drastic decline in the acceptance
probability for test items violating OCP-Unit. However, the difference between the Unit group
and the Control/Terminal group combined was nonsignificant (GroupUnit:OCPUnitYes: § =
-0.059, SE = 0.03, 2 = -1.953, p = .051).

A reviewer asked if syllables that are phonotactically illicit in Taiwan Mandarin (i.e., [fi],
[si], and [xi]) in the test items had any effect on participants’ judgments, given the possibility
that more attention might be drawn to them. Accordingly, we separated our entire data set into
two subsets depending on the inclusion of a phonotactically illicit syllable. Both subsets were
submitted to the model (9), which converged. For the subset without illicit syllables, the same
model indicated the same significant and nonsignificant main effects and interactions in Table 5.
The modeling of the subset with illicit syllables presented two minor differences. The significant
interaction GroupTerminal:OCPLYes in Table 5 became marginal (3 = -0.112, SE = 0.063, z =
-1.761, p = .08). In addition, the nonsignificant interaction GroupTerminal:OCPUnitYes in the
previous analysis turned out to be significant (3 = -0.141, SE = 0.069, z = —-2.036, p = 0.042).
The former might be related to the overall weaker effect of OCP-L as we will discuss below, and the
latter only revealed another remarkable difference between the Terminal and Control groups. In
general, the results of these additional analyses were generally congruent with the grand analysis,

and the impact of including phonotactically illegal syllables in the test items seemed minimal.

As hypothesized in §2, the patterns we found in the above analysis may reflect the outcomes
of implicit and explicit learning, as the latter would be influential for adult learners. To examine

possible effects of explicit knowledge on participants’ test performance, we analyzed the
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correlation between response accuracy and confidence with the data of the two target groups.
For the Terminal group, responses were coded as correct if the learners accepted test items
complying with OCP-H and OCP-L and rejected those violating the two OCP constraints. For
the Unit group, responses were coded as correct only when the learners rejected test items with
a tonal sequence violating OCP-Unit and accepted others without identical tonal constituents.
The response accuracy served as a dependent variable regressed against the Helmert-coded
categorical independent variables Group (Terminal vs. Unit) and Confidence (No vs. Yes) and
the two-way Group X Confidence interaction. As in the previous mixed-effects modeling, we
started by building a maximal model taking by-subject and by-item random intercepts and slopes
into consideration as in (10). The model nevertheless failed to converge and was reduced to (11)
summarized in Table 6. The model summary indicated that a higher level of confidence predicted
a higher probability of correct responses, and this correlation did not vary significantly between
the two target groups. In conclusion, the learning performance of the two groups of learners was
indeed considerably influenced by explicitly learned knowledge. We also regressed confidence
level against the binary factor representing the inclusion of phonotactically illicit syllables (Yes
vs. No) in a separate logistic mixed-effects modeling. The results showed a nonsignificant effect
of illicit syllables (3 = 0.079, SE = 0.067, z = 1.185,p = .236).

(10) Accuracy ~ Group x Confidence + (1 + Confidence | Participant) + (1 + Group
X Confidence | Item)

an Accuracy ~ Group x Confidence + (1 + Confidence | Participant) + (1 + Group
| Item)
B SE Z p
Intercept 3.55 0.615 5.771 <.001 *
GroupUnit —-0.026 0.235 -0.111 911
ConfidenceYes 0.183 0.079 2.33 .02 *
GroupUnit:ConfidenceYes | —0.098 0.079 -1.237 .216

Table 6: The mixed-effects modeling testing the zero-correlation hypothesis; * = p < .05.

With a strong influence of explicit learning, it is of question which OCP generalizations discovered
in our first grand analysis were learned with a more implicit nature. We thus turned to analyze
a data subset including only unconfident judgments of all three learner groups. Acquired OCP

generalizations uncovered in this analysis could thus be viewed as implicit and unconscious



knowledge. This subset included a total of 2,345 trials (36.2% of the entire data set) and were
initially submitted to the model in (9) for a direct comparison of significant main effects and
interactions. However, as the model failed to converge due to a smaller data set, we were forced
to further remove the by-subject random slope of OCP-Unit and simplify the model into (12). The

summary of the modeling statistics is provided in Table 7 and visualized in Figure 3.

(12) Accept ~ Group + OCP-H + OCP-L + OCP-Unit + Group X (OCP-H + OCP-L +
OCP-Unit) + (1 + OCP-L | Participant) + (1 | Item)
B SE 2z D
Intercept -0.312 0.116 -2.695 .007 *
GroupTerminal -0.137 0.123 -1.107 .268
GroupUnit -0.02 0.067 -0.301 .763
OCPHYes -0.126 0.067 -1.876 .061
OCPLYes 0.039 0.076 0.513 .608
OCPUnitYes —-0.055 0.076 -0.731 .465
GroupTerminal:OCPHYes -0.24 0.067 -3.585 <.001 *
GroupUnit:OCPHYes 0.003 0.036 0.069 .945
GroupTerminal:OCPLYes —-0.063 0.076 -0.826 .409
GroupUnit:OCPLYes 0.007 0.043 0.17 .865
GroupTerminal:OCPUnitYes | -0.018 0.077 -0.227 .82
GroupUnit:OCPUnitYes -0.035 0.041 -0.851 .395

Table 7: The mixed-effects modeling of the unconfident judgment data; * = p < .05.

In the current analysis of unconfident responses, we still found a stronger OCP-H effect for the
Terminal group than for the Control group (the leftmost panel in Figure 3) as indicated by the
significant interaction term GroupTerminal:OCPHYes (f = -0.24, SE = 0.067, z = -3.585,
p = .003). The slope for the Unit group was not significantly more negative than the Control/Terminal
group combined. No other significant between-group difference was discovered, however; the
between-group variation in the OCP-L effect was neutralized in the current analysis (the middle
panel in Figure 3), and the difference in the OCP-Unit effect on participants’ responses also
shrunk (the rightmost panel in Figure 3).
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Figure 3: Two-way Group X OCP interactions from the mixed-effects model of unconfident
judgments.

