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Abstract
Letter similarity (i.e., perceptual distance) is a critical measure to better understand letter perception and literacy development. 
Despite its importance, however, measurements of letter similarity for non-alphabetic scripts are limited, and the shortage 
of letter similarity for non-alphabetic script interferes with the identification of the universality and the uniqueness of letter 
perception systems across different scripts. In the present study, we provide a comprehensive matrix of letter similarity for 
Japanese kana letters (hiragana and katakana). We obtained the discrimination reaction times for simultaneously presented 
letter pairs and calculated the perceptual distance of 4,278 letter pairs by inversing the time. The matrix showed significant 
correlations with previously obtained letter similarity for hiragana and katakana. An additional experiment showed that 
letter pairs for the same sounds (え–エ) produced significantly slower responses compared with those for different sounds (
え–コ). However, the differences in reaction times between the same and different sound conditions were smaller than the 
sequentially presented conditions, suggesting that the matrix was partially attributable to knowledge-based factors (e.g., 
letter-sound knowledge). This first comprehensive matrix of letter similarity (i.e., perceptual distance) for Japanese kana 
letters (hiragana and katakana) will be useful for researchers interested in letter perception and literacy development.
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Introduction

Letter perception is a critical step in reading because we 
cannot read any words without identifying the presented 
letters. How we represent letters in our mind and develop 
their representation during childhood are intriguing ques-
tions in the field of cognitive and developmental psychology. 
Letter similarity, which is the visual (but not phonological) 
similarity of letters, is a powerful tool for understanding 
these issues. Letter similarity, which has been extensively 
measured in alphabetic scripts over the past 130 years, has 
contributed to studies that are theoretically building cog-
nitive models of letter perception and reading as well as 
empirically investigating the development of reading related 
skills (see Mueller & Weidemann, 2012 for a review). For 
example, Treiman et al. (2007) addressed the cross-linguistic 

issue of letter-naming acquisition by investigating the rela-
tionship between naming errors and letter properties, includ-
ing letter similarity. The analysis of naming-error patterns 
showed that letter similarity had a similar effect in English- 
and Hebrew-speaking toddlers, suggesting that toddlers in 
both groups make visually-based confusions. In contrast, 
phonological similarity has a stronger effect on English-
speaking toddlers than Hebrew-speaking toddlers because 
Hebrew has fewer phonologically similar letter pairs. These 
results imply a similar principle in letter-naming acquisition 
across different languages. Letter similarity is also useful 
for quantifying orthographic similarity. Although Coltheart 
et al. (1977) proposed using such orthographic neighbors 
as “time,” “lime,” and “mine” as a measure of orthographic 
similarity, they neglected a letter level of similarity. Despite 
the importance of letter similarity, less is known about it 
in non-alphabetic scripts. The present study provides new 
evidence for letter similarity from other languages, such as 
Japanese hiragana and katakana.

The Japanese language’s unique writing system consists 
of logographic kanji and two types of syllabic kana (hiragana 
and katakana), resulting in three types of writing systems in 
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Japanese orthography (see Wydell & Butterworth, 1999 for 
details). While kanji characters are derived from Chinese 
characters, kana letters were created to simplify the surface 
forms of kanji characters. Kanji characters generally rep-
resent nouns (e.g., 会社 company), the root morphemes of 
inflected verbs (e.g., 行く to go), and adjectives (e.g., 楽しい 
fun). In contrast, hiragana letters represent the inflections 
of verbs, adjectives, and adverbs as well as function words. 
Katakana letters are mainly used for foreign words (e.g., イ
ンターネット internet). The Japanese kana system appears to 
resemble the upper and lower cases in the alphabet because 
hiragana and katakana letters represent identical sounds 
(e.g., hiragana あ and katakana ア represent /a/). However, 
the orthographic rules between kana and alphabetic scripts 
are completely different. For example, although a letter at the 
beginning of a sentence is capitalized in alphabetic script, 
this is not allowed in the Japanese kana writing system. 
Given these differences in writing systems, it might be fruit-
ful to test whether cognitive models of letter perception and 
letter-knowledge development, which are established mainly 
based on studies of alphabetic scripts, are applicable to other 
language systems. Investigating similarity for Japanese kana 
(hiragana, katakana) letters is critical.

Despite the importance, however, very few studies have 
addressed letter similarity in Japanese kana compared with 
alphabetic script. In previous studies on hiragana, non-read-
ers of Japanese performed a clustering task on 46 pairs of 
hiragana letters (Dunn-Rankin & Leton, 1973), and a sub-
jective rating was conducted by Japanese-speaking adults 
on 71 pairs of hiragana letters (Kawakami & Tsuji, 2012). 
For katakana, the subjective letter similarity for 15 pairs of 
letters was investigated (Kaiho, 1970). Since the focus of 
this study was not to obtain a complete matrix of katakana 
letters, the evaluated pairs of letter similarity were limited. 
Other studies measured the letter similarity of every possible 
pair of the 71 katakana letters based on subjective ratings 
(Kawakami, 2002) and clustering tasks (Yamade & Haga, 
2008). Given previous findings on Japanese kana, the subjec-
tive measurement of letter similarity for hiragana and kata-
kana was obtained, although not the similarity across such 
script as hiragana お vs. katakana オ. Obtaining hiragana-
katakana similarity across kana scripts is critical for two 
reasons. First, it can increase understanding of how children 
learn to name hiragana and katakana letters. In elementary 
school, Japanese-speaking children first learn hiragana and 
then katakana (Wydell & Butterworth, 1999). Perhaps a 
knowledge of hiragana influences the acquisition of kata-
kana. For instance, hiragana-katakana letter pairs with a 
similar visual form (e.g., か-カ) are more easily acquired than 
those with a dissimilar form (e.g., あ-ア). Second, compre-
hensive data of letter similarity, including hiragana-kata-
kana letter pairs, contribute to both theoretical and empiri-
cal research that is investigating how literate adults encode 

hiragana and katakana letters, especially whether the two 
types of kana letters are categorically represented.

