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Abstract
The presence of abstract letter identity representations in the Roman alphabet has been well documented. These representations
are invariant to letter case (upper vs. lower) and visual appearance. For example, Ba^ and BA^ are represented by the same
abstract identity. Recent research has begun to consider whether the processing of non-Roman orthographies also involves
abstract orthographic representations. In the present study, we sought evidence for abstract identities in Japanese kana, which
consist of two scripts, hiragana and katakana. Abstract identities would be invariant to the script used as well as to the degree of
visual similarity. We adapted the cross-case masked-priming letter match task used in previous research on Roman letters, by
presenting cross-script kana pairs and testing adult beginning -to- intermediate Japanese second-language (L2) learners (first-
language English readers). We found robust cross-script priming effects, which were equal in magnitude for visually similar (e.g.,
り/リ) and dissimilar (e.g.,あ/ア) kana pairs. This pattern was found despite participants’ imperfect explicit knowledge of the
kana names, particularly for katakana. We also replicated prior findings from Roman abstract letter identities in the same
participants. Ours is the first study reporting abstract kana identity priming (in adult L2 learners). Furthermore, these represen-
tations were acquired relatively early in our adult L2 learners.

Keywords Abstract letter identities . Japanese kana . Masked-priming same–different match task . Letter naming; L2 reading
acquisition

Introduction

The Roman alphabet contains upper- and lowercase forms
(allographs) of each letter identity many of which are noniden-
tical and visually dissimilar (e.g. g/G, a/A). Researchers have
proposed that the mature letter identification system copes
with this allographic variability by computing abstract letter
identities that are invariant to the physical appearance and case
form of a letter. This claim has been supported by data from
many sources including individuals with reading difficulties
(e.g., Coltheart, 1981; Rynard & Besner, 1987) skilled adult
readers (Besner Coltheart & Davelaar, 1984; Bigsby, 1988;
Bowers Vigliocco & Haan, 1998; Kinoshita & Kaplan,
2008) and neural measurements (e.g., Dehaene et al., 2004;
Petit Midgley Holcomb & Grainger, 2006; Polk & Farah,
2002; Rothlein & Rapp, 2014).

A key source of evidence for abstract letter identities in skilled
adult readers is the cross-case match task (also referred to as the
nominal identity match task; e.g., Bigsby, 1988, 1990; Reuter-
Lorenz & Brunn, 1990). This task involves (simultaneous or
sequential) presentation of letter pairs (e.g., Ba^ and BA^).
Participants’ task is to decide whether the letters have the same
or different (nominal) identities, irrespective of letter case. It is
important to point out that although early studies (e.g., Posner &
Mitchell, 1967) suggested that responding Same to nominally
identical letters such as BA^ and Ba^ is based on a phonological
Bname code,^ subsequent studies have conclusively argued
against this claim. Specifically, multiple studies have shown that
respondingDifferent in a nominal identity match is unaffected by
the phonological similarity of letter names (e.g., Bigsby, 1988;
Boles & Eveland, 1983; Carrasco, Kinchla, & Figueroa, 1988),
and there is now general consensus that cross-case identity
matches are based a Bnon-phonological, case-independent,
font-independent, abstract representation^ (Bigsby, 1988, p.
455). (We return to this issue in the Discussion section.)

More recently, the cross-case letter match task has been
combined with the masked-priming procedure (Forster &
Davis, 1984) to produce the masked-priming cross-case letter
match task (e.g., Kinoshita & Kaplan, 2008; Norris &
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Kinoshita, 2008). Here, as in the standard sequential letter
match task, participants decide whether a target letter (e.g.,
BA^) has the same identity as the reference letter presented
in advance (e.g., Ba^), and a prime letter is presented briefly
before the target. When the prime has the same identity as the
target (e.g., Ba^), it facilitates the Same response, relative to a
control prime that has a different identity (e.g., Bx^). In this
task, the visual similarity between the prime–target pair can be
manipulated, allowing for an examination of whether the
priming is sensitive to the visual appearance of letters. Using
this task, priming has been found to be equally robust for
visually dissimilar cross-case prime–target pairs (e.g., g/G,
a/A) and visually similar cross-case pairs (e.g., c/C, x/X), sug-
gesting the use of abstract letter identities (Kinoshita &
Kaplan, 2008; Norris & Kinoshita, 2008).

The manipulation of visual similarity to investigate letter-
priming effects has been used previously with such tasks as
the alphabet decision task and the letter-naming task (e.g.,
Arguin & Bub, 1995; Bowers et al., 1998), and these studies
did not yield clear evidence for abstract letter identities (see
Grainger, Rey, & Dufau, 2008, for a summary). Rather than
taking these results as evidence against the presence of ab-
stract letter identities, we, following Kinoshita and Kaplan
(2008), note that the alphabet decision and letter-naming tasks
are not well-suited for testing interactions with visual similar-
ity. First, the priming effects in the alphabet decision task are
small in size (<20 ms), leaving little room to observe modu-
lation of the effect. Second, as Arguin & Bub, (1995) pointed
out, the alphabet decision task does not require unique letter
identification (i.e., activation of a specific abstract letter iden-
tity); instead, the decision can be based on Bglobal letter
activity,^ the summed activation across all letter representa-
tions. (In the same way, a positive lexical decision can be
made on the basis of comparison across the lexicon, rather
than by the selection of a particular lexical entry—e.g.,
Grainger & Jacobs, 1996; Norris, 2006. Norris also explains
how, if Bsummed probability^ is used, the vowel–consonant
decision task likewise does not require unique letter identifi-
cation.) Finally, the letter-naming task, although it mitigates
these issues, is Boverly sensitive to phonological–articulatory
factors, which . . . render the task relatively insensitive to
visual factors,^ due to the spoken response (Grainger et al.,
2008, p. 384). The cross-case letter match task, in contrast,
yields priming effects that are quite large (~50 ms) and re-
quires the identification of a specific letter representation for
accurate performance, but it does not involve speech output
(for more detail, see Kinoshita & Kaplan, 2008).

An emerging line of research based on this task indicates
that abstract identity representations are not unique to the let-
ters of the Roman alphabet. The Arabic alphabet also has
multiple allographs for each letter identity, and they differ in
their cross-form visual similarity (e.g., ع/ـعـ vs. ذ/ذـ ; see
Carreiras, Perea, & Mallouh, 2012, for further examples).

Carreiras and colleagues found robust cross-allograph priming
for Arabic in the masked-priming letter match task, which did
not depend on the visual similarity between the forms. They
took their findings as evidence for abstract letter identities in
the Arabic orthography, suggesting that abstract letter identi-
ties may be Buniversal^ (the title of their article). A version of
this experiment with concurrent event-related potential (ERP)
recording revealed a late time window (280–500 ms) in which
neural responses were invariant to the visual similarity of
cross-form pairs, a possible neural correlate of abstract letter
codes. Further evidence for abstract letter identities in Arabic,
also demonstrated at the single-letter level, comes fromWiley,
Wilson, and Rapp (2016).

Acquisition of abstract identities

Another source of evidence for abstract letter identity rep-
resentations comes from children’s acquisition of letter
knowledge. Work on the development of abstract letter
identities in children learning to read has been conducted
in both the Arabic and Roman orthographies. In a study
utilizing primed lexical decision in Arabic, Perea, Abu
Mallouh, and Carreiras (2013) compared the magnitudes
of masked-priming effects for visually similar and visually
dissimilar prime–target word pairs in third- and sixth-grade
children as well as in adults. The adults showed abstract
identity priming, with no difference in the magnitudes of
priming effects when the pairs were visually similar or
visually dissimilar. The same pattern was found in both
age groups of children, suggesting the development of ab-
stract identity processing in Arabic by third grade. Perea,
Jiménez, and Gomez (2015) tested Spanish third graders,
fifth graders, and adults in a lexical decision task with
same- and cross-case word primes in the Roman alphabet
(e.g., Barte^ vs. BARTE^ priming BARTE^). For the adults
and fifth-grade participants, no effect of case was found,
suggesting the use of abstract identities. In contrast, the
third graders showed larger facilitation from a same- than
from a cross-case prime for words composed of letters that
were visually dissimilar across cases (i.e., BARTE,^ but not
Barte^ primed BARTE^), suggesting that after 2 years of
formal reading instruction, their abstract letter identity rep-
resentations had not fully developed.

Thompson (2009) reviewed studies investigating the learn-
ing of Roman alphabet abstract letter identities (in English)
and also concluded that acquisition is slow. Thompson point-
ed out that despite the predominance of the lowercase form of
letters in the adult print environment, there is a lag in chil-
dren’s knowledge of the names for lowercase letters. Before
formal reading instruction commences, preschool children can
identify some letters by name, but predominantly the upper-
case forms (Worden & Boettcher, 1990). This is consistent
with evidence that children’s home literacy instruction often
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involves uppercase letters, and that the word with which chil-
dren are most familiar—their name—is written with a capital
initial letter or in all uppercase (Treiman, Cohen, Mulqueeny,
Kessler, & Schechtman, 2007). Thompson (2009) reviewed
further evidence indicating that this lag for lowercase forms
persists after formal reading instruction begins. Eleven-year-
old children were significantly slower at naming lowercase
than at naming uppercase letters from visually dissimilar pairs
(e.g., a/A), while there was no significant difference in naming
times for cross-case visually similar letter pairs. Thompson
thus concluded that the use of abstract, form-invariant repre-
sentations in the Roman alphabet appears to develop slowly.
Both Perea et al.’s (2015) lexical decision experiment with
Spanish-speaking children and Thompson’s review of
English-speaking children suggest that the acquisition of ab-
stract letter identities in the Roman alphabet is not fully in
place after 2 years of formal reading instruction.

One point to note about these acquisition studies is that
they generally used tasks that required more than the
knowledge of which visual forms map onto the same letter
identity. The masked-priming studies by Perea and
colleagues (2013, 2015) used words rather than single let-
ters, and therefore may have indexed abstract lexical repre-
sentations rather than abstract representations at the letter
level. Bowers, Vigliocco, and Haan noted in 1998 that
researchers often investigate word (or pseudoword) identi-
fication on the (unwarranted) assumption that the results
have implications for letters. According to this view, it is
possible that the slow developmental trajectory of abstract
letter identities observed by Perea et al. (2015) is specific
to words. Although letter-naming tasks (as in Thompson,
2009) are conducted at the single-letter level, they also
require explicit knowledge of (and automatic access to)
the phonological form of the letter. Thus, it is possible that
abstract letter identities may be present earlier in reading
acquisition, but not evident in the tasks used to date. Many
questions remain about the acquisition of abstract letter
representations across orthographies in first-language (L1)
learners, such as the children in these studies.

However, investigating L1 children’s acquisition of ab-
stract letter identities is challenging, because other aspects
of children’s cognitive abilities (e.g., visual attention) are
rapidly developing. With adults this is of lesser concern,
and researchers in visual word recognition have used adults
to gain a handle on the acquisition of new (artificial) or-
thography (e.g., Taylor, Davis, & Rastle, 2017; Taylor,
Plunkett, & Nation, 2011). Here we studied adults learning
a new language (and orthography), Japanese. Studies on the
acquisition of abstract letter representations in these individ-
uals have the potential to inform the universality of letter
processing across orthographies, as well as the extent to
which second-language (L2) orthography acquisition resem-
bles L1 acquisition.

Acquisition of abstract identities in Japanese
kana

In the present study, we probed abstract identity representa-
tions in Japanese kana using the masked-priming letter match
task. Kana comprise two different scripts: hiragana (used for
writing all types of words, including function words) and ka-
takana (used for loan words of foreign origin and other pho-
netic spellings). Hiragana is more commonly encountered
than katakana in written text (36.6% vs. 6.4%, respectively,
of the database of 56.6 million character tokens from the
Asahi Shimbun newspaper, issued in 1993; Chikamatsu,
Yokoyama, Nozaki, Long, & Fukuda, 2000). Both hiragana
and katakana were derived in the eighth century from a set of
characters introduced from China for their phonetic value.
There are 46 basic kana, each mapping onto a mora, a
syllable-like phonological unit comprising either a single
vowel or a consonant–vowel combination.1 For each kana
there is a hiragana form and a katakana form. For example,
の and ノ are the hiragana and katakana characters, respec-
tively, for the syllable /no/. (Note that kana and morae have a
completely consistent, one-to-one relationship, and unlike in
the Roman alphabet, there is no distinction between Bletter
names^ [e.g., Bdee^ for Bd^] and Bletter sounds^ [/d/].) This
cross-script allographic correspondence is analogous to the
cross-case correspondences found in the Roman alphabet:
two parallel forms that can vary in their visual similarity, yet
correspond to the same identity and the same letter name, and
are treated identically when sorting in alphabetical order (the
equivalent of a–b–c in Japanese is a–i–u–e–o). We sought
evidence for cross-script abstract identities in kana that would
be involved in the recognition of both hiragana and katakana
characters. Abstract identities, by definition, would be
invariant to visual form, so that both の and ノ would be
represented with a single identity, despite their difference in
appearance.

Kinoshita, Schubert, and Verdonschot (2018) recently
showed that native Japanese readers show evidence of prim-
ing based on orthographic overlap between the two forms of
kana. However, these authors focused on distinguishing pho-
nological priming from orthographic priming, and performed
only a post-hoc analysis of the effect of visual similarity. (We
return to this study and the role of phonology in the
Discussion.) Here we tested adult Japanese L2 learners: adult
English speakers who had received a minimum of two

1 In addition to these basic kana, voicing is denoted orthographically by a
diacritic that looks like a double apostrophe above the basic kana—for in-
stance,か (/ka/) → が (/ga/)—and morae beginning with palatalized conso-
nants are written as digraphs—for instance, きゃ (Bkya^). Here we focused
only on the basic unvoiced kana, and we also excluded the kana denoting a
nasal mora /n/ (hiraganaん, katakanaン), which cannot stand alone and only
occur as a coda, andを/ヲ, which occur only as a grammatical particle, written
usually in hiragana.

1012 Mem Cogn (2018) 46:1010–1021



semesters of Japanese language instruction. Our study ex-
pands on that of Kinoshita et al. (2018) in two ways: by di-
rectly testing for abstract identities through the comparison of
visually similar and visually dissimilar kana pairs, and by
testing L2 rather than L1 Japanese readers.

Since our participants were fluent readers of English, we
also sought to replicate Kinoshita and Kaplan’s (2008) find-
ings of abstract letter identities in the Roman alphabet, for
comparison. We used the masked-priming cross-case/cross-
script match task, requiring participants to decide whether a
target letter/kana (e.g., Ba^ or Bあ^) is the same or different
from a reference letter presented in advance (e.g., BA^ or
Bア^), with a prime stimulus that could be visually similar
(e.g., c/C, へ/ヘ) or visually dissimilar (e.g., a/A, あ/ア) to
the target. Following the kana match task, the participants
were also asked to name the 44 basic kana presented in the
hiragana and katakana forms.

Experiment

English speakers learning Japanese completed a Roman alphabet
(Exp. 1a) and a Japanese kana (Exp. 1b) letter match task. The
critical primes were cross-case (or cross-script) characters from
the target. The visual similarity between the prime and target was
also manipulated, with high-similarity cross-case (-script) and
low-similarity cross-case (-script) pairs. Abstract identity priming
would present as equivalent priming for cross-case (-script) sim-
ilar and cross-case (-script) dissimilar primes. However, if ab-
stract kana identities were not fully developed in these partici-
pants, due to their limited Japanese exposure, we might expect
priming to be visually based—that is, greater for visually similar
than for visually dissimilar kana pairs.

Method

Participants

Sixteen undergraduate psychology students from Macquarie
University (ten females) with a mean age of 20 years (SD =
1.9) participated in the study as part of course requirements.
They were required to have completed at least two semesters
of Japanese language study, sufficient to have exposure to
both kana scripts. (In the local system of teaching of
Japanese, hiragana is taught first, and katakana is introduced
in the second semester.) A brief survey on language exposure
indicated that most of the participants had begun their
Japanese studies in high school and spent fewer than 5 h read-
ing Japanese-language materials (e.g., manga, novels, news
articles) in a typical week. This study was approved by the
Macquarie University Human Research Ethics Committee,
and the participants provided informed consent.

Apparatus and procedure

The participants completed two analogous same–different
matching tasks, one for Roman letters and one for kana char-
acters. Each trial involved a reference, prime, and target, pre-
sented in that order (e.g., b–b–B or b–B–B). The reference and
the target were always in the opposite case; in half of the trials
the reference was in uppercase, and in the other half the refer-
encewas in lowercase. For half of the trials, the prime and target
were opposite in case (as in Exp. 1 of Kinoshita & Kaplan,
2008); for the other half, the prime and target were in the same
case (as in Exp. 2 of Kinoshita &Kaplan, 2008). (Kinoshita and
Kaplan, 2008, found that the magnitudes and patterns of
priming were similar in the two experiments.) Thus, for each
letter (or kana), there were four reference–prime–target combi-
nations (see Tables 1 and 2). For the Bdifferent^ response–target
pairs and control prime–target pairs, the letters were chosen
from the same letter similarity class (similar or dissimilar).

The critical Roman stimuli were six cross-case dissimilar
letter pairs (A/a, B/b, D/d, E/e, G/g, and R/r) and six similar
letter pairs (C/c, K/k, O/o, P/p, S/s, andX/x) fromKinoshita and
Kaplan (2008). The critical kana stimuli were eight cross-script
dissimilar hiragana–katakana pairs (あ/ ア, い/イ, す/ス,
の/ノ, み/ミ, よ/ヨ, ひ/ヒ, and と/ト) and eight cross-script
similar pairs (う/ウ,か/カ,き/キ,せ/セ,へ/へ,も/モ,や/ヤ,
and り/リ). Because there are no published visual similarity
ratings for kana (to our knowledge), similarity classes were
determined by the experimenters and confirmed by ratings from
native Japanese readers. Five participants (who did not partici-
pate in the experimental tasks) rated all 44 hiragana–katakana
cross-script pairs (see Appendix Table 6). On average, the sim-
ilar hiragana–katakana pairs chosen for the experiment received
a similarity rating of 4.75 (range 4.4–5.0, SD = 0.21), while the
dissimilar stimuli were rated 1.45 (range 1.2–2.0, SD = 0.32)—
that is, the similar and dissimilar kana pairs represented non-
overlapping extremes of the similarity ratings.

Table 1 Example stimuli from the Roman alphabet task

Prime Type
Response Type Letter Type Identity Control

Same Dissimilar A–A–a, a–a–A A–B–a, a–b–A

a–A–A, A–a–a A–b–a, a–B–A

Similar C–C–c, c–c–C C–X–c, c–x–C

C–c–c, c–C–C C–x–c, c–X–C

Different Dissimilar G–A–a, g–a–A D–B–a, d–b–A

G–a–a, g–A–A D–b–a, d–B–A

Similar P–C–c, p–c–C P–X–c, p–x–C

P–c–c, p–C–C C–p–x, c–P–X

Response Type refers to the relationship between the reference and target;
Letter Type refers to the visual similarity between the identity prime and
target; Prime Type refers to the relationship between the prime and the
target. Stimuli are listed as reference–prime–target.
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Each trial began with the presentation of a reference letter,
shown directly above a forward mask (#). After 1,000 ms, the
forward mask was replaced by the prime for 50 ms, followed
by the target letter, which remained until the participant had
responded or 2,000 ms had elapsed. A blank screen (800 ms)
intervened between trials. Stimuli were presented in black in
the center of a white screen, in 12-point Courier for the Roman
letters and 12-point MSGothic for the kana characters. The
target was magnified 1.2 times so that it did not completely
overlap with the prime when they were identical. DMDXwas
used for the presentation of the stimuli and collection of re-
sponses (Forster & Forster, 2003).

Participants were instructed to decide, as quickly and accu-
rately as possible, whether the two letters presented had the
same or different identities, ignoring the difference in case
(Roman) or script (kana). No mention was made of the pres-
ence of the primes. There were 192 trials per participant for the
letter experiment (2 [Response Type: same/different] × 2
[Prime Type: identity/control] × 2 [Visual Similarity: similar/
dissimilar] × 6 Letters per Condition × 4 Reference-Prime–
Target Combinations) and 256 trials for the kana experiment
(8 Kana per Condition). Participants first completed 12 prac-
tice trials involving characters that were not the critical stim-
uli. The order of trials within each experiment was random-
ized, and the letter experiment was always presented first.2

Accuracy feedback was given following an incorrect trial.
Finally, as a check of participants’ explicit knowledge of

kana, they named aloud the katakana and hiragana characters.
These were presented singly for 2,000 ms each. Each katakana
and hiragana character was presented once (44 syllables × 2
scripts = 88 trials), following six practice trials. Accuracy and
response times (RTs)were recorded, and no feedbackwas given.

Analysis

The data were analyzed using mixed-effects modeling, treating
participants and target stimuli as crossed random effects. The
RTs were inverse-transformed to best meet the distributional
assumption of the model and were multiplied by – 1,000 to
maintain the direction of effects and reduce the number of
decimal points (i.e., – 1,000/RT). A cutoff for outliers was
determined by inspecting the Q–Q plots of the inverse-
transformed RTs. The analysis of error rates used a logistic link
function. We used the lme4 package (Version 1.1-5; Bates,
Mächler, Bolker, & Walker, 2015), implemented in R Version
3.0.3 (R Core Team, 2016). Degrees of freedom
(Satterthwaite’s approximation) and p values were estimated
using the lmerTest package (Version 2.0-11; Kuznetsova,
Brockhoff, & Christensen, 2016). In line with the recommen-
dation to keep the random-effect structure maximal (Barr,
Levy, Scheepers, & Tily, 2013), the initial model included ran-
dom slopes on participants and targets; the final model we
report was selected using a backward, stepwise model selection
procedure. We also computed Bayes factors (BFs) using the
BayesFactor package (Morey & Rouder, 2015). A BF indexes
the proportion of evidence for one hypothesis over another and
was used to supplement our null-hypothesis significance test-
ing. The typical value for what is considered strong evidence
for a hypothesis is BF > 3 (Dienes, 2014; Jeffreys, 1961).

We analyzed only the Same trials, for which masked-
priming effects have been observed in the same–different task
(Norris & Kinoshita, 2008). The fixed-effect factors were
cross-case/-script similarity (similar/dissimilar), prime type
(identity/control), and prime–target (PT) case (script) (same
case/different case), all deviation-contrast-coded (– .5, .5) to
reflect the factorial design.

Results

Roman alphabet

The RT and error data are presented in Table 3. In the analysis
of correct RTs, there were no outliers, resulting in 1,465 data
points. The best-fitting statistical model was invRT ~ similar-
ity * prime type * PT case + (1 | target) + (1 + prime type |
subject). The main effect of prime type was significant, t = –
5.958, p < .001. The main effect of similarity was also signif-
icant, t = – 3.564, p < .01. Themain effect of prime–target case
was nonsignificant, t = – 1.752, p = .08. Prime–target case
interacted with prime type, t = – 2.79, p < .01, indicating that
priming was greater when the prime case was the same as the
target case, as compared to when they were different.
However, the triple interaction between prime type, similarity,
and prime–target case was nonsignificant, t = 1.068, p < .28,
indicating that whether the prime case was the same as the

2 Due to the lack of orthographic overlap between Roman letters and kana,
there could be no cross-language priming in this task, and the presentation
order of the experiments should not affect performance. For further discussion,
see the Discussion.

Table 2 Example stimuli from the kana script task

Prime Type
Response
Type

Kana
Type

Identity Control

Same Dissimilar ア–ア–あ, あ–あ–ア ア–ト–あ, あ–と–ア
ア–あ–あ, あ–ア–ア ア–と–あ, あ–ト–ア

Similar ウ–ウ–う,う–う–ウ ウ–キ–う,う–き–ウ
ウ–う–う,う–ウ–ウ ウ–き–う,う–キ–ウ

Different Dissimilar ノ–ア–あ, の–あ–ア ノ–ト–あ, の–と–ア
ノ–あ–あ, の–ア–ア ノ–と–あ, の–ト–ア

Similar ヤ–ウ–う,や–う–ウ ヤ–キ–う,や–き–ウ
ヤ–う–う,や–ウ–ウ ヤ–き–う,や–キ–ウ

Response Type refers to the relationship between the reference and target;
Kana Type refers to the visual similarity between the identity prime and
target; Prime Type refers to the relationship between the prime and the
target. Stimuli are listed as reference–prime–target.
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target case did not modulate the pattern of interaction between
prime type and similarity. Critically, there was also no inter-
action between prime type and similarity, t = 0.143, p = .887.
The BFs were 1.74 × 1024 (over 1 septillion) in favor of the
main effect of prime type, and 11 in favor of the null interac-
tion between priming and visual similarity. These values indi-
cate exceedingly strong evidence for a priming effect, and
very strong evidence that the priming effect is independent
of visual similarity.

In the analysis of errors, the statistical model was errors ~ PT
case * similarity * prime type + (1 | target) + (1 | subject).
Prime–target case interacted with similarity, Z = 1.998, p <
.05. This reflected the fact that for the cross-case dissimilar
letters, there were more errors when the case differed between
the prime and target (same case, 3.12%; different cases, 5.98%),
whereas for the cross-case similar letters, the error rate was
greater when the prime and target cases were the same (same
case, 5.47%; different cases, 3.91%). Note that this occurred
independent of whether the prime was an identity or control
prime (no interaction with the prime type factor). None of the
main effects of prime type, similarity, or prime–target case, nor
the interactions between them, were significant, all |Z|s < 1.21,
ps > .22. Importantly, we observed no interaction between
prime type and similarity, t = 0.312, p = .755.

Kana script

The RT and error data are presented in Table 4. In the analysis
of correct RTs there were no outliers, resulting in 1,936 data
points. The best-fitting statistical model included subject ran-
dom slopes for the prime type factor and an item random
intercept: invRT ~ similarity * prime type * PT script + (1 |
target) + (1 + prime type | subject). The main effect of prime
type was significant, t = – 7.953, p < .001. The main effect of
similarity was nonsignificant, t = – 1.223, p = .242. The main
effect of prime–target script was also nonsignificant, t = –
1.192, p = .23. Prime–target script interacted with prime type,

t = – 2.019, p < .05, indicating that priming was greater when
the prime script was the same as the target script, as compared
to when they were different. However, the triple interaction
between prime type, similarity, and prime–target script was
nonsignificant, t = 1.287, p = .19, indicating that whether the
prime script was the same as the target script did not modulate
the pattern of interaction between prime type and similarity.
Critically, we also found no interaction between prime type
and similarity, t = – 1.506, p = .132. The BFs were 1.87 × 1024

in favor of the main effect of prime type, and 13 in favor of the
null interaction with visual similarity. Analogous to the results
from the Roman alphabet task, this indicates very strong evi-
dence for priming that was independent of visual similarity.

In the analysis of errors, the statistical model we report is
errors ~ similarity * prime type + (1 | target) + (1 | subject). (The
same model including the interaction with prime–target script
did not converge.) The main effect of prime type was signifi-
cant, z = – 3.975, p < .001, but the main effect of similarity was
nonsignificant, z = – 1.215, p = .225, as was the interaction
between prime type and similarity, z = – 1.135, p = .256.

Kana naming

Table 5 shows the mean RTs for correct trials and the error
rates for the kana-naming task. Means are given separately for
the visually dissimilar and visually similar kana pairs used in
the kana match task, as well as for the other (unused) kana
pairs. The mean accuracy across participants was 81.32% (SD
= 8.93), with a range of 72.73%–100% correct. It is apparent
that the participants’ knowledge of kana names was not per-
fect (in fact, only one participant was able to name all of the
kana characters correctly). Another noteworthy point is that
the hiragana characters were named faster andmore accurately
than the katakana characters. This was supported by analysis
of the critical items used in the kanamatch task and the unused
items (analyzed separately), using a linear mixed-effects mod-
el with stimuli and subjects as crossed random factors.

For the critical items, log-naming RTs were analyzed using
kana type (hiragana or katakana) and cross-script similarity
(contrast-coded) as fixed-effect factors [in R syntax, logRT ~

Table 3 Mean decision latencies and error rates for the Roman alphabet
match task

Response
Type

Prime Type

Identity Control Priming Effect

RT (SD) %E RT (SD) %E RT %E

Same Dissimilar 456 (104) 3.9 512 (95) 5.2 56 1.3

Similar 433 (98) 4.2 483 (77) 5.2 50 1

Different Dissimilar 509 (91) 4.4 522 (98) 3.1

Similar 480 (86) 2.6 503 (81) 4.2

Standard deviations are presented in parentheses; %E = the percentage of
error rates. The priming effect is the difference between the identity and
control conditions.

Table 4 Mean decision latencies and error rates for the kana match task

Prime Type

Response
Type

Identity Control Priming Effect

RT (SD) %E RT (SD) %E RT %

Same Dissimilar 499 (114) 4.5 556 (124) 7.8 57 3.3

Similar 478 (108) 2.5 535 (91) 7.1 57 4.6

Different Dissimilar 567 (112) 3.5 572 (115) 4.5

Similar 541 (109) 2.7 552 (121) 2.2

Mem Cogn (2018) 46:1010–1021 1015



kana type * similarity + (1 | stimuli) + (1 | subject)]. This
revealed a significant main effect of kana type, t = 5.339, p
< .001, and although the hiragana advantage was numerically
greater for the dissimilar pairs (94 ms) than for the visually
similar pairs (66 ms), the interaction with visual similarity did
not reach significance, t = – 1.458, p = .146. Similarly, the
analysis of error rates for the critical items revealed fewer
errors on hiragana characters, Z = 2.249, p < .03, and the
interaction between kana type and visual similarity did not
reach significance, Z = – 1.114, p = .265.

For the items not used in the kana match task, the analysis
involved kana type (hiragana vs. katakana) as the fixed factor
and the subject and item intercepts as crossed random factors
[in R syntax, logRT ~ kana type + (1 | stimuli) + (1 | subj)].
This analysis showed that katakana were named significantly
more slowly than hiragana, t = 7.378, p < .001. The error rate
was also significantly higher for katakana than for hiragana, Z
= 6.34, p < .001.

To probe specifically whether the priming in the kana
match task was based on phonology (kana names), we exam-
ined the correlations between the size of the priming effect and
kana-naming performance for the cross-case dissimilar and
similar pairs. If the cross-case match was based on phonology,
the two dependent variables should be correlated (the more
fluently the kana name is retrieved, the greater the priming).
Indexing the kana-naming performance for the critical items
required some consideration. Error rates could not be used,
because there were very few naming errors for these items
(see Table 5). Also, because the naming RT is highly depen-
dent on the phonetic characteristics of the onset of an item
(Balota, Cortese, Sergent-Marshall, Spieler, & Yap, 2004),
the naming RT for individual items would not be an appropri-
ate measure of fluency in retrieving the kana name. In view of
these issues, we calculated for each participant the difference
in mean naming RTs for the same identity when presented as
hiragana and katakana (these have the same name, avoiding
any confounding with initial phoneme)—that is, katakana
naming RT – hiragana naming RT. A large positive value on
this measure would indicate relatively less fluent naming of
katakana, which was the more difficult of the kana forms for

these participants (and hence a more sensitive index of their
kana name retrieval). For the cross-kana dissimilar pairs, this
ranged from – 35 to 307 ms (mean = 94 ms), and for similar
pairs, – 90 to 268 ms (mean = 60 ms).3 This measure corre-
lated with the overall accuracy of katakana naming (for all 44
katakana)—for cross-kana dissimilar pairs, r = – .49, p = .05,
and for cross-kana similar pairs, r = – .48, p = .05—indicating
that the measure was sensitive to the individuals’ knowledge
of the kana names. Critically, this measure did not correlate
with the size of priming in the kana match task—for the cross-
kana dissimilar pairs, r = .06, p = .83; for the cross-kana
similar pairs, r = – .11, p = .69—consistent with the view that
the cross-kana match is not based on phonology.

Discussion

We tested adult learners of Japanese (native English readers)
in primed cross-case letter match and cross-script kana match
tasks. In both tasks, the reference and target were in opposite
cases (uppercase vs. lowercase) or kana scripts (hiragana vs.
katakana), and the visual similarity of the cross-case/-script
identity was manipulated (e.g., c/C, へ/ヘ, visually similar;
a/A, あ/ア, visually dissimilar). Robust identity-priming ef-
fects, equal in size for the visually similar and dissimilar pairs,
were found for both writing systems. For the Roman alphabet,
this replicated previous findings of abstract identities at the
single-letter level in L1 adult readers (Kinoshita & Kaplan,
2008, with English readers; Carreiras et al., 2012, with
Arabic), suggesting that this finding is highly reliable. The
same pattern of results was observed with kana: Robust prim-
ing effects were found that were independent of visual simi-
larity. This is the first evidence for abstract identities in the
Japanese kana writing system, and in adult L2 learners of any
orthography.

Our data support the view that priming of abstract identities
may be a Buniversal phenomenon^ across writing systems with
multiple visual forms for a given identity, as suggested by
Carreiras et al. (2012). Moreover, we found abstract identities
in learners of kana with only a few semesters of Japanese lan-
guage instruction, suggesting that the learning of these repre-
sentations occurs rapidly. This rapid acquisition of foreign letter
forms is consistent with results reported by Pelli, Burns, Farrell,
and Moore-Page (2006): These authors found that participants
(ranging from 3 to 68 years old) attained the same proficiency
in letter identification as fluent readers (as measured by the
identification accuracy of a low-contrast letter) in just three
thousand trials. (Three thousand trials is a tiny fraction of the

Table 5 Mean correct naming latencies (standard deviations in
parentheses) and error rates in the kana-naming task

Hiragana Katakana
RT (SD) %E RT (SD) %E

Dissimilar 574 (93) 0.8 668 (149) 6.3

Similar 612 (112) 2.3 678 (142) 4.7

Unused 734 (143) 13.2 865 (153) 30.0

BDissimilar^ and BSimilar^ refer to the kana characters used in the match
task (eight items in each condition); BUnused^ are the remaining charac-
ters (28 hiragana and 28 katakana intermediate in cross-script visual sim-
ilarity), not used in the match task.

3 The mean differences here differ slightly from the differences of mean nam-
ing RTs shown in Table 5, because the former are the means of the individual
differences in RTs, whereas the latter are the differences in mean RTs.
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letter encounters for a mature reader, estimated to be 1.1 × 109

letters for a reader reading 1 h every day for 40 years.)
Of interest, Pelli et al. (2006) noted that despite attaining

the same efficiency as fluent readers in the identification of
single letters, these participants had Bthe same meager mem-
ory span (measured using a partial report procedure) for the
random strings of these characters as observers seeing them
for the first time^ (p. 4665)—only one or two letters, less than
half the visual memory span of fluent L1 readers. Pelli et al.’s
(2006) observation of a dissociation between proficiency in
single letter identification and a limited memory span could
help explain the discrepancy between our findings and
previous work with children in L1 reading acquisition. For
example, Perea et al. (2015) suggested that abstract identities
for the Roman alphabet are acquired slowly, and are not fully
present before third grade, supported by a larger facilitation
from same-case identity word primes (e.g., ARTE–ARTE)
than cross-case identity word primes (e.g., arte–ARTE).
Extending Pelli’s findings that the processing of multiletter
sequences lags behind that of single letters, it is possible that
even established abstract letter identity representations at the
single-letter level may not be sufficient to support the parallel
processing of a string of letters (i.e., words).

There are other reasons to distinguish between representa-
tions that support the identification of single letters and letter
strings (either pseudowords or words). Some types of allo-
graphic variation are relevant only at the level of a letter string
and not at the level of a single letter. Examples are the
position-dependent allography in Arabic, which is meaningful
only when more than one letter is present to define multiple
positions, and systematic case variation in the Roman alpha-
bet, such as initial capitalization for nouns in German and for
proper names (e.g., Mark/mark; China/china) in many
European languages. These types of allographic variation at
the word level do influence visual word recognition; for ex-
ample, proper names (e.g., Anna, America) are recognized
faster in initial-capitalized form (e.g., in Italian; Peressotti,
Cubelli, & Job, 2003). However, these effects are not incom-
patible with abstract letter identity representations, they sim-
ply require an assumption that letter case/allograph informa-
tion is also stored and passed on to subsequent processing
levels (Schubert & McCloskey, 2013). The Borthographic
cue hypothesis^ proposed by Peressotti et al. is based on such
an assumption.

Another recent finding concerning allographic variation at
the word level has been used to argue against the presence of
single-character abstract identities in Japanese kana. Perea,
Nakayama, and Lupker (2017) conducted a masked-priming
lexical decision task, with target words written in katakana
(e.g.,レストラン, meaning Brestaurant^) and phonologically
identical primes written in katakana (e.g.,レストラン) or in
alternating hiragana and katakana (e.g., レすトらン).
Responses to targets preceded by pure katakana primes were

faster than to those preceded by alternating-kana primes. Perea
et al. (2017) concluded that Bin Japanese, abstract units are
shared at the lexical level, but not at the character level^ (p.
1144). However, these results are not incompatible with ab-
stract character identities. In Japanese, the use of katakana is a
cue to the type of word presented: Loan words, mostly nouns
of Western origin (like Brestaurant^レストラン), are always
written in katakana. That is, the katakana format conveys in-
formation about the class of words, just as initial capitalization
in English indicates that a word is a proper name. This ortho-
graphic cue is clearly not available in words written in alter-
nating script, which could reduce the benefit in lexical access
conferred by an identity prime written in alternating hiragana
and katakana. Although the lexical decision task clarifies the
role of kana script at the word level, it does not provide direct
evidence for or against abstract identity representations at the
single-character level (just as results in Roman script indicat-
ing that proper names are recognized more easily with the first
letter capitalized do not negate strong evidence from multiple
sources for abstract letter identities at the single-letter level).
Thus, though Perea et al.’s (2017) results are relevant to word-
level processing in Japanese kana, their implications for
single-character processing are unclear. For that, a paradigm
would have to be used that involves the presentation only of
single characters (cf. Bowers, et al., 1998), such as the letter
match task used in our study.

Abstract orthographic codes or phonology?

We noted in the introduction that although early studies (e.g.,
Posner & Mitchell, 1967) assumed that nominal letter identity
match is based on phonological (Bname^) codes, subsequent
studies have conclusively argued against this view and ex-
plained why the letter match task is well-suited to investigate
the priming of abstract letter identities. Despite this body of
existing evidence, some still question the orthographic basis
of allograph priming effects in the same–different match task
(e.g., Lupker, Nakayama, & Perea, 2015).4 Specifically, the
equal-sized priming effects found with visually similar (e.g.,
c–C) and visually dissimilar (e.g., g–G) prime–target letter
pairs are also consistent with a phonological priming effect,

4 Lupker, Nakayama, and Perea (2015) recently argued that responses in
same–different match tasks are based on phonological codes, on the basis of
the finding that Japanese–English bilinguals asked to match English words
(e.g., south/SOUTH) showed facilitation from masked primes that were trans-
literations in Japanese katakana (e.g.,サウス, /sa.u.su/). However, their study’s
finding of a phonological influence from cross-language primes in word
matching bears little relevance for within-language cross-case (or -script)
letter-matching tasks, in which no word-level phonological information is
involved. Lupker et al. (2015; see also Lupker, Nakayama, & Yoshihara,
2018) did not directly test whether the priming produced by allograph primes
within the same writing system was due to phonological priming. When this
was tested directly, little support was found for the claim (for words in the
Roman alphabet: Kinoshita, Gayed, & Norris, 2018).

Mem Cogn (2018) 46:1010–1021 1017



based on allographs sharing the same letter name and/or sound
(e.g., g–G are both linked to Bgee^ and to /g/).

Kinoshita, Schubert, and Verdonschot (2018) used masked
priming in the same–different task to directly test for a pho-
nological basis of allograph priming with native (L1) Japanese
readers. This study took advantage of the fact that the
Japanese writing system comprises logographic kanji charac-
ters (adapted from Mandarin characters) in addition to the
syllabic kana used here. Where the two kana scripts are allo-
graphic, kanji is a distinct writing system and has no ortho-
graphic overlap with kana. However, some kanji characters
are homophonic with kana (e.g., kanji–kana: 木–き, 木–キ,
all pronounced /ki/), allowing an experiment that contrasted
kanji–kana priming and kana–kana priming. If allographic
priming is based on phonology, the priming of kana by a
homographic kanji character should not differ in size from
the priming of kana by a homographic (allographic) kana
character. Instead, the experiment showed that the priming
of a single kana target by a homophonic kanji character
(e.g., kanji–kana:木–き,木–キ, all pronounced /ki/) was sub-
stantially smaller (29 ms) than the priming effect produced by
an allographic kana prime (e.g., kana–kana: キ–き, き–キ,
also all pronounced /ki/). This result indicates that allograph
priming cannot be reduced to phonological priming. The
allograph-priming effects were also found to be independent
of similarity in visual form (e.g., visually similar:り–リ; vi-
sually dissimilar: す–ス), as we found in the present experi-
ment with adult L2 learners.

In the present experiment, we examined the use of phonol-
ogy by looking at participants’ explicit knowledge of kana
names. Although the participants in our study demonstrated
evidence of abstract kana representations in their L2 compa-
rable to those found in their L1 alphabetic writing system in
the matching task, their knowledge of that L2 was not fully
native-like: They did not perform perfectly on the kana-
naming task. Within this group of L2 learners, individuals
differed in their kana-naming ability; however, there was no
correlation between the fluency with which they named the
kana and the magnitude of priming, either for the cross-script
dissimilar (e.g.,あ/ア) or the cross-script similar (e.g.,り/リ)
kana pairs. This pattern is similar to the neuropsychological
data presented by Rynard and Besner (1987), in the Roman
alphabet for an L1 learner. They presented a 16-year-old boy
with minimal reading ability, who could not name all the let-
ters of the alphabet, but who nevertheless was able tomatch all
cross-case letter pairs perfectly. The absence of a correlation
between the size of priming and the kana-naming ability in our
L2 learners suggests that despite the fact that cross-script dis-
similar kana pairs cannot be matched on the basis of visual
similarity, they were also not matched on the basis of their
phonology (name). These findings—the combination of im-
perfect knowledge of the kana names with robust cross-script
priming, and the absence of correlation between the size of

priming effect and kana-naming fluency—further strengthen
the view that priming in the nominal identity match task is
based on abstract orthographic codes, not phonological codes.

Comparing L1 and L2

The adult Japanese-learners we tested demonstrated lower
knowledge of katakana than of hiragana, with the former
named more slowly and less accurately, resembling
Thompson’s (2009) observation of a lag in letter-naming per-
formance for lowercase forms in English-speaking children.
Given our results with L2 learners, including evidence that
abstract identities are used prior to the acquisition of full
kana-naming abilities, future studies should further investigate
the development of abstract identities in L1 learners, separate
from their knowledge of letter names. As we noted above, the
acquisition of abstract letter identities in children has often
been studied using tasks requiring explicit naming or using
lexical decision tasks, which do not directly address abstract
letter representations. It would be instructive to compare per-
formance on different tasks in future studies of reading acqui-
sition, in both L1 and L2 learners.

Since our participants were bilingual, one can ask how their
performance in the kana task may have been related to their
English and Roman-letter knowledge. Models of bilingual
word recognition (e.g., the bilingual interactive activation
model and BIA+; Dijkstra & van Heuven, 2002), although
highly successful in accounting for task performance across
European languages employing the same Roman alphabet, do
not posit an architecture compatible with biscriptal individ-
uals. Recent investigations of phonological priming across
scripts (including kana and kanji priming English words; see
the review in Ando, Jared, Nakayama, &Hino, 2014) have led
to an extension of this model to biscriptal bilinguals (Ando
et al., 2014; Miwa, Dijkstra, Bolger, & Baayen, 2014). In this
version of BIA+, Ando and colleagues propose that the two
scripts have separate orthographic systems, with the earliest
point of overlap at sublexical phonological representations.

Our proposal that kana characters and Roman letters share a
principle of orthographic abstraction, across kana scripts and
across cases, respectively, is not to suggest that the two scripts
share orthographic processing or orthographic representations.
Rather, we contend that this organization develops naturally on
the basis of the properties of the scripts: that is, the presence of
two allographic forms in both kana (hiragana and katakana) and
the Roman alphabet (uppercase and lowercase). Abstraction
away from allographic variation in both scripts links disparate
visual forms to a single orthographic identity that is invariant to
visual form. Following this assumption, we predict that the
development of abstract kana identities in L2 learners would
not differ on the basis of the participants’ L1 script and would
occur equally for L1 and L2 kana learners (though acquisition
speed may differ for child vs. adult learners).
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Letter abstraction in the brain

Neural evidence consistent with abstraction over allographic
variation has been reported in ERP (e.g., Chauncey, Holcomb,
& Grainger, 2008; Holcomb & Grainger, 2006; Petit et al.,
2006) as well as in fMRI (e.g., Dehaene et al., 2004;
Kronbichler et al., 2009; Polk & Farah, 2002; Rothlein &
Rapp, 2014) studies. As with the behavioral work reviewed
above, the majority of neuroimaging studies of orthographic
abstraction have focused on word-level contrasts (e.g., a large
body of work on the visual word form area). In the same way
that behavioral studies with words provide primary evidence
for word-level orthographic processing, these studies may be
interpreted as neural evidence for word-level abstract ortho-
graphic processing (e.g., access to an orthographic lexicon).
Letter-level processing has been targeted specifically by Petit
et al. and Rothlein and Rapp, contributing to a growing con-
sensus on abstract orthographic representations at the single-
letter level. Furthermore, ERP results indicating a neural pro-
cessing hierarchy, proceeding from levels sensitive to visual
features to levels encoding case-specific letter forms and fi-
nally to case-invariant (abstract) letter forms (e.g., Petit et al.,
2006), align with cognitive models of letter identification
based on behavioral evidence (McCloskey & Schubert,
2014; Schubert & McCloskey, 2013).

Though these neural studies have typically involved
Roman letters, neuroimaging work by Bolger and colleagues
(Bolger, Perfetti, & Schneider, 2005) compared Japanese and
Roman writing systems, finding similarities in the neural areas
activated across scripts, consistent with the use of similar rep-
resentational levels. Adapting the terminology from process-
ing models of Roman script, we suggest that kana proceeds
through visual feature processing, kana-specific (distinct hira-
gana and katakana) representations, and finally kana-invariant
representations (shared by hiragana and katakana forms). It is
this third and most abstract level that the priming in our ex-
periment reflects.

Concluding remarks

We report a priming effect in L2 learners of Japanese that is
consistent with abstract orthographic representations for sin-
gle kana characters. Building on previous work that
established that cross-kana priming is orthographic, rather
than phonological, we demonstrated that this priming is not
affected by visual similarity, a hallmark of orthographic ab-
straction. Furthermore, this priming is found not only in L1
Japanese readers but also in L2 learners, suggesting that it is a
response to the properties of the kana scripts—specifically, the
existence of two allographic forms (hiragana and katakana)
for each syllable. Future work should explore the learning of
abstract identities in L1 and L2 Japanese readers and the rela-
tionship between explicit and implicit knowledge of kana.

Author note T.S. and S.K were supported by funding from the
ARC Centre of Excellence in Cognition and Its Disorders
(CE110001021). S.K. is further supported by an ARC
Discovery Project grant (DP140101199).

Appendix

Table 6 List of hiragana and katakana pairs, their corresponding
sounds, and average similarity ratings from five participants (different
from those completing the experimental tasks)

Hiragana Katakana Mora Similarity Rating

B30あ ア A 1.2
い イ I 1.8
う ウ U 4.8
え エ E 2.4
お オ O 1.4
か カ Ka 5
き キ Ki 4.6
く ク Ku 2.2
け ケ Ke 2
こ コ Ko 3.4
さ サ Sa 1.6
し シ Shi 1
す ス Su 1.2
せ セ Se 4.4
そ ソ So 1.8
た タ Ta 1.4
ち チ Chi 1.6
つ ツ Tsu 1.8
て テ Te 2
と ト To 2
な ナ Na 2.4
に ニ Ni 2.6
ぬ ヌ Nu 1.2
ね ネ Ne 1.4
の ノ No 1.4
は ハ Ha 1.4
ひ ヒ Hi 1.6
ふ フ Hu 1.6
へ ヘ He 5
ほ ホ Ho 1.6
ま マ Ma 1.6
み ミ Mi 1.2
む ム Mu 1.8
め メ Me 1.4
も モ Mo 4.8
や ヤ Ya 4.8
ゆ ユ Yu 1.6
よ ヨ Yo 1.2
ら ラ Ra 3.2
り リ Ri 4.6
る ル Ru 1.6
れ レ Re 1.4
ろ ロ Ro 1
わ ワ Wa 2.4

Similarity ratings based on a survey from five native Japanese speakers
on a scale of 1 to 5, with 1 being not at all similar and 5 being very
similar.
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