3.5 Discussion

In Exp I, we asked learners to judge the acceptability of test items with variable di-tonal sequences
after listening to input tokens manipulated to present distinct tonal distributions. Our primary
findings were twofold. In our grand analysis, we found that the Terminal group, unlike the
Control and Unit groups, demonstrated a bias against test items violating OCP-Terminal (i.e.,
OCP-H and OCP-L), whereas the Unit group showed only a marginal negative effect of OCP-Unit
and an unexpected negative effect of OCP-H. This difference led to an interim conclusion that
the level-based and unit-based generalizations are not equally learnable. In a follow-up analysis,
we focused on unconfident responses that would reflect the implicit nature of an acquired OCP
generalization. We still found a remarkable between-group difference in the OCP-H effect, which
was significantly more negative for the Terminal group. Other between-group differences with
respect to the effects of OCP-L and OCP-Unit violation were neutralized. Notably, the decrease in
the fitted acceptability rate driven by OCP-H violation was greater for the Terminal group in the
follow-up analysis (17.6%) than in the grand analysis (14.5%). This finding led us to conclude
that only a level-based OCP generalization could be potentially acquired as implicit phonological
knowledge, which could be easily generalized with abstract identity avoidance (cf. Berent et al.
2002; Berent 2013).

There is still room for alternative interpretations of our findings, which reside largely in the

perception of tones. In Exp I, we were not able to incorporate a true poverty-of-the-stimulus design



(Wilson 2006) by testing our participants’ learning performance with a set of tones that were not
used in the training session. The participants could have always explicitly compared the tonal
sequences of the test items to those of the training items when making their acceptability judgments.
For the two target groups, test items with a new tonal sequence might have stood out from other
test stimuli and raised participants’ awareness of target OCP generalizations. This potentially
strong dependence on the explicit process may have overshadowed intrinsically weaker effects of
OCP-L and OCP-Unit even if they were indeed learnable implicit grammatical generalizations. For
example, if adjacent Ls are intrinsically favored over adjacent Hs in phonological grammar (see
85.1), it would take longer to acquire a robust OCP-L generalization, and the OCP-L effect would

be masked by the strong influence of the explicit perceptual comparison.

The similarities and differences in the OCP-H effect may have also reflected the influences of
pure tonal perception. First, unlike the two target groups, the Control group demonstrated a bias
toward test items violating OCP-H. This may be due to an asymmetry in the perception of adjacent
Hs and Ls, as a sustained high pitch may help direct listeners’ attention to the speech (e.g., Evans
2015: 3);'° that is, since adjacent Hs were perceptually salient in the training input, it was easier
for the Control group to explicitly notice that adjacent Hs in the test items also appeared in the
training input and consequently accept these items. This was evident with a greater increase in
the fitted acceptance rate driven by OCP-H violation for the Control group in the grand analysis
(10.3%) than in the analysis of unconfident responses (5.5%). The same perceptual bias may also
be the primary cause of a reduced negative OCP-H effect for the two target groups; both target
groups demonstrated as a smaller decrease in the acceptance rate caused by OCP-H violation in
the grand analysis (Terminal: 14.5%; Unit: 4.3%) than in the follow-up analysis of unconfident
responses (Terminal: 17.6%; Unit: 6%). Perhaps, when learners were more attentive to a tonal
sequence including adjacent Hs sequence in test items, they confidently (but falsely) believed

that the sequence appeared in the training items.

In addition, while confidence rating is a heuristic for identifying the knowledge source of
participants’ auditory acceptability judgment, it may not be a robust awareness measure due
to its subjective nature. Maie & DeKeyser (2020) warned that participants may be biased to
respond with a low confidence level even if an explicit, conscious knowledge is recruited for their
judgment (e.g., phonetic memory). Or, as a reviewer suggested, it could be the application of
implicit knowledge that have unconsciously raised the subjective confident level. Thus, in order
to gain more conclusive evidence of the implicit learnability of the two OCP generalizations, an
additional experiment is required to incorporate a more objective awareness measure and an

assessment of learning performance that is less dependent on perception.

19 However, as suggested by a reviewer, adjacent Ls could also be perceptually more salient than adjacent Hs since
vowel duration is longer with a low tone (e.g., Gandour 1977).
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4 AGL experiment Il with a production task

In Exp II, learning performance was assessed in a production task that required participants
to produce each visually presented test item with a free di-tonal combination, with or without
violating the hidden tonal patterns (see §4.3). This experimental design would force participants
to actively apply learned phonological generalizations rather than to perform perceptual
comparisons. Learners’ awareness of acquired target OCP generalizations was measured based
on whether participants could consciously produce outputs violating the hidden generalizations
in real time. The output per se could thus serve as a more objective indicator of awareness than

self-reported confidence ratings.

41 Participants

Another group of 17 female and 28 male participants enrolled as an undergraduate or graduate
student at National Tsing Hua University in Taiwan were recruited for Exp II. They had little
linguistic training, spoke Taiwan Mandarin as their native language, and aged between 20 and
29 years old (mean = 21.6, sd = 1.97). The 45 participants neither participated in Exp I nor
reported any hearing or learning impairment at the time of the study. Two participants were
excluded from result analyses for monotonic tonal patterns used in their production (see §4.4).
The rest of 43 participants passed the accuracy threshold of 90% in the memory recognition task
during the training session and then completed the test session. Participants of Exp II were paid
150 NTD for their participation.

4.2 Materials

The three sets of 120 disyllabic training items for each of the three learner groups were identical
to those in Exp L. A different set of 34 disyllabic sequences (two practice items plus 32 target test
items) were created specifically for the production task in the test session in Exp II. They were
combinations of CV monosyllables (/sa/, /su/, /la/, /1i/, /lu/, /fa/, /fu/, /xa/, and /xu/) that do
not violate segmental phonotactics in Taiwan Mandarin and were therefore pronounceable for
our participants. The 34 CVCV sequences were then converted into Zhuyin Fuhao (an onset-rime
orthographic system used specifically in Taiwan) visually presented to the participants as a target
of their production. In each orthographic string, tonal labels were replaced with a question mark
(e.g., h— 27 Y ? = /li?xa?/) to remind our participants to freely combine any of the four
Taiwan Mandarin tones in their production. The 32 target test items were specifically designed
not to be near-homophones of disyllabic lexical words in Taiwan Mandarin to minimize the
interference of the L1 lexicon (see, for example, Chen (2020)). The 32 target test items were then
divided into two subsets of 16 test items for two test conditions (see §4.3), and specific attention
was paid to carefully control the distribution of CV combinations by syllable position in both test

conditions. All 34 test items are listed in Appendix D.



4.3 Procedure

The instruction for the training session was identical for both Exp I and Exp II, and the same

random memory recognition task was embedded in the training phase (see §3.3 for details).

After completing the training session, participants were told that the training input was created
following some hidden rules, and the goal of the test session was to investigate if they had acquired
these rules. The test session was divided into two blocks, which was designed to incorporate the
inclusion-exclusion task (Curran 2001; Destrebecqz & Cleeremans 2001; Chan & Leung 2014) as
an objective awareness measure. The first block was the inclusion condition, in which participants
would see disyllabic orthographic sequences one by one without tonal information, and they had
to follow the hidden rules to freely combine lexical tones in Taiwan Mandarin to read each test item
aloud.? Put differently, participants were asked to produce di-tonal outputs that can be included
in acceptable surface forms generated by acquired target knowledge. A good performance in this
condition could be ascribed to both implicit and explicit knowledge; the learners may be explicitly
aware of and thus consciously follow a target generalization to produce acceptable outputs, or
simply produce acceptable forms spontaneously without effortful and conscious knowledge or
memory retrieval. The second block was the exclusion condition, and the participants’ task was to
produce test items with a di-tonal combination that participants thought to be incompatible with
the hidden rules. To succeed in this condition, participants must be explicitly aware of an acquired
target generalization to possibly avoid producing acceptable outputs. With this design, the nature
of an acquired generalization lies in the difference and similarity in participants’ performance
between the two conditions. If a target generalization is acquired as implicit knowledge, learners
would have no conscious access to the generalization and could not violate it voluntarily in
the exclusion condition. Implicit learners are thus more likely to generate outputs conforming
to a target generalization in both test conditions. Alternatively, if learners are aware of a target
generalization, they would have full control of when to apply the explicitly acquired knowledge.
Explicit learners are thus expected to produce more outputs violating the target generalization in
the exclusion condition than in the inclusion condition. In Exp II, the inclusion condition always
preceded the exclusion condition to prevent explicit processing from interfering with the test

performance in the inclusion condition (e.g., Lichtman 2013).

Before the first block, participants were given only the instruction on the inclusion task. We
encouraged the participants to follow their intuition and use as many di-tonal combinations in their
production as possible. This would allow us to investigate a broad phonological generalization
learned by the participants, rather than a partial preference for a few di-tonal patterns. Participants
were also advised to produce T3 in Taiwan Mandarin as L rather than MLH for methodological

benefits; a low-toned T3 not only matched the fO contour used to create the training input but

20 See Chan & Leung (2014) for a similar experimental design in their study of the implicit learning of L2 Spanish stress.
We will also discuss possible influences of explicitly referring to Taiwan Mandarin tones in §4.5.
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also made it easier for us to transcribe the difference between T2 and T3 in their production (see
83.2). Only after participants completed the inclusion condition, the instruction on the second
block was given, which was to ask participants to produce another set of orthographic sequences
by trying to violate the hidden rules. As in the inclusion condition, we requested the participants

to use diverse di-tonal patterns in their production following their intuition.

In both test conditions, each test trial started with an eye-fixation cross at the center of
the computer screen lasting for 500 ms, which was followed by the visual presentation of a
randomly selected target orthographic sequence. After the onset of the visual presentation of a
target sequence, participants had four seconds to read the sequence aloud with a di-tonal pattern
of their choice before the test session proceeded automatically to the next trial. When each
test condition began, the participants completed two practice trials to be familiarized with the

procedure before proceeding to their production of 16 target test items.

Both training and test sessions in Exp Il were administered using PsychoPy v3.1.5 on a desktop
computer in a quiet room. Training items were presented auditorily via a Musical Fidelity®
MF-100 headphone, and the production of test items was recorded at a sample rate of 44,100
Hz in PsychoPy via an Audio-Technica® MB 3k microphone mounted to a stand and connected
directly to the desktop computer. The training and test sessions took an estimate of 20 minutes
in total. The experimental design as well as the accurate response patterns were debriefed upon

participants’ requests after the end of the entire test session.

4.4 Results

Di-tonal patterns of the recordings collected in the test session were transcribed by two research
assistants speaking Taiwan Mandarin as their L1, and the consistency rate in their transcriptions
reached 90.5%. When there were disagreements, a third research assistant decided which
transcription was more accurate. Among all 32 x 45 = 1,440 tokens, we excluded 133 tokens
(9.2%) that were ultimately judged to show hesitation, unnatural interruption, or incompleteness.
We then further removed four rare instances of L-L from the data set, which were all produced
in the exclusion condition, perhaps as a deliberate attempt to produce an output extremely
distant from training items. In the remaining 1,303 tokens, the participants on average produced
10.6 di-tonal types (sd = 2.28) of all 15 possible di-tonal types excluding L-L. Two participants
(Terminal: 1; Unit: 1) produced only six or fewer di-tonal patterns (i.e., < mean — 2 X sd) and
were thus excluded from the analyses below; a limited use of di-tonal patterns would not be
informative in our study of the learnability of the broad tonal generalizations. These screening
processes generated a subset of 1,245 production tokens for our result analyses. This subset was
then sorted by learner group (Control vs. Terminal vs. Unit), di-tone type, OCP violation (OCP-
H, OCP-L, and OCP-Unit), and test condition (inclusion vs. exclusion) as a production corpus

analyzed using Poisson regression. Since the sorted data set included zero counts, we followed



Myers (2012) to add one token to each count to avoid poor data fit caused by excessive zeros in

Poisson regression modeling (e.g., He et al., 2017).

The production corpus with adjusted counts was first submitted to mixed-effects Poisson
regression taking token counts as the dependent variable and Group, Condition, OCP-H, OCP-L, and
OCP-Unit as Helmert-coded fixed variables. Three-way interactions between Group, Condition, and
each of the three OCP variables were also included for an assessment of between-group and between-
condition variation in the OCP effects on the learners’ production. By-subject and by-item random
effects were included in an initial modeling attempt. We took the procedures adopted in the analyses
of Exp I results to begin with a maximal mixed-effects model in (12), which failed to converge. Later
attempts in searching for a mixed-effects model to include any random effect were not successful,
perhaps owing to a small data set. As a last resort, we fitted the results to a generalized Poisson

regression model without random effects in (13), which is summarized in Table 8.

12) Counts ~ Group + OCP-H + OCP-L + OCP-Unit + Group X (OCP-H + OCP-L +
OCP-Unit) + (1 + OCP-H + OCP-L + OCP-Unit | Participant) + (1 + Group | Item)

(13) Counts ~ Group X Condition X (OCP-H + OCP-L + OCP-Unit)

From the modeling results, we would first highlight the negative main OCP effects on the
production of the test items: The participants generally avoided output tokens violating OCP-H
(B = -0.347,SE = 0.034, 2z = -10.082, p < .001), OCP-L (f = —-0.494, SE = 0.047, 2z = -10.509,
p < .001), or OCP-Unit (3 = -0.707, SE = 0.059, z = -12.07, p < .001). These negative main
OCP effects also varied considerably by Group and Condition, which are visualized in Figure 4,

Figure 5, and Figure 6.

In Figure 4, we can observe the negative OCP-H effect across the two test conditions
except for the Control group, which showed a positive effect of OCP-H in the inclusion
condition. The difference was partially reflected in the significant three-way interaction term
GroupTerminal:CondInclude:OCPHYes (§ = -0.243, SE = 0.041, z = -5.924, p < .001) showing
a more negative OCP-H effect for the Terminal group than for the Control group. Another
significant interaction term GroupUnit:CondInclude:OCPHYes (8 = -0.056, SE = 0.025, z
= -2.239, p = .025) suggested that the negative OCP-H effect was stronger in the inclusion
condition for the Unit group than for the other two groups combined. This could be ascribed to
the opposite OCP-H effects for the Control/Terminal group, which canceled each other in this
comparison between Unit and Control/Terminal. To further test if the negative OCP-H effect
differed significantly across the two test conditions between the two target groups, a post-hoc
pairwise comparison excluding the Control group was conducted with the model in (13). The
three-way interaction term GroupUnit:CondInclude:OCPHYes was found to be nonsignificant
(B = 0.038, SE = 0.044, z = 0.86, p = .39). Thus, the negative OCP-H effect in the inclusion

condition was comparable for the two target groups.
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B SE Z p
Intercept 0.186 0.073 2.544 .011 *
GroupTerminal -0.428 0.074 -5.882 <.001 **
GroupUnit -0.119 0.06 -1.994 .046 *
CondInclude -0.379 0.073 -5.167 <.001 **
OCPHYes -0.347 | 0.034 -10.082 | <.001 **
OCPLYes -0.494 | 0.047 -10.509 | <.001 **
OCPUnitYes -0.707 0.059 -12.07 <.001 **
GroupTerminal:CondInclude -0.405 0.074 -5.503 <.001 **
GroupUnit:CondInclude -0.157 0.06 -2.628 .009 **
GroupTerminal:OCPHYes -0.178 0.041 -4.345 <.001 *
GroupUnit:OCPHYes -0.02 0.025 -0.785 433
GroupTerminal:OCPLYes -0.348 0.062 -5.582 <.001 **
GroupUnit:OCPLYes 0.102 0.03 3.388 <.001 **
GroupTerminal:OCPUnitYes -0.074 0.044 -1.671 .095
GroupUnit:OCPUnitYes -0.214 0.053 —4.052 <.001 **
CondInclude:OCPHYes -0.017 0.034 -0.492 .622
CondInclude:OCPLYes -0.162 0.047 -3.44 <.001 **
CondInclude:OCPUnitYes -0.374 0.059 -6.391 <.001 **
GroupTerminal:CondInclude:OCPHYes -0.243 0.041 -5.924 <.001 **
GroupUnit:CondInclude:OCPHYes -0.056 0.025 -2.239 .025 *
GroupTerminal:CondInclude:OCPLYes -0.212 0.062 -3.399 <.001 **
GroupUnit:CondInclude:OCPLYes 0.057 0.03 1.9 .057
GroupTerminal:CondInclude:OCPUnitYes | -0.254 0.044 -5.782 <.001 **
GroupUnit:CondInclude:OCPUnitYes -0.222 0.053 -4.206 <.001 **

Table 8: The Poisson regression modeling of the production counts; * = p < .05; ** = p < .01




To summarize, the Control group, like the two target groups, avoided violating OCP-H in
the exclusion condition but showed a preference for di-tonal patterns violating OCP-H in the
inclusion condition. In addition, the two target groups did not differ significantly across the two

test conditions in terms of their avoidance of OCP-H violation.

Group x Condition x OCP-H

Exclusion Inclusion

= Group
- ~e— Control
—o— Terminal

—o— Unit

Fitted Counts

N'o Y:?s Nlo Yés
Constraint Violation

Figure 4: The Group X Condition x OCP-H interaction from the Poisson regression model.

The negative OCP-L effects presented in Figure 5 were more consistent across the three
learner groups, but with a steeper slope only for the Terminal group. The difference was
partially reflected in the significant two-way interaction term GroupTerminal:OCPLYes (f =
-0.349, SE = 0.062, z = -5.582, p < .001) in Table 8 comparing the Terminal group to
the Control group. Another significant two-way interaction term GroupUnit:OCPLYes (8 =
0.102, SE = 0.03, z = 3.388, p < .001) also indicated a less negative OCP-L effect for the Unit
group than for the other two groups combined. Furthermore, the negative OCP-L effect was
even stronger for the Terminal group than the Control group in the inclusion condition (i.e.,
GroupTerminal:CondInclude:OCPLYes: f = -0.212, SE = 0.062, 2 = -3.399, p < .001). The
same negative effect was attenuated for the Unit group in the inclusion condition if compared
to the other two groups altogether, although the difference did not reach statistical significance
(GroupUnit:CondInclude:OCPLYes: § = 0.057, SE = 0.03, z = 1.9, p = .057). However, the
post-hoc pairwise comparison between the two target groups revealed a significant three-way
interaction term GroupUnit:CondInclude:OCPLYes (f = 0.192, SE = 0.062, z = 3.098, p =
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.002). This could be the supporting evidence for a less negative OCP-L effect for the Unit group

than for the Terminal group in the inclusion condition.

Considering all the individual findings here, we can reach the conclusion that the Terminal
group was more inclined to avoid OCP-L violation across the board in their production,
particularly in the inclusion condition, whereas the Unit group resembled the Control group with

their production outputs less affected by OCP-L violation in both test conditions.

Group x Condition x OCP-L

Exclusion Inclusion

N
1

g 1 Group

8 '\\ —~eo— Control
o — |

o \ —o— Terminal
£

I —o— Unit

N
L

N'o Y:?s Nlo Yés
Constraint Violation

Figure 5: The Group X Condition X OCP-L interaction from the Poisson regression model.

Finally, the negative OCP-Unit effect in Figure 6 also varied by Group and Condition to a
different extent. Crucially, the overall negative effect was not significantly different between
the Control group and the Terminal group (GroupTerminal:OCPUnitYes: § = -0.074, SE =
0.044, z = -1.671, p = .095) but was significantly different between the Unit group and the
other two groups combined (GroupUnit:OCPUnitYes: 3 = -0.214, SE = 0.053, 2 = —4.052,p <
.001). The negative effect was nevertheless stronger in the inclusion condition for the Terminal
group than for the Control group (GroupTerminal:CondInclusion:OCPUnitYes: 3 = -0.254, SE
= 0.044, z = -5.782, p < .001) and stronger for the Unit group than for the other two groups
combined (GroupUnit:CondInclusion:OCPUnitYes: f = -0.222, SE = 0.053, 2 = -4.206, p <
.001). The same post-hoc comparison excluding the Control group pointed to a stronger negative
OCP-Unit effect for the Unit group in the inclusion condition than for the Terminal group
(GroupUnit:CondInclusion:OCPUnitYes: § = -0.206, SE = 0.083, z = -2.48,p = .013).



Altogether, the experimental results of the production task suggested an overall negative
OCP-Unit effect, which was greatest for the Unit group in the inclusion condition. The negative
effect, however, was also reduced to the greatest extent for the Unit group in the exclusion
condition. In other words, the Unit group produced output without violating OCP-Unit more
frequently than the Terminal group did in the inclusion condition. The Unit group nevertheless
also tried harder than the Terminal group to avoid violating OCP-Unit in the exclusion condition.
Unlike the two target groups, the Control group consistently avoided outputs with OCP-Unit

violation across the two conditions.

Group x Condition x OCP-Unit
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Figure 6: The Group X Condition x OCP-Unit interaction from the Poisson regression model.

4.5 Discussion

In Exp II, we investigated the learnability of the three OCP generalizations and assessed the
learning performance in a production task without any auditory interference to free learners from
the influences of acoustic similarities between training and test items. The learning performance
was assessed in an inclusion-exclusion design aiming to objectively measure the qualitative

differences in acquired phonological knowledge.

The results indicated that the OCP-H generalization was learned in an opposite way for the
Control group and the two target groups (Figure 4); whereas the Terminal group and the Unit
group seemed to hold themselves from producing outputs with adjacent Hs, the Control group by

and large preferred to include adjacent Hs in their production of test items. Accordingly, we can
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conclude that the OCP-H generalization was learned by both target groups but not by the Control
group. Crucially, as the negative effect of OCP-H was comparable for both target groups across
the two test sessions, it may be safe to conclude that the learners of the two target groups could
not consciously avoid violating OCP-H in the exclusion condition. Thus, it could be plausibly

assumed that both target groups acquired an implicit OCP-H generalization.

Our analysis of the OCP-L effects distinguished the Terminal group from the other two groups
(Figure 5), as a stronger negative OCP-L effect was consistent across the two test conditions
for the Terminal group. Since the learners of the Terminal group constantly produced outputs
violating OCP-L in the exclusion condition, we could argue that OCP-L was acquired as implicit
knowledge for the Terminal group. The weaker negative OCP-L effect did not differ for the Unit
and the Control groups across the two test conditions. The Unit group thus demonstrated no sign

of learning the OCP-L generalization.

Next, all three groups were sensitive to OCP-Unit violation in different ways (Figure 6).
Outputs violating OCP-Unit were generally avoided by the Control group across the two conditions.
However, since the negative OCP-Unit effect was stronger for the two target groups in the inclusion
condition but substantially weaker in the exclusion condition, the OCP-Unit generalization might
have been acquired as explicit knowledge. Crucially, the between-condition difference in the
negative OCP-Unit effect was more salient for the Unit group than for the Terminal group, which
might suggest the development of a more explicit OCP-Unit generalization for the Unit group.
In our retrospective interview, two participants from each of the two target groups were able to
verbalize the rule accurately (e.g., “identical tones should not be put together”), which partially

supported the explicit nature of the acquired OCP-Unit generalization.

One additional subset of exceptions in Exp II merits further examination, namely the four
rare output tokens with a L-L sequence against the participants’ L1 tonal phonotactics. With these
tokens, one might question whether the inclusion-exclusion task could really tap into implicit
knowledge if the L1 knowledge, which is generally assumed to be implicit, could be violated
in online production. After inspecting these four tokens, we found that they all occurred in
the exclusion condition; two were from the same participant in the Terminal group, and two
participants of the Control group respectively contributed one token. Since the exclusion condition
required participants’ deliberate effort to product outputs that they believed to be different from
the training input, the learners in the task should have recruited their explicit knowledge of the
tonal gaps in the training input, rather than their L1 phonology. It may thus not be surprising
that this conscious process external to participants’ L1 phonology could have allowed them to
produce outputs violating their L1 tonal phonotactics. The occasion was nevertheless extremely
rare, as the automatized L1 phonology would still restrict the learners’ production to a great

extent. Put differently, the four L-L tokens only support the connection between the exclusion



condition and the application of consciously acquired target knowledge, rather than undermine

the conclusions regarding implicitly learned generalizations.

All in all, with Exp II, we provided supporting evidence of the Terminal group learning both
OCP-H and OCP-L as an implicit phonological generalization. Alternatively, the learners of the
Unit group learned OCP-Unit as an explicit generalization and unexpectedly demonstrated the

implicit learning of the OCP-H generalization.

5 General discussion

In this study, we designed two AGL experiments to test if level-based and unit-based tonal
dissimilation are equally learnable as an implicit phonological generalization by exposing three
groups of learners to auditory input with distinct tonal patterns. In Exp I, we tested the learning
performance with a set of novel test items in an acceptability judgment task. In Exp II, learners
were asked to produce novel test items with free combinations of tones. The primary findings for
the two target groups Terminal and Unit are summarized in Table 9. In both AGL experiments,
we consistently found evidence of the learning of OCP-H and OCP-L as an implicit phonological
generalization for both target groups, and OCP-Unit was at best learned as explicit knowledge.
Accordingly, we would conclude that level-based and unit-based OCP patterns are not two
equally learnable implicit phonological generalizations, and learners are expected to favor
the implicit learning of the OCP-Terminal generalization. In §5.1, we will discuss the possible
sources of the learned OCP generalizations and alternative explanations. We then focus on the
theoretical implications of our findings for the proposal of contour tone unit in §5.2. Limitations

and directions for future studies are summarized in §5.3.

Group = Terminal Group = Unit
Exp I OCP-H (implicit) OCP-H (implicit)
Acceptability Judgment
Exp II OCP-H and OCP-L (implicit) | OCP-H (implicit)
Production OCP-Unit (explicit) OCP-Unit (explicit)

Table 9: A summary of the acquired OCP generalization by group in Exp I and Exp IIL

5.1 Possible sources of the learned OCP and anti-OCP generalizations

Two possible primary sources of the OCP generalizations acquired implicitly are explored in this
section, namely grammar induction (e.g., the acquisition of target constraint ranking) or domain-

general statistical learning (e.g., Conway & Christiansen 2006; Walk & Conway 2015). We argue
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that implicit statistical learning cannot be held solely accountable for the implicit learning of
OCP generalizations demonstrated by the two target groups in our experimental findings for two
reasons. First, if the OCP-H patterns were implicitly acquired by the Unit group via statistical
learning of underrepresented tonal patterns due to the absence of H-H and H-HL from the
training input, the OCP-Unit patterns should have been acquired as an implicit generalization as
well. Second, statistical learning may not have an explanation for why only OCP-H was acquired
implicitly by the Terminal group in Exp I since both adjacent Hs and Ls were completely absent

from the training input.

Alternatively, the implicit bias against adjacent Hs across the board for the two target groups
could be explained in a grammatical account, such as the cumulative effects of phonological
markedness in a weight-based constraint model (e.g., Harmonic Grammar; Legendre et al. 1990).
In previous research of phonological tones, H was claimed to be universally more marked than L
(e.g., Maddieson 1978: 342-343; Pulleyblank 1986: 125-127; cf. Hyman 2010). This asymmetry
might be the foundation of why H, rather than L, is deleted in Luba when OCP-H and OCP-L
are violated on both ends of LH (see §2). It also helps account for the higher learnability of the
contour simplification rule retaining L instead of H in the output in Kao’s (2017) AGL study
reviewed in §2. Following this line of reasoning, it is plausible to assume that the markedness
constraint *H may inherently have a higher constraint weight than *L. If this is the case, the sum
of violated constraint weights would be intrinsically higher for OCP-H and *H than for OCP-L
and *L, which gives rise to a stronger bias against di-tonal patterns with adjacent Hs. We will

leave this hypothesis to be tested in future works.?

One may also wonder if L1 phonology plays any role in shaping the implicit knowledge
of OCP-H and OCP-L above, given our use of L1 tones in the training input and an explicit
reference to these L1 tones in the instruction on the production task in Exp II. As we discussed
earlier, learning an AGL is essentially equivalent to learning an L2 for adult participants, in
which the transfer of L1 knowledge might be inevitable. For instance, in Chen’s (2020) AGL
study, a significant effect of L1 phonological neighborhood density on learners’ performance
was discovered for all participant groups. However, as Chen (2020) still found a substantial
difference in the learnability of target tonal phonotactics, the author concluded that the L1
interference may only lead to an underestimation of the difference in learners’ performance,
rather than contribute directly to the difference. Likewise, in the current study, we do not rule
out any possible L1 interference, but we assume that this interference was not a determining
factor that resulted in the significant differences in test performance across the three learner
groups. To explore potential L1 interferences, we could examine the performance of the Control

group exposed only to randomly distributed di-tonal sequences without consistent tonal gaps;

21 Readers are also referred to Breiss (2020) for an AGL study of cumulative effects on phonotactic learning.



any bias demonstrated by the Control group could be partially ascribed to L1 transfer. For
instance, in both AGL experiments, the Control group consistently demonstrated an implicit
anti-OCP-H generalization, which might be resulted from the transfer of L1 statistical knowledge
in addition to the perceptual salience of adjacent Hs (see §3.5). One possibility is that there is
higher type frequency of di-tonal combinations with adjacent Hs in Taiwan Mandarin, and this
statistical trend in the learners’ L1 lexicon was transferred to their judgment and production in
our AGL experiments. To test this hypothesis, we extracted the first 500 top-frequency disyllabic
word entries from the Academic Sinica Spoken Corpus of Taiwan Mandarin (Tseng 2005) and
calculated the number of words with a surface di-tonal pattern violating either OCP-H and OCP-
L. Among the 500 entries, we found 150 violating OCP-H (56 = LH-HL; 22 = LH-H) and only
74 violating OCP-L (30 = HL-LH; 22 = HL-L), an asymmetry that seems to be in line with our
speculation. Assuming the L1 influence is true, the implicit OCP-H generalization acquired by
both target groups further confirms that learners could work against the transferred L1 lexical

trend to learn novel linguistic patterns in AGL settings.

Unlike the implicit OCP generalizations discussed above, the OCP-Unit generalization was
acquired as explicit knowledge by all three learner groups in Exp II. This explicit knowledge may
have arisen from the learners’ metalinguistic knowledge of the tonal labels in their L1, which
then directed their awareness to the lack of di-tonal sequences with identical tones in the training
input. In our experiments, we conducted a retrospective interview with the participants after
they completed the test session to ask them to verbally report the patterns hidden in the training
input. Many of them used the tonal labels such as first tone and second tone to refer to the four
tones in Taiwan Mandarin, which they had learned from formal language education in Taiwan.
Similar descriptions were also used by the participants in our Exp I with no explicit reference to
Taiwan Mandarin in the instructions. Some participants even referred to ping (*}*) and zhe (JX)
labels associated with the historical origins of Chinese tones, presumably because of their
familiarity with Chinese literature. Since tones are transcribed as units with the metalinguistic
tonal labels, it may not be surprising that the metalinguistic knowledge of L1 tones, which is
explicitly “committed to memory through practice and rehearsal” (e.g., Hulstijn 2005; Andringa
& Rebuschat 2015: 188), is also largely unit-based.

5.2 Contour tone unit

The evidence collected in this study runs counter to an implicit and perhaps also grammar-based
OCP generalization that operates on the root node of single tonal constituents, which implies
the redundancy of a unit-based tonal representation. The origin of the debate over whether
tones are phonologically represented as single constituents dates to Pike’s (1948) pioneering
research, which distinguished level-pitch register from gliding-pitch tonal systems. Pike also stated

that gliding is “the basic tonemic unit” in the latter (1948: 8) and “must be treated as unitary
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tonemes and cannot be broken down into end points” (1948: 10). This distinction was further
extended to Pike’s another influential statement that “many of the languages of China appear
to have systems somewhat like this [gliding-pitch tonal system]” (1948: 9; texts in the brackets
are supplied by the author). It has led many researchers to view tones, contours in particular,
in Chinese languages as single phonological units (cf. Woo 1969; Duanmu 1994; Evans 2008).
Although our study did not investigate all tonal processes based on the unit-based model, we
have presented new experimental evidence for rethinking the necessity of positing a unit-based
representation of tones at the level of phonological computation. That said, whether adjacent
terminal level tones could be projected into a single phonological unit at a higher prosodic level
(e.g., Pierrehumbert & Beckman 1988: 86.5.1; Yip 1989: 163-164) awaits further investigation.

There also exists possibilities that terminal level tones could be encoded as a unit in speech
processing or speech planning that does not involve the computation of abstract phonological
identity. For instance, Xu & Wang’s (2001) phonetic study showed that contour tones on a syllable
are produced with a unitary tonal target, which is approximated differently from the same contour
formed by a sequence of level tones across adjacent syllables. They considered this finding to be
the evidence of phonological features like [fall] and [rise] for contour tones (cf. Wang 1967).
However, it might not be surprising that a tonal contour in the same speech planning frame (e.g.,
syllable in Mandarin Chinese) is produced as a whole because its phonetic spell-out relies on the
gradual adjustment of the same set of articulators (e.g., the vocal cords), which might take place
beyond the level of phonological computation (cf. Articulatory Phonology; Browman & Goldstein
1992; et seq.). Likewise, findings from other phonetic studies suggested that pitch contour is a
more salient perceptual cue than pitch height in certain tone languages (e.g., Gandour 1981;
1983; Fon et al. 2004; Xu et al. 2006), which could be viewed as the processing of tonal contours
as a unit. Perceptual salience is nevertheless not direct evidence for a unit-like phonological
representation of tones; further decomposition of tones into discrete units may still occur in

phonological computation after a phonetic fO contour is mapped to a tonal category.

Arguments favoring a unit-based representation of tones also come from studies of speech
errors at the suprasegmental level. In Wan & Jaeger’s (1998) corpus study of speech errors
in Taiwan Mandarin, errors with tonal substitution were found to always involve whole-tone
substitution regardless of whether the target tone is level or contour. This observation was argued
as the evidence of a unit-based representation of contour tones; if contour tones are merely
represented as a sequence of independent level tones, we would have observed errors that involve
the replacement of only one of the level tones or the splitting of a contour tone into separate level
tones, at least in Taiwan Mandarin. Nevertheless, since whole-tone substitution frequently results
in homophones in Taiwan Mandarin due to a small inventory of syllable-tone combinations (e.g.,
[fon® xop'] ‘pink’ vs [fon" xop't] ‘divident’), whole-tone substitution is barely distinguishable

from whole-word substitution. Speech errors might thus have no implication on the phonological



representation and computation of level and contour tones. Even if more solid evidence of whole-
tone substitution is available,?? it could still be that contour tones are encoded and accessed
as chunks (i.e., proximate unit in the sense of Chen et al. (2002) and O’Seaghdha et al. (2010))
for the ease of phonological encoding and more rapid access of syllable-tone combinations in
Taiwan Mandarin. In the end, we might not be able to extrapolate from speech errors during the

encoding process to the abstract representation of tones at the phonological level.

5.3 Limitations and directions for future research

Before closing, we would like to acknowledge a few limitations on our study that will have to
be addressed in future works to draw more insights on the learnability and the implicit nature
of OCP generalizations as well as the phonological representation of tones. In particular, some
may remain dubious as to whether the differences in learnability found in AGL studies can truly
reflect learners’ linguistic competence. After all, the difficulty of learning a target pattern does not
necessarily entail the incompatibility between the pattern and the hardwired implicit linguistic
knowledge. It could be the case that the target pattern is compatible with the implicit knowledge but
is also intrinsically more complex and less transparent. We have partially resolved this ambiguity
by demonstrating separate channels for acquiring the two respective OCP generalizations (i.e.,
implicit/automatized/unconscious vs. explicit/effortful/conscious learning), but more convincing

conclusions could be reached with the following methodological improvements.

First, while we tested our learners with a different set of stimuli in both AGL experiments,
a true poverty-of-the-stimulus design (e.g., Wilson 2006) was not possible and same tones were
used to created training and test items. In other words, we were not able to investigate whether
an acquired phonological generalization could be extended to different members of the same
phonological class. This was in part due to a considerably small number of natural phonological
tonal contrasts (Yip 2002: §2.4-2.5) that are available for creating tonal patterns with different
members of the same phonological classes. On top of it, tone languages hardly exploit all these
tonal contrasts, making it nearly impossible to recruit speakers with all these tonal contrasts
in their native language in a tonal AGL study. Training participants to learn all these tonal
contrasts may be a viable option, but the process may be time-consuming and could provide
extra hints that spoil the purpose of our AGL experiments. Our remedy was thus to incorporate
awareness measures into our experimental design so grammar learning could still be identified

even if the same phonological tones were explicitly reused from the phonological memory. Of

22 In their study of tonal errors in Cantonese, Alderete et al. (2019: 11) proposed that the most unambiguous evidence
for whole-tone substitution could be found in combinations between contour tones and syllables ending in [-p], [-t],
or [-k]. As these syllable-tone combinations are phonotactic illicit in Cantonese, they cannot be instances of whole-
word substitution. With a loose restriction on syllable-tone combinations in Taiwan Mandarin, such evidence of
whole-tone substitution as an independent process may not be available at all.
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course, future works may need to adopt additional objective awareness measures (e.g., Suzuki
2017; Maie & DeKeyser 2020) to validate and replicate the implicit and explicit learning of OCP

generalizations observed in this study.

Second, a better comparison of the learnability of OCP generalizations with qualitatively
similar training inputs will be necessary. In our experiments, the accidental gaps incorporated
into the training input for the Unit group could have accidentally established a more complicated
learning setting. The end result could have been a negative effect on learning performance that
was not able to be identified with our experimental design or result analyses. One possible change
is to limit the comparison to the OCP-H and OCP-Unit generalizations for an equal number of

systematic gaps and accidental gaps to be included in the training input.

Third, a follow-up study may have to tease apart the learnability driven by phonetical
naturalness from that motivated by phonological computability. In our study, we removed
di-tonal sequences HL-L, LH-H, HL-LH, and LH-HL from the training input for the Terminal group.
The absence of HL-L and LH-H may have triggered the learning of a constraint phonetically
based on tonal absorption (e.g., Hyman 2007) in addition to the OCP generalizations implied in
these gaps. To better estimate the net effect of OCP, the influence of tonal absorption should be
subtracted from the learning performance. This could be done with another Absorption group
exposed to training input only with di-tonal gaps linked to the learning of tonal absorption. The
similarity in the learning performance of the Absorption and Terminal groups would thus be

informative in terms of evaluating the net effect of OCP-Terminal violation.

Finally, the results in our Exp II could not be analyzed with mixed-effects modeling for
more conservative estimates due to a lower number of participants per group. Accordingly, the
significant main effects and interactions, albeit largely consistent with those found in Exp I, still

warrant replication in large-scale studies.

6 Concluding remarks

In the current study, we revisited a long-standing debate over the necessity to analyze tonal OCP
in a unit-based model that represents level and contour tones as single constituents. As a rare
attempt to experimentally investigate the issue in two AGL experiments, we found no supporting
evidence of a learnable, unit-based implicit generalization of OCP-Unit. Consequently, it may
become more cautious to assume a unit-based representation of phonological tones. This conclusion
was made based on the experimental designs that covered both perception and production with
methodological improvements taking learners’ awareness into account. The findings of this study
are expected to initiate a more extensive examination of the evidence in experimental works,

which are desperately needed to continue the exploration of the phonological knowledge of tones.
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