Although the letter similarity of Japanese kana has been 
mainly measured by subjective methods, such as rating 
and clustering, previous studies on alphabetic script have 
measured it in other ways. The most common procedure is 
letter-naming tasks (e.g., Fisher et al., 1969; Gilmore et al., 
1979), in which letter similarity is measured by counting 
how many times participants misnamed a presented letter 
(i.e., confusability). For example, when the letter O was pre-
sented, the participants misnamed 14.2% and 0.3% of their 
responses as Q and Z (van der Heijden et al., 1984). This 
error rate probably reflects the visual similarity of letters 
(Grainger et al., 2008). However, Mueller and Weidemann 
(2012) pointed out that these errors are not a direct measure 
of letter similarity because a pair of letters was not presented 
simultaneously (i.e., not compared directly); it also takes a 
tremendous amount of time to collect enough naming errors 
because participants correctly identified most of the trials. 
Therefore, although many studies tried to increase the nam-
ing errors by applying psychological techniques, such as 
noise, speed, or low-contrast images (e.g., Gervais et al., 
1984; Gupta et al., 1983; Tinker, 1928), collecting enough 
naming errors remains time consuming. The second proce-
dure to efficiently measure letter similarity uses letter-rating 
tasks to evaluate the visual similarity between two letters on 
a Likert scale (e.g., Boles & Clifford, 1989; Kuennapas & 
Janson, 1969). However, because this is a direct (but subjec-
tive) evaluation of letter pairs, it remains unclear whether the 
rating values substantially reflect a representation of the let-
ters in the participants’ minds. The third procedure measures 
reaction times (RTs) in same-different judgments for letter 
pairs. Podgorny and Garner (1979) assumed that similar 
letter pairs take more time to be judged as the ‘same’ com-
pared with dissimilar letter pairs, and Courrieu et al. (2004) 
proposed the inverse of RTs as a perceptual distance of let-
ter pairs (i.e., an indicator of letter similarity). Unlike the 
number of errors in the letter-naming task, values based on 
RTs do not include zero elements, showing that a more use-
ful indicator for investigating letter similarity should be free 
from struggling with zero elements. Thus, RT-based values 
are not subjective; they are an objective measure, obtained 
by directly comparing letter pairs. Furthermore, since this 
method does not require that letters be named, we can pre-
sumably purely measure the visual (but not phonological) 
similarity of letter pairs. In the present study, we applied this 
method to measure the letter similarity of Japanese kana.

In Experiment 1, we obtained the letter similarity of 
Japanese kana (hiragana and katakana) by measuring the 
discrimination RTs in a go/no-go task for presented letter 
pairs. Following a previous study (Courrieu et al., 2004), 
we asked the participants to only press a button as fast as 
possible if the letter pair was different (e.g., #あ#い#) and 
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not it if the letter pair was identical (e.g., #あ#あ#). By ana-
lyzing RTs in different letter pair condition, we obtained 
perceptual distance as a measure of letter similarity. Note 
that similarity (as a general concept) can be equally meas-
ured by similarity (similar letter pairs have greater values) 
and dissimilarity (dissimilar letter pairs have greater values). 
Distance is a similar measure with dissimilarity (dissimilar 
letter pairs have greater distance) that is required to satisfy 
some requirement. Given the evidence that it took more 
time to discriminate between visually similar letter pairs 
(Podgorny & Garner, 1979), Courrieu et al. (2004) proposed 
an inversed value of discrimination RTs as an indicator of 
letter similarity (i.e., perceptual distance) that allows the 
application of more powerful data analysis methods, such 
as multidimensional scaling. Like dissimilarity, similar let-
ter pairs have smaller perceptual distances. For example, 
Courrieu et al. (2004) reported that the perceptual distance 
for visually similar b-d pairs were 69, although it was 124 
for visually dissimilar y-c pairs. By applying this method, we 
obtained the perceptual distances for 4278 pairs of Japanese 
kana.1

Although we are trying to obtain the perceptual distances 
of kana letters to determine how a letter pair is visually simi-
lar, there are no guarantees that other factors do not influence 
them. Since a letter is a visual object that represents sounds, 
phonological information might be implicitly activated dur-
ing our task. In addition, as in the case of alphabetic script 
(a = A), literate Japanese speakers know that letters are 
arbitrary signs, and a certain pair of hiragana and katakana 
letters refers to the same sound (え = エ ≠ お). That is, such 
knowledge-based factors as letter-sound knowledge (concep-
tual knowledge) might be induced whenever we perceive a 
letter. Therefore, such a confounding factor is likely to affect 
the perceptual distance in our task.

One possible way to confirm the contribution of concep-
tual knowledge is provided by Lupyan et al. (2010) who used 
a same-different judgment task of alphabetic letter pairs con-
sisting of identical sounds (Bb) and different sounds (Bp). 
Both lower-case letters (b and p) consist of a straight line 
and a semicircle, and the visual similarity between Bb and 
Bp is almost identical. If the participants only respond by a 
visual comparison of the letter pairs, one would expect that 
the RTs for the identical (Bb) and different (Bp) condition do 
not produce significant differences. This effect was observed 
in the two-presentation condition. In the simultaneous pres-
entation condition, both letters were presented at the same 
time, as in our Experiment 1. In the sequential presentