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Whether non-human animals have an ability to learn and process center
embedding, a core property of human language syntax, is still debated.
Artificial-grammar learning (AGL) has been used to compare humans and
animals in the learning of center embedding. However, up until now, human
participants have only included adults, and data on children, who are the
key players of natural language acquisition, are lacking. We created a novel
game-like experimental paradigm combining the go/no-go procedure often
used in animal research with the stepwise learning methods found effective
in human adults’ center-embedding learning. Here we report that some
children succeeded in learning a semantics-free artificial grammar with
center embedding (A’B* grammar) in the auditory modality. Although their
success rate was lower than adults’, the successful children looked as
efficient learners as adults. Where children struggled, their memory capacity
seemed to have limited their AGL performance.
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1. Introduction

Language is one of the cognitive abilities that set humans and other animals apart.
Therefore, theoretical inquiry into the nature of human language naturally has
some biological significance (Jenkins 2000). Recent experimental studies show an
even stronger flavor of biological make-up than previous theoretical linguistic
studies, by directly comparing humans and animals or by studying animals’
language learning ability (Abe and Watanabe 2011, Fitch and Hauser 2004,
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Gentner et al. 2006, Perruchet and Rey 2005, van Heijningen et al. 2009). These
biolinguistic comparisons make use of artificial grammars, that is, very simple
grammars artificially created for research purposes which can generate sentences
by combining (often meaningless) words in a specific way. Artificial-grammar
learning (AGL) has been used to study certain aspects of language learning in
humans in a controlled way (Brooks et al. 1993, Knowlton and Squire 1996,
Marcus et al. 1999, Morgan and Newport 1981, Reber 1967, Reber and Allen 1978).
AGL paradigms have also been extended to study non-human animals’ ability to
learn some aspects of human language or other cognition (Gentner et al. 2006,
Herman et al. 1984, Murphy et al. 2008, Rey et al. 2012, Savage-Rumbaugh et al.
1983).

The seminal work by Fitch and Hauser (2004) set the stage for a new trend
of AGL. They asked whether the ability to learn a “context-free grammar” (or a
phrase structure grammar in their terminology) was present in non-human
primates (cotton-top tamarins). To properly characterize human-language
sentences, we need context-free grammars (or grammars with more generative
power such as context-sensitive grammars) (Chomsky 1957). In contrast, the
description of natural behaviors of non-human animals seems to require only
“finite-state grammars” (Fitch and Hauser 2004) or at best “the renewal process”
(Kershenbaum et al. 2014), which have less generative power than context-free
grammars. Both context-free grammars and finite-state grammars can generate
surface strings such as “flying airplanes”. In a native speaker’s mind, however,
such strings are represented as being hierarchically organized into units of
phrases, as in [vp flying [airplanes]] or [xr [flying] airplanes]. Context-free
grammars, being able to generate phrase markers, can capture this hierarchical
nature of human language, while finite-state grammars cannot. Neither can the
renewal process, which is characterized by a strong tendency to repeat elements
and has properties somewhat between finite-state grammars and context-free
grammars (Kershenbaum et al. 2014). Fitch and Hauser (2004) created two types
of simple, meaningless artificial grammars, an A"B" grammar and an (AB)"
grammar, which they claimed had properties of a context-free grammar and a
finite-state grammar, respectively.

Many AGL studies that followed used an A"B" grammar (or both of the
above grammars) (Abe and Watanabe 2011, Bahlmann et al. 2006, Bahlmann et al.
2008, de Vries et al. 2008, Fedor et al. 2012, Friederici et al. 2006, Gentner et al.
2006, Hochmann et al. 2008, Lai and Poletiek 2011, Mueller et al. 2010, Perruchet
and Rey 2005, Rey et al. 2012, Udden et al. 2012, van Heijningen et al. 2009). An
ArB" grammar generates strings such as AB, AABB, and AAABBB, with A’s and
B’s being represented by artificial words (in many cases, meaningless syllables).
At the level of phrasal markers, these strings can be represented as [AB], [A [AB]
B], and [A [A [AB] B] B], respectively. The latter two of these exemplify center
embedding, which is sometimes said to be a hallmark of human language (for an
opposing view, see Frank and Bod 2011). It is well known that center-embedding
structure seen in a sentence such as “The boy [the girl liked] smiled” cannot be
generated by finite-state grammars (Chomsky 1957; for a counterargument, see
Christiansen and Chater 1999). So far, about 20 experiments using an A"B"
grammar have been reported, which studied humans’ and non-human animals’
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learning of center embedding in an AGL paradigm (for a review, see Ojima and
Okanoya 2014).

One critical problem of this line of research is that it is still unclear whether
we can generalize the previous findings from human adult participants to human
children, due to the lack of data. Human adults have high domain-general
cognitive abilities as well as more domain-specific linguistic abilities. They may
use both to carry out an AGL task, making it difficult to assess whether their
success in AGL is attributable to the former, the latter, or both. Children’s abilities
are asymmetric in this respect; their domain-general cognitive abilities are not as
high as those of adults, whereas they are more successful in language learning in
the long run. To assess humans’ abilities in AGL and compare them with other
animals, we need data from both adults and children. Also, natural language
acquisition takes place during childhood. It is children, not adults, who are the
key players in humans’ first language acquisition. This simple fact has been
respected in other lines of AGL research, with many AGL experiments conducted
on children as well as on adults (Braine 1963, Braine et al. 1990, Brooks et al. 1993,
Saffran 2001, Saffran 2002), but the past A"B" studies have not tested human
children. One recent brain-imaging study on infants (Winkler et al. 2018) used a
mirror grammar which produced mirror sequences of pure tones such as A-B-C-
B-A (1200Hz-1900Hz-1500Hz-1900Hz-1200Hz) and reported that infants’
brain activity was sensitive to violations of regularities in such sequences. A
mirror grammar is similar but not identical to an A"B" grammar (ABBA vs.
AA,B,B,). For example, in mirror sequences of pure tones, the first A (ABCBA) is
paired with the second A (ABCBA) which is exactly the same pure tone as the first
A, while in A"B" sequences of syllables, each A syllable is paired with a B syllable
that is different from the A syllable itself. In the present study, we tried to provide
data on children’s learning of an A"B" grammar.

Here, we propose a unified experimental paradigm that could be used to
test not only human adults and children but also other animals. The results of past
A"B" studies have often been used to compare humans and other animals, but the
experimental methodologies have been independently developed across human
and animal studies and thus greatly differ. For example, the training of birds in
AGL studies typically involves rewards and punishments (Gentner et al. 2006,
van Heijningen et al. 2009), while humans” AGL does not (Bahlmann et al. 2008,
Lai and Poletiek 2011). In the context of comparative cognitive studies, it is ideal
that we use experimental paradigms that can be directly applied to many study
subjects, including not only human adults and children but also non-human
animals. Hence as a secondary aim of this study, we aimed to design an
experimental paradigm that is applicable not only to human adults but also to
children and other animals. We implemented the learning of an A"B" grammar in
a go/no-go paradigm, which is often used to experimentally study non-human
animals, with extensions towards future animal studies in mind.

Using this go/no-go paradigm, we ask two research questions. First, we ask
whether the learning of a semantics-free artificial A"B" grammar is possible at all
in human children. In other words, we ask whether there are any children who
can succeed in this type of learning. In doing so, we target children in an age range
such that they can be assumed to have a syntactic ability for center embedding in
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their mother tongue, because the previous A"B" studies on human participants all
targeted adults, who we can assume have a well-developed capacity for center
embedding in their first languages. Native Japanese-speaking children aged 5 to
6 have a syntactic ability for center embedding, which is exemplified in
grammatical constructions such as the embedding of complement clauses and
adverbial clauses in Japanese (Kamio and Harada 1983). Hence, we targeted
Japanese children who were 5 years of age or older, assuming that they had a basic
syntactic ability for center embedding in their mother tongue. It is a different
matter, however, whether they can master an artificial A"B" grammar without the
aid of semantics. Past research (Fedor et al. 2012) has suggested that if there is no
semantic information available, the learning of an A"B" grammar can be difficult
even for adults. In the type of AGL paradigms we are adopting here, no semantic
cues are available unlike in natural languages, which might make the learning
and processing of center embedding even more difficult. Hence, we should first
ask whether any child could ever succeed in our AGL task.

Expecting an affirmative answer to the first question, we secondly ask
whether children’s learning is more successful and efficient or less so than adults’
(for definitions of success and efficiency, see Section 2.5). “Critical-period effects”
or the long-term effects of age of immigration on the ultimate attainment of L2
(second language) morphosyntactic proficiency in immigrants are well known
(DeKeyser 2000, Johnson and Newport 1989). These effects are such that
naturalistic child L2 acquisition is more successful than adult L2 or foreign-
language learning. Although these long-term effects are not directly relevant to
our short-term AGL study, one electrophysiological comparison between infants
and adults in the learning of an artificial “AXB” grammar (Mueller et al. 2012) also
reports that adults were less successful than infants in learning non-adjacent
dependencies. A follow-up study using the same paradigm has additionally
reported that the learning of this AXB grammar is more difficult for 4-year-olds
than for 2-year-olds (Mueller et al. 2019). The A"B" grammar used in the current
study also generates non-adjacent dependencies. Hence one may expect that
adults will be less successful in learning our A"B" grammar than children.

In contrast, short-term studies report adults’ and older children’s
superiority to younger children. In the learning of English as a foreign language,
the higher the Spanish-speaking leaner’s age was, the faster their morpho-
syntactic learning was (Mufioz 2006). In an AGL study, none of the youngest
children (8-year-olds) succeeded in learning an artificial morphological rule,
whereas adults and older children (12-year-olds) did (Ferman and Karni 2010).
Moreover, adults were faster in learning than older children. In another AGL
study, adults were more successful than children, achieving higher discrimination
accuracy for predictive dependencies (Saffran 2001). These studies lead one to
predict that adults will be more successful and more efficient (faster) in our AGL
paradigm than children, which is completely the opposite of the earlier
prediction. Our study was designed to provide further empirical evidence
regarding the learning differences between adults and children.

In the experiment, we used a minimal A"B" grammar, perhaps the simplest
one we could think of for our purposes, considering the previous observations
that the learning of an A"B" grammar is very difficult for human adults (as
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summarized in Ojima and Okanoya 2014) and the possibility that it is even more
difficult for children. Hence our minimal A"B" grammar generated sentences only
up to one level of embedding (AABB, but not AAABBB; Mueller et al. 2010) and
used only four AB pairs.

To make children’s learning of our A"B" grammar possible and easy, we not
only followed but also extended the “starting small” procedure, which has been
proven to be necessary for human participants to learn an A"B" grammar (Lai and
Poletiek 2011). In this procedure, simple AB pairs without embedding, or 0-LoE
(zero level of embedding) items, are learned first, that is, before AABB strings (1-
LoE items) are presented. We extended this procedure and included cABc and
AccB stages between the AB stage and the AABB stage. Also, the size of
vocabulary was restricted to the bare minimum initially, to reduce the burden of
lexical learning. Only at a later stage was the vocabulary size increased to generate
a large set of novel sentences. By having these multiple graded stages, we could
lead some children to the mastery of our A"B" grammar.

2. Materials and Methods

We tested human children aged 5 to 12, as well as adults, in the learning of a
semantics-free A"B" grammar presented in the auditory modality. In particular,
we asked whether the participants could extract the rules of center embedding
from input sentences and apply them to new contexts. This study was approved
by the ethics committee on experimental research involving humans of the
Graduate School of Arts and Sciences at the University of Tokyo. Additional
information on the methods can be found in Appendix A.

2.1. Participants

We analyze data from 38 participants. Half of them were young adults, and the
other half children (n=19 in each group). The young adults (12 male) were
students from four universities and were 20.5 years old on average (range 18.6—
23.0, SD = 1.27). The children (8 boys) were 9.0 years of age on average (range 5.4—
12.5, SD = 1.76), and most of them were primary school pupils. This wide age
range was chosen to pinpoint the lowest age at which the learning of a semantics-
free A’B? grammar is possible in our learning paradigm. All participants were
healthy native speakers of Japanese and had never been diagnosed with any
auditory, neurological, developmental, learning, or linguistic disorder. They were
all right-handed, except for one child, who was left-handed (mean handedness
quotient, 0.98 for adults, 0.91 for children; where 1 = completely right-handed and
—1 = completely left-handed; Oldfield 1971). We obtained written informed
consent from all adult participants and the parents of all child participants. The
children who had entered primary school provided written informed assent.

2.2.  Stimuli

We created an A’B? grammar, with meaningless syllables in Japanese as words
(words in the sense that the grammar put them together to make sentences, but
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they were meaningless). “A” and “B” are the two main grammatical categories in
our grammar. These categories are locational; A-category words always appear in
the first half of the sentence, and B-category words always appear in the second
half. “Words” in this grammar were all one syllable long. Four syllables (zo, re,
ra, so) were designated as A words, and four other syllables (pi, bo, pa, nu) as B
words. An additional syllable (kyu) was used as the sole c-category word. The
mean duration of these syllables was 167.0ms (SD = 22.0ms). The A?B? grammar
generated the following four sentence types: AB,, cAB.c, A.ccB,, and AA,B,B..
AB sentences were employed because it has been known that human adults’
learning of an A"B" grammar is very difficult (or impossible in some cases)
without AB strings having been learned beforehand (Lai and Poletiek 2011). In
addition, we included cABc and AccB sentences, because their presence helped
children analyze the internal structure of AABB sentences in the preliminary
experiments.

Both grammatical and ungrammatical sentences were given as stimuli
(Table 1). Ungrammatical sentences for the AB sentence type had the wrong pair
of A and B (A,B,). This was also the case in ungrammatical sentences for the cABc
and AccB sentence types (cA,Byc, A.ccB,). For the AABB sentence type, there were
three types of ungrammaticality: single, swapped, and repetition. First,
ungrammatical sentences of the single violation type had either the inner AB pair
or the outer AB pair wrong (AA,B,B, or A,A;B,B,). Second, those of the swapped
violation type had the two original Bs swapped (A A,B,B,). Lastly, those of the
repetition violation type had a repetition of the same A followed by a repetition
of the same B that was not paired with that A (AAB,B,). In the literature, there
has been a concern that grammatical and ungrammatical A"B" strings can be
discriminated by detecting repetitions (de Vries et al. 2008). Our stimuli cannot be
discriminated accurately by this strategy alone, because both grammatical and
ungrammatical stimuli contained repetitions.

We chose to present sentences in the auditory modality, because it was
unlikely that all the child participants had fully acquired reading, to the level of
adults. This choice made our study rare among the A"B" studies, a majority of
which used visual presentation. Another study which used the auditory modality
(Mueller et al. 2010) asked the participants to actively search for rules, whereas
the present study did not. We used a speech synthesizer (AI Talk, Al Inc., Tokyo)
to obtain audio files of the words spoken in a female voice. When these audio files
were combined to obtain sentences, pauses of two different lengths were inserted.
Short pauses of 40ms were inserted between the members of an adjacent pair,
whereas long pauses of 480 ms were inserted at boundaries of embedding. If we
indicate a short pause by _ and a long pause by __, we can express the positions
of these pauses for each sentence type as in the following: A_B, c_ A B_ ¢
A__c_c_B,and A__A_B_ B. Upon deciding these pause durations, we referred
to Condition 4 of Mueller et al. (2010) and emphasized the central embedding in
a similar way.
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Stage Stimulus type Go stimuli No-go stimuli
1 First AB z0—pi, re-bo zo-bo, re-pi
2 cABc kyu-zo—pi-kyu, kyu- kyu-zo-bo-kyu, kyu-re-pi-kyu
re-bo—kyu
3 AccB zo—kyu-kyu—pi, re- zo—kyu—-kyu-bo, re-kyu-kyu-—pi
kyu-kyu-bo
4 First AABB Z0—z0—pi—pi, zo-re-bo—-  zo-zo—pi-bo, zo—zo-bo-bo, zo-re—
pi, re-re-bo-bo, re-zo- pi—bo, re-zo—pi-pi, re-zo—-bo-bo,
pi-bo re-re—pi—-bo
5 Probe AABB (Same as above) 70—z0—bo—pi, zo—re—pi—pi, zo-re—
bo-bo, re-zo-bo—pi, re-re—pi—pi, re—
re-bo—pi
6 Second AB so-nu, ra— SO—111, Ta—nu
7 Second AABB SO—SO—Nu—Nll, SO—1a— SO—SO—Nu—)11, SO—SO—/(—Nll, SO—S0—
—nu, ra—ra—pa—pa, —111, SO—Ta—nu—Nu, SO—ra—1i—11,
—SO—Nu— SO—ra—pa—pu, —-so—nu—-nu, —SO—
—11l, TA=S0—]i—Da, Ta—ra—nu—1il,
—ra=nu—=pa, ra—ra—pa—niu
8 All AB z0—pi, re-bo, so-nu, ra—  zo-bo, zo—nu, zo— 1, re—pi, re-ni,
re—1, SO—pi, so—bo, so—pu, ra—pi, ra—
bo, ra—nu
9 All AABB 70—z0—pi—pi, zo-re-bo—  zo-zo-bo-bo, zo—zo—nu—-nu, zo-zo—

pi, zo—so—nu-pi, zo—ra—
—pi, & 12 others

-1, zo—re—pi—bo, zo-re-bo-n,
zo—-re-bo— 11, zo-re-nu—pi, zo-re—

—pi, zo—so—pi-nu, zo—so—bo—pi,
z0—-s0-nu-bo, Zzo—so—Nu—/11, ZO—-S0—
—pi, zo—ra—pi—pu, zo—ra—bo—pi,
Zo—ra—nu—pi, zo—ra—pa—bo, zo—ra—

—-nu, & 54 others

Table 1: Stimuli in Language 1. Syllables coded in the same color constitute a valid pair; for
example, the pair zo-pi, in red, is a grammatical sentence in Language 1, while the pair zo-bo, in
red and blue, is not.

2.3. Stages

The AGL session consisted of multiple stages (Stage 1 to 9). Briefly, the complexity
of the stimuli gradually increased from Stage 1 to 4 (AB — cABc — AccB —
AABB), making it easier for participants to induce the center-embedding structure
of AABB at Stage 4. Stage 5 checked the possibility that participants memorized
ungrammatical sentences at Stage 4, without analyzing the internal structure of
grammatical sentences (it is known in animal research that non-human animals
sometimes focus on no-go stimuli only, to avoid punishments). Stage 6 presented
new AB stimuli, which were different from Stage 1. At Stage 7, AABB stimuli
created from these new AB stimuli were presented, to see if participants could
apply the rule of center embedding learned at Stage 4 to new items straight away.
Stage 8 looked at whether participants could handle four AB pairs (from Stages 1
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and 6) simultaneously. Finally, at Stage 9 stimuli at full complexity (AABB created
from all four AB pairs) were presented. At each stage, grammatical sentences
(“go” stimuli) and ungrammatical sentences (“no-go” stimuli) were presented
pseudo-randomly, each occupying 50% of the trials. No more than three
sentences of the same grammaticality appeared in a row. Repetition of the same
sentence in a row was restricted to twice.

One stage moved on to the next, when participants reached the accuracy
criterion of 90 % and underwent the minimum number of trials set specifically for
that stage. The accuracy was calculated from the most recent 20 trials. The 90 %
accuracy criterion was adopted from Bahlmann et al. (2008) and Fedor et al.
(2012), from which we also adopted some other methodological details. To ensure
that we could compare children and adults, we chose the same accuracy criterion
for children.

2.3.1. Stage 0: Practice

Participants were familiarized with the go/no-go procedure and the ways of
responding at Stage 0, before engaging in AGL which started from Stage 1. At
Stage 0, the Japanese words corresponding to “push” and “not push” were
presented. After hearing “push”, they touched the red button. After hearing “not
push”, they practiced refraining from touching the red button. After this initial
familiarization, participants were given further practice trials with non-linguistic
sounds, to get used to the system more. A pure tone was used as a go stimulus,
and a white noise as a no-go stimulus.

2.3.2. Stages 1-3: First AB, cABc, AccB

At Stage 1, AB pairs were used as stimuli. There were only two go stimuli (AB.:
e.g., zo—pi) and only two no-go stimuli (A,B,: e.g., zo-bo; see Table 1). At Stage 2,
the same AB pairs as Stage 1 were embedded between two ¢’s, as in cABc (e.g.,
kyu-zo—pi-kyu). At Stage 3, the same AB pairs as Stages 1 and 2 continued to be
used but were separated by two c’s, as in AccB (e.g., zo—kyu-kyu—pi).

2.3.3. Stage 4: First AABB

The same two AB pairs as in the previous stages were used to create center-
embedded AABB strings (AA,B,B,: e.g., zo-re-bo-pi). The three types of
ungrammatical AABB strings, namely, single (A A,B,B,: e.g., zo-re-bo-bo),
swapped (AA,B,B,: e.g., zo-re—pi-bo), and repetition (A,A,B,B,: e.g., zo—zo-bo—
bo), were presented at a ratio of 4:1:1. We had a larger number of single violations
than swapped and repetition violations simply because no other combinations of
A and B were possible for swapped and repetition types, given only two AB pairs.

2.3.4. Stage 5: Probe AABB

Novel ungrammatical AABB sentences were presented, with the four grammatical
stimuli being the same as the previous stage. This was done to test the possibility
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that at Stage 4 (First AABB), participants would focus only on no-go stimuli
without learning the internal structure of go stimuli. If so, they would not be able
to accurately classify novel no-go stimuli when all the familiar no-go stimuli were
replaced with novel ones. Single, swapped, and repetition violations were
presented at a ratio of 4:1:1, as at the previous stage. This stage finished regardless
of the participant’s accuracy when they had undergone 24 trials.

2.3.5. Stage 6: Second AB

Two new AB pairs were presented. We had two grammatical AB strings (e.g., SO—
nu) and two ungrammatical AB strings (e.g., so—pa).

2.3.6. Stage 7: Second AABB

AABB sentences (e.g., so-ra—pa—nu) were presented, which were created from the
AB pairs introduced at the previous stage. Single, swapped, and repetition
violations were presented at a ratio of 4:1:1.

2.3.7. Stage 8: All AB

All AB pairs that had appeared previously were used. The go stimuli were the
same as in Stages 1 and 6 (First AB and Second AB) (e.g., zo—pi), but many novel
no-go stimuli (e.g., zo—nu) were used.

2.3.8. Stage 9: All AABB

This stage presented AABB sentences created from all four AB pairs (e.g., zo—so—
nu-pi). Single, swapped, and repetition violations were presented at a ratio of
2:1:1. With four AB pairs available, we could eliminate entirely, from the pool of
ungrammatical stimuli, AABB strings which repeated the same A but used two
different B’s (A A.B,By: e.g., zo—zo—pi-bo) and those which repeated the same B
after two different A’s (AA,B,B,: e.g., zo-re-bo-bo). Such ungrammatical
sentences, which were a subset of single violations and were used at the other
AABB stages, could be detected relatively easily by focusing on repetitions. By
excluding this type of strings from the pool of ungrammatical stimuli, and by
including repetition violations (A A,B,B,: e.g., zo—zo-bo—bo), we ensured that the
repetition counting strategy would not work at all (there were 96 grammatical and
96 ungrammatical sentences, and repetitions were contained in 24 sentences of
each of these two types).

2.4. Procedure

Each participant was tested individually in a sound-proof room. A laptop
computer with a touch-sensitive display controlled the presentation of auditory
stimuli (sentences) and visual stimuli (scrambled pictures) and recorded the
participant’s behavioral responses, that is, touches on the display (Figure 1a).
Touching was adopted as the mode of responding because non-human primates
can easily do it and songbirds can produce a similar behavior, that is, pecking.
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Trial n+1 Correct rejection

Figure 1: The image unscrambling task. (a) A child participant doing the task on a touch- sensitive
display. (b) How a scrambled image got unscrambled as a reward or got scrambled further as a
punishment. (c) A schematic description of the go/no-go procedure.

We employed a game-like task of unscrambling scrambled images. The
computer displayed a scrambled picture on the left-hand side throughout the
experiment. A green rectangle, which acted as a button, was shown on the right-
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hand side. Touching the green button initiated a trial, which proceeded as follows.
First, the green button disappeared. Eight hundred milliseconds later, an auditory
stimulus (spoken sentence) was delivered. Upon the offset of the auditory
stimulus, a red button appeared to the right of the original position of the green
button. The red button remained on the display for a specific length of time, which
was pre-determined for each stage (see below). While the red button was on,
participants could touch it to indicate a “go” response. If they did not touch the
red button, it was considered a “no-go” response. Grammatical stimuli required
a “go” response, and ungrammatical ones required a “no-go” response. By
touching or not touching the red button, participants tried to unscramble the
scrambled picture (Figure 1b), which was the main task that they were overtly
asked to do. After one scrambled image had gotten completely unscrambled,
another scrambled image appeared. Our go/no-go procedure is schematized in
Figure Ic.

We varied the duration of the red button depending on the length of the
stimuli at that stage. The duration of the red button was 2s for Stages 1, 2, 6, and
8 which presented AB strings and cABc strings, 3s for Stage 3 which presented
AccB strings, and 4s at Stages 4, 5, 7, and 9 which presented AABB strings. For
more details about the go/no-go procedure see Appendix A.

There was a special procedure for Stage 1 (First AB). We needed to make
certain that all participants were fully familiarized to the two grammatical AB
pairs and became able to distinguish them from the ungrammatical ones. Loss of
participants at this very first stage meant that we could not use their data at all to
study the learning of center embedding, which was the primary aim of this study.
However, preliminary experiments (whose data are not included here) had
shown that the learning of two AB pairs from scratch was fairly difficult for some
children; in some cases, no improvement was observed after an hour of training.
To be able to test enough participants in the learning of center embedding in the
main experiment, we made sure, in two ways, that all participants would learn
the correct AB pairs at Stage 1. First, we simply let the participant try the task in
the same way as the other stages. Second, as a last resort, if the participant (child
or adult) could not discriminate between stimuli at all after 30 trials, we gave them
a hint (“Some of these sounds are correct”) or explicitly asked to focus on the two
correct stimuli (“Why don’t you remember this and this?”). One adult and nine
children received this assistance. This way, we had all participants go to the next
stage. The data of Stage 1 after 30 trials is hence contaminated in a sense and
should not be taken at face value. Meaningful comparisons between adults and
children begin at Stage 2.

2.5. Analysis

We analyzed participants’ success rates and efficiency of AGL. In the experiment,
participants proceeded to the next stage only if they had reached the accuracy
criterion. The most obvious evidence for the mastery of our A?B? grammar is that
they cleared all the stages. Hence, we statistically compared the adults and
children in their success rates, or more precisely, in the numbers of individuals
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who had succeeded in clearing all stages and those who had failed, by means of
the chi-square test or Fisher’s exact test (Sections 3.1 and 3.2).

Further, we assessed participants’ efficiency of AGL, that is, how quickly
they became able to discriminate between grammatical and ungrammatical
stimuli, using two measures, which concern the first and the last part of each
stage, respectively. Firstly, we analyzed the accuracy of the first 20 trials at each
stage (Section 3.3). Because the accuracy was calculated from the most recent 20
trials, all participants had at least 20 data points at each stage but not necessarily
any more. We separated those 20 trials into the first 10 trials and the second 10
trials and compared the two groups by means of the analysis of variance
(ANOVA) with Group as a between-subject factor and Phase (first 10 vs. second
10 trials) as a within-subject factor. The dependent variable used as a measure of
accuracy here was the percentage of accurate responses in the first or second 10
trials; a response was accurate if it was a go response to a go stimulus or a no-go
response to a no-go stimulus. For each stage, this analysis included all participants
who had undergone that stage whether they had succeeded or failed in clearing
it. Secondly, we analyzed the number of trials that each participant had needed to
finally reach the accuracy criterion of 90 % (Section 3.4). In most cases, this variable
was not normally distributed, which led us to use Mann-Whitney’s U test to
compare the two groups. This analysis excluded the participants who had not
reached the accuracy criterion at a given stage (contra Fedor et al. 2012).

Where necessary, we did some additional statistical analyses that were
appropriate for the data.

3. Results
3.1. Qwerall Success Rates

A majority of the adult participants (16 out of 19) cleared all the stages including
the last stage (All AABB stage) where many novel stimuli were presented, and
thus demonstrated that they had learned our A?B? grammar (Figure 2). We also
found five children who had succeeded in clearing all the stages. The youngest of
these five children was 7.56 years of age. The success rate of the child participants
was significantly lower than that of the adults (5/19 vs. 16/19, X*(1) =129, p <
.001). Hence, the overall success rates suggest that as long as our A?B? grammar is
concerned, adults” AGL is more successful than children’s. We will look closely at
each stage of our AGL task below.

3.2. Stages
3.2.1. Stage 0: Practice

All adult and child participants reached the 90 % accuracy criterion and succeeded
in clearing this stage easily, suggesting that our go/no-go paradigm and response
inhibition required therein were not serious problems for the child participants.!

1 Both groups performed accurately from the beginning (accuracy in the first 20 trials: 92.4 %
for adults and 93.5 % for children, t <1).
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Figure 2: Number of participants who succeeded and those who failed at each stage (St = stage). Only
the participants who succeeded in reaching the 90 % accuracy criterion at a given stage proceeded to
the next stage.
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3.2.2. Stages 1-3: First AB, cABc, and AccB

After having successfully learned the first two pairs of AB at Stage 1, both adults
and children easily extended this knowledge to the cABc sentences at Stage 2 (for
accuracies of the first 20 trials at each stage, see Figure 3 below). However, at the
AccB stage (Stage 3), one child participant failed in reaching the accuracy criterion
of 90 %, being unable to apply the knowledge of the first AB to a non-adjacent
context. She was the youngest participant (5.4 years old). Hence 18 of the original
19 children proceeded to Stage 4.

3.2.3. Stage 4: First AABB

A notable difference between adults and children was observed at this stage.
Seventeen of the original 19 adult participants cleared this stage. One of the two
who failed was the slowest adult at the First AB stage (Stage 1); it seems that this
individual was poor at finding any kind of pattern across the board. Besides that,
we did not notice anything special about these two participants. Among the 18
child participants, 10 succeeded and 8 failed. The success rate was significantly
lower in children than in adults (p = .029 by Fisher’s exact test, two-tailed, which
was used in place of the chi-square test due to the small number of adults who
had failed). About half of the children (9 in total) left our AGL paradigm without
showing evidence for the learning of our A’B? grammar.>

Here we further asked whether the participants had initially held the
hypothesis that AABB strings were crossed (A A,B.By), rather than center-
embedded or nested (AA,B,B,). That would have resulted in the participants
misinterpreting the swapped violations (A.A,B.B,) as grammatical and the
accuracies for them being lower than the other types of stimuli. This possibility
was not supported by the data, in either the adults (accuracy for single violations
66.7 % +20.0, swapped 70.5 % + 20.4, repetition 75.9 % + 17.3, mean + SD, based on
all trials) or in the children (single 58.6 % + 14.4, swapped 62.6 % + 19.2, repetition
74.0 % £ 20.0). This tendency remains similar even if we restrict the analysis to the
children who failed in clearing this stage (single 49.2% =+ 10.6, swapped 63.0%
+21.4, repetition 70.7 % + 18.9). Hence, we did not obtain clear evidence that the
participants had had the “crossed” hypothesis.

However, it was not the case that the participants had treated all types of
stimuli equally. A repeated-measures ANOVA with Grammaticality as a within-
subject factor and Group as a between-subject factor revealed that grammatical
stimuli were judged more accurately (83.4 %) than ungrammatical ones (66.7 %),
regardless of Group (Grammaticality, F(1, 35) = 24.9, p < .001; Grammaticality x
Group, F < 1; Group, F(1, 35) = 2.58, p = .117; accuracies calculated from all trials).
In the participants who experienced five or more examples for all of the three

2 Among the 18 children who underwent the First AABB stage, eight had been given assistance
at the First AB stage (Stage 1). Four of them cleared the First AABB stage, whereas the other
four failed. This ratio was similar to the children who had not been given help at the First
AB stage; six of them cleared the First AABB stage, while the remaining four failed. Hence
about 50 % of the children could not clear the First AABB stage whether or not they had
received help at the First AB stage.
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types of violations (single, swapped, repetition), a repeated-measures ANOVA
showed a significant main effect of Ungrammaticality Type (three levels, F(2,
28)=9.62, p =.001). Bonferroni-corrected multiple comparisons revealed that
repetition violations had been judged significantly more accurately than single
violations (p =.002).

Single violations, or the most difficult violations as shown above, had a
mismatch in either the inner or outer AB pair. To see whether this factor (inner vs.
outer) had any effects, a repeated-measures ANOVA was run on the accuracies of
single violations, with Side (inner vs. outer) as a within-subject variable and
Group (children vs. adults) as a between-subject variable. Neither the main effects
nor the interaction reached significance (all p’s > .1; accuracies, inner 51.1 % + 21.1
vs. outer 59.2% + 19.7 in adults; inner 52.2% + 24.6 vs. outer 62.3% =+ 19.0 in
children; data from participants who had 5 or more trials for both types), although
mismatches in inner pairs were numerically less accurate.

3.2.4. Stage 5: Probe AABB

Upon encountering novel no-go stimuli, the adult participants continued accurate
discrimination (mean accuracy + SD, 93.6 % + 12.0), suggesting that they had not
relied on the rote memorization of no-go stimuli at the First AABB stage.
Similarly, the children who had reached the accuracy criterion of 90% at Stage 4
(First AABB) could discriminate the familiar go stimuli and the novel no-go
stimuli accurately (83.3% + 12.3) and did not differ significantly from the adults
(t(17) =1.63, p=.122).2 Since this stage contained only 24 trials and ended
regardless of the accuracy, it is not included in the analyses presented below
(accuracy in the first 20 trials in Section 3.3 and number of trials needed to clear a
stage in Section 3.4).

3.2.5. Stages 6 and 7: Second AB and Second AABB

In both groups of participants, all individuals (17 adults and 10 children)
succeeded in learning the second AB pairs, at the Second AB stage. If participants
had learned the rule of embedding at the First AABB stage, then they would be
able to apply this rule to novel AABB strings made from new AB pairs, at the
Second AABB stage. All adult participants responded in accordance with this
prediction. Eight of the 10 child participants did so, too (p = .128 by Fisher’s exact
text, two-tailed). Both adults and children performed quite accurately from the
beginning (adults, 90.0% + 11.9 for mean accuracy + SD in the first 10 trials;
children, 87 % + 10.0).

3.2.6. Stage 8: All AB

The four grammatical sentences (four AB pairs) at this stage had been used at
previous stages, Stage 1 (First AB) and Stage 6 (Second AB). The adult participants
had no problem discriminating the grammatical from the ungrammatical

3 Data at this stage could be obtained for only a subset of the participants (13 adults and 6
children) due a technical problem.
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sentences including novel ones (81.8% + 15.0 in the first 10 trials). All the eight
children who had remained also succeeded, but many seem to have struggled
(66.3 % + 16.5 in the first 10 trials), as will be clear later in analyses of the numbers
of trials needed to reach the accuracy criterion.

3.2.7. Stage 9: All AABB

All adult participants but one succeeded in reaching the accuracy criterion and
thus showed that they were able to discriminate between grammatical and
ungrammatical sentences. Half of the grammatical and two thirds of the
ungrammatical sentences were novel sentences that had not appeared at the
previous stages. Despite this, the adult participants were nearly 90 % accurate
from the beginning (88.3% + 11.5 in the first 10 trials). It is unlikely that their
performance at this stage was based purely on rote memory; even if they had
memorized all the strings from previous stages, they would have got only 41.7 %
of the stimuli correct.

Seven child participants tried this stage (there was one child who had
cleared the previous stage but could not participate in the final stage because he
used up all the time permitted by the ethics committee to clear the previous
stages). Five succeeded in reaching the accuracy criterion. Given that the
successful children correctly judged a great number of novel sentences at this
stage, we can exclude the possibility that they had memorized all those sentences
and discriminated sentences based on rote memory. It is also true that most child
participants including those who succeeded struggled with discrimination at this
stage (74.3% accurate + 10.5 in the first 10 trials, 64.3% + 13.0 in the second 10
trials). This is likely to be because it had already been difficult for them to
discriminate between grammatical and ungrammatical AB’s at the previous stage
(Stage 8, All AB). The difference in age between those children who had cleared
all the stages and those who had not was not statistically significant (mean + SD,
9.63 years old +2.16 vs. 8.73 + 1.52, t(17) = .956, p = .352).

To better understand how the successful children discriminated AABB
stimuli at the All AABB stage, we considered the possibility that they had
performed differently on the three types of ungrammatical stimuli (single,
swapped, repetition). A repeated-measures ANOVA revealed no significant
difference among the three violation types (F(2, 8) < 1; average accuracy, 73.6 %
for single violations, 73.1% for swapped violations, and 79.5% for repetition
violations). Here it is particularly important to note that the children’s
performance on swapped violations (A1-A2-B1-B2) was not worse than the other
two types of violations. The successful children not only learned that some
syllables must appear together (e.g., A1 and B1) but also found out that correct
AABB strings had a center-embedding structure and thus were able to reject
swapped violations which had the correct elements but not a center-embedding
structure.

In a post-experiment verbal report, in which participants were asked to
describe in their words how they had discriminated stimuli, all individuals (adult
or child) who succeeded except one adult said they had checked the outer and
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inner pairs for AABB strings. The one exceptional adult said that she had relied
on intuition.

3.3. Discrimination Accuracy for the First 20 Trials

The accuracies of discrimination in the first 20 trials are shown in Figure 3. It is
clear from the figure that both adults and children showed an above-chance
performance even in the first 10 trials at most stages. This suggests that the
participants could efficiently apply the previously acquired knowledge to a new
stage, for example, apply the knowledge of the first two AB pairs acquired at the
First AB stage to the cABc stage. Also, within the first 20 trials, their performance
improved quickly at some stages.

ANOV As showed that the main effect of Phase (first 10 vs. second 10 trials)
was statistically significant at the following stages (see Table 2): First AB, cABc,
First AABB, and Second AB. Accuracies in the second 10 trials were better than
those in the first 10 trials at these stages unanimously. Figure 3 additionally shows
a clear tendency that the adults’ performance was already better in the first 20
trials than the children’s. ANOVAs revealed a significant main effect of Group
(higher accuracies for adults) at the First AB, AccB, Second AB, All AB, and All
AABB stages (Table 2). The interaction between Group and Phase was significant
at the cABc and All AABB stages. At the cABc stage, the two groups did not differ
significantly in the first 10 trials (t(36) < 1), but in the second 10 trials, the adults
were more accurate (t =2.28, p=.029). At the All AABB stage, the adults were
more accurate both in the first and second 10 trials than were children (t(22) = 2.65
and 4.67, p = .015 and < .001, respectively).

It should be stressed that the stages where there was no significant group
difference were the critical First AABB and Second AABB stages. At the First
AABB stage, the participants encountered AABB strings for the first time, and
both groups seem to have had difficulty in discrimination initially. At the Second
AABB stage, both groups were about 90 % accurate from the beginning, suggest-
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Figure 3: Accuracies of the first 20 trials at each stage. In those 20 trails, the first 10 trials and the
second 10 trials are shown separately. The values at a given stage are based on both the participants
who succeeded and those who failed in reaching the accuracy criterion at that stage. Error bars, SD.
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Group Phase Group x

Phase

Stage  Stimuli d.f. F p F p F p

1 First AB 1,36 958 .004 440 <.001 1.35

2 cABc 1,36 1.88 28.6  <.001 6.04 .019

3 AccB 1,36 589 .020 409 .051 2.39

4 First AABB 1,35 1.84 12.3  .001 <1

6 Second AB 1,25 5.32 .030 47.5 <.001 <1

7 Second 1,25 284 2.55 2.55

AABB
8 All AB 1,23 9.09 .006 <1 <1
9 All AABB 1,22 191 <.001 1.72 449 046

Table 2: Results of ANOVAs for the accuracies in the first 20 trials. The factor Phase had two
levels: First and second 10 trials at each stage. Only p-values smaller than .1 are shown.

ing that not only the adults but also the children could efficiently apply the rule
of center embedding that they acquired from the First AABB stage to the two new
pairs of AB.

3.4. Number of Trials Needed

Analyses of the number of trials needed to reach the accuracy criterion favored
the adults in some but not all cases. As shown in Figure 4, there was a tendency
for the adults to have needed significantly fewer trials to reach 90 % accuracy,
compared with the children, at the AccB, Second AB, All AB, and All AABB stages
(p =.003, .009, .031, .000, respectively, by Mann-Whitney’s U test). Note that the
adults and the children did not differ statistically at the First AABB and the
Second AABB stage; at these stages, the non-significant numeric difference goes
in the opposite direction, with the children having needed fewer trials.

It is also noteworthy that the children needed a large number of trials to
clear the All AB stage (more than 50 trials on average; Figure 4), despite the fact that
they had previously learned all the grammatical sentences and those sentences were simple
AB strings without embedding. Perhaps this suggests that it was difficult for them
to handle four arbitrary pairs simultaneously. Given this difficulty, it may be
natural for the children to have needed many trials to clear the All AABB stage,
where the adults needed just about 20 trials.

3.5. Additional Experiment

We ran an additional experiment and confirmed that it was extremely difficult
(and perhaps impossible) to clear the last stage (All AABB) if the four AB pairs
had not been learned in advance. After the practice stage, the participants directly
entered AABB stages (First AABB, Second AABB, All AABB, in this order),
without learning the AB pairs. None of the five participants could reach 90%
accuracy during 100 trials of the All AABB stage, although four participants
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cleared either the First AABB stage or the Second AABB stage and the remaining
one cleared both these stages.*

4. Discussion

In a game-like go/no-go paradigm, young adults and children discriminated
spoken strings which were consistent or not consistent with a minimal A"B"
grammar. Most of the adult participants cleared all the stages of the experiment,
showing clear signs of the mastery of the grammatical rules. It is only less than a
third of the children who cleared all stages, which suggests that children were less
likely to succeed in ultimately mastering the grammar. However, the successful
children were as fast as adults at the critical First AABB (Stage 4) and Second
AABB stage (Stage 7), where they were required to induce the rule of center-
embedding for the first time (First AABB) and apply this rule to a different pair
of AB (Second AABB). The children were slower at the All AABB stage (Stage 9)
than the adults, but it seems to be due to the difficulty they had in handling four

4 Five right-handed, healthy university students, who had not taken part in the main
experiment, took part after providing written consent. They proceeded to the next stage if
they had undergone 100 trials or reached the 90 % accuracy criterion. In other aspects of the
procedure, this additional experiment was identical to the main experiment. The result
accords well with the previously reported observation that the induction of an AnBn
grammar is extremely difficult if input is not given in a staged manner, that is, if the
participant is not given AB pairs before AABB strings (Lai and Poletiek 2011). In a post-
experiment verbal report, none of these five participants said that they had relied on a rule
to discriminate stimuli. Instead they tried to memorize the go stimuli (without knowing the
internal structure), which worked at the First AABB stage and the Second AABB stage where
there were only four go stimuli, but did not work at the All AABB stage where there were 16
go stimuli (and 72 no-go stimuli).
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AB pairs simultaneously. This was already evident at the All AB stage (Stage 8).
Hence the children’s poor performance at the All AABB stage does not necessarily
indicate their weakness in rule application. Rather, it may have resulted from
limitations on their memory capacity. We discuss these and other points in more
detail below.

The results show that at least some of the children who took part succeeded
in learning our A’B? grammar. The youngest child who succeeded was 7 years of
age. Hence, children who are 7 or older possess a linguistic ability that enables the
learning and processing of center embedding in a semantics-free artificial
grammar, at least up to one level of embedding. Language acquisition research
has generally suggested that semantics plays facilitative roles. Children’s first
language acquisition seems to benefit from semantic and pragmatic information
(Pinker 1984, Pinker 1987, Tomasello and Akhtar 1995). AGL is also easier when
there is more semantic information available to the learner (Moeser and Bregman
1973, Mori and Moeser 1983). More specifically, semantics greatly helps adults’
learning of center embedding in an artificial grammar (Fedor et al. 2012). While
acknowledging these beneficial roles of semantics in natural and artificial
language learning, we suggest that children do possess a linguistic ability to learn
center embedding without the aid of semantics, when the level of embedding is
one. It will be ideal if this line of research can be extended to two levels of
embedding (i.e., an A’B® grammar), to ensure the generalizability of the results.
However, we would also like to point out that an A’B® grammar, with two levels
of embedding, has been tested only in the visual modality so far.

Our data from children constitute important evidence that the ability to
learn an artificial A"B" grammar originally observed in adults also exists in
children to some extent. The learning of center embedding in an artificial
grammar does not depend on the high domain-general cognitive abilities that are
available only to adults; it depends on some abilities that are shared by adults and
children. With this evidence available, we are now in a better position than before,
to make meaningful comparisons between humans and non-human animals in
the learning of an A"B" grammar.

A significantly smaller portion of the child participants succeeded in
clearing all the stages, compared to the adult participants. This is largely due to
the failure of many children at the First AABB stage, where they had to discover
the rules of the grammar for the first time. Children’s lower success rate is
consistent with the past studies which reported adults and older children’s initial
(but not necessarily long-term) advantages over younger children in AGL
(Ferman and Karni 2010, Saffran 2001). It remains unclear why children are
limited in their capacity to induce the rules of our A’B? grammar, but one
possibility is that they are not as good at detecting grammatical patterns
consciously as adults. Almost all successful participants verbally reported that they
had checked the inner and outer pairs of AB in AABB strings, suggesting that they
consciously understood the rule of center embedding in our grammar. In contrast,
infants” remarkable ability to learn statistical patterns, algebraic rules, an AXB
grammar and a mirror grammar, does not seem to require consciousness (Marcus
et al. 1999, Mueller et al. 2012, Saffran et al. 1996, Winkler et al. 2018). More
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implicit, less conscious ways of learning that have rarely been applied to an A"B"
grammar (Udden et al. 2012) may be worth testing in the future.
Although a lower rate of children succeeded in grammar induction at the
First AABB stage, the group difference was not significant at this stage in how fast
their performance improved (that is, in the accuracies of the first 20 trials and in
the number of trials needed to reach the accuracy criterion). Also, at the Second
AABB stage, children could apply the grammar they had induced at the First
AABB stage to two new pairs of AB, as efficiently as adults. The children’s
discrimination performance was already around 90 % accurate in the first 10 trials
of the Second AABB stage (Figure 3), and the successful children needed only
about 20 trials to reach the accuracy criterion at this stage (Figure 4). Thus, it seems
that once grammar induction had gone successfully, grammar application also
went efficiently, as long as the number of AB pairs involved was limited to two.
On the other hand, children had greater difficulty in handling four AB pairs
simultaneously, than did adults. Even though they had already been familiarized
with all four AB pairs before, their initial performance at the All AB stage was
fairly low, that is below 70% accuracy on average (Figure 3), and significantly
lower than the adults’” performance. This is also true for the All AABB stage; they
had problems applying the grammar to four AB pairs quickly. Also, the children
who succeeded in reaching the criterion at the All AABB stage needed a far larger
number of trials to do so than did the adults, who required slightly more than the
minimum of 20 trials (Figure 4). Children’s difficulty in handling four AB pairs
may be due to limitations on their memory capacities. Then their difficulty at the
All AABB stage cannot be attributed to their grammar application ability per se.
We developed a novel experimental paradigm which combined the go/no-
go procedure used in animal research and the stepwise presentation of input used
in human research. We believe that we can apply our paradigm to non-human
animals, if we replace the reinforcement procedure (image unscrambling) with
the kind of reinforcement compatible with animals in question, for example,
giving food as a reward. However, our adoption of a go/no-go procedure may
have introduced one complication. As in typical go/no-go procedures, when
participants made a go response to a no-go stimulus, they got punished (the image
got scrambled further) in our experiment. Essentially this is so-called negative
evidence in language learning. In natural conversations with their children,
parents do not provide explicit feedback on the ungrammaticality of the
children’s utterances (Brown and Hanlon 1970). Hence children’s first language
acquisition succeeds given positive evidence (grammatical sentences in that
language), without negative evidence (information about which sentences are
ungrammatical). Given that natural language acquisition does not rely on
negative evidence, our go/no-go procedure may be unnatural in this respect.
Considering the shortcoming noted above, one direction for future
comparisons across ages (e.g., adults vs. children) and across species (e.g.,
humans vs. birds) is to make a better use of the study subject’s spontaneous
behavior, and not to use reinforcement, punishment, and/or negative evidence.
Two studies reporting non-human animals’ sensitivity to A"B" patterns took
advantage of the animals’ spontaneous behavior (Abe and Watanabe 2011, Rey et
al. 2012). These and other studies, including the one that used the implicit mode
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of learning (Udden et al. 2012) discussed earlier, might offer methodological
suggestions for how to design an experiment that is applicable to a wide range of
study subjects.

5. Conclusion

We used a minimal A’B? grammar to see if human children aged 5 to 12, as well
as adults, could learn a semantics-free artificial grammar with one level of center
embedding, in the auditory domain. This AGL task was implemented in a go/no-
go paradigm often used in animal research. Results showed that some children
succeeded in the learning of this grammar. They not only extracted the rules of
center embedding from input sentences but also applied them to new contexts.
Our data are consistent with the view that human children have a latent ability to
learn and process center embedding without the aid of semantics, at least up to
one level of embedding. Hence human adults’ ability to learn an A"B" grammar
reported by previous research does not depend on the high domain-general
cognitive abilities possessed only by adults. The clearest difference between
adults and children emerged at the stage where they were first required to
discover the rule of center embedding (First AABB stage). Fewer children
succeeded in this than adults, but the successful children were as efficient as the
adults in the induction (First AABB stage) and application of the grammatical rule
to new elements (Second AABB stage). Children struggled at the final stage (All
AABB stage), but that seemed to be due to memory constraints, not rule
application capacity per se. These data provide a new insight into children’s AGL
ability and motivate further methodological innovations to study adults, children,
and animals in an identical manner.
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Appendix A
Two Languages

We prepared two “languages”, Language 1 and Language 2, which shared the
basic grammatical rules but used different AB pairs, to exclude the possibility that
learning would depend on particular combinations of A and B words. For
example, A word “zo” is paired with B word “pi” in Language 1, whereas in
Language 2, it is paired with “bo”. Each participant was tested in either one of
these languages. The correct pairs were as follows: zo—pi, re-bo, so-nu, and ra—pa
in Language 1, and zo-bo, re-pi, so—pa, and ra-nu in Language 2.

Scrambled Pictures

Visual stimuli were used as part of the reinforcement procedure in our go/no-go
paradigm. These stimuli were pictures of things young children are generally
fond of, including animals, fruits, sweets, and trains. Each picture was presented
initially in a “scrambled” form (Figure 1b). As the participant’s learning proceed-
ed, scrambled pictures got gradually unscrambled as a reward.

The Go/No-go Procedure

Touching the red button related to unscrambling in the following way (Figure 1c).
Touching (a go response) for a “go” stimulus, that is, a “hit”, led to unscrambling
by one block; that is, one block returned to its original position, as a reward for a
successful behavior. Touching for a “no-go” stimulus, that is, a “false alarm”, led
to further scrambling by two blocks (rather than unscrambling), as a punishment
for an unsuccessful behavior. Feedback (unscrambling or further scrambling) was
given immediately after the participant’s response. After a false alarm, the same
auditory stimulus was presented again, for a correction trial. If the participant did
not touch the red button (a no-go response), the image remained the same,
whether the stimulus was a go stimulus or a no-go stimulus. However, not
touching for a go stimulus, that is, a “miss”, led to the repetition of the same
auditory stimulus at the next trial (correction trial), whereas not touching for a no-
go stimulus, that is, a “correct rejection”, led to a different auditory stimulus at
the next trial. Correction trials were excluded from calculations of accuracies; that
is, accuracies were based only on novel trials.

Participants were not told beforehand about these rules of how their
responses related to the functioning of the system. To unscramble images, they
had to discover these rules by themselves, and had to get as many hits as possible
while avoiding false alarms. Misses led to correction trials and thus caused delays,
whereas correct rejections did not. To proceed smoothly, participants had to avoid
misses.

Limit of 100 Trials

In addition to the accuracy criterion of 90 %, at Stages 4 (First AABB), 7 (Second
AABB), and 9 (All AABB), where participants were trained and tested on AABB
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strings, an upper limit of 100 was imposed on the number of trials (although
training continued beyond this as long as the accuracy remained 75% or higher,
to see whether the performance would keep improving to soon reach 90% or
rather it would go down to below 75% without showing clear evidence of
mastery). Hence participants finished these stages (4, 7, and 9) either when they
had reached the accuracy criterion (90 %) or when they had undergone 100 trials
without reaching the criterion.

Review Trials

In addition to normal trials, “review” trials were also given, on which participants
were tested on items that they had already learned at the previous stages. Review
trials were used at Stages 2, 3, 4, and 7 (cABc, AccB, First AABB, Second AABB)
and were interleaved with normal trials. The ratio of normal vs. review trials was
4:1 at these stages. At Stage 2 (cABc), review trials presented the AB pairs they
had already experienced at Stage 1 (First AB). The same review items (AB stimuli)
were also used at Stage 3 (AccB). The review items at Stage 4 (First AABB) were
cABc and AccB strings from Stages 2 and 3. At Stage 7 (Second AABB), review
trials presented the AB pairs used for Stage 6 (Second AB). Review trials did not
enter into calculations of accuracy or the number of trials needed to reach the
accuracy criterion.

Other Details

The minimum number of trials that a participant had to undergo was as follows:
15 for Stage 0, 30 for Stage 1, 20 for Stages 2, 3, and 4, 24 for Stage 5, 40 for Stage
6, 20 for Stages 7, 8, and 9.

The order of trials was specified in a list. We prepared one list for each stage
and used the same list for all participants, who nonetheless started from different
positions; that s, if a participant finished at trial i, the next participant began from
trial i+1.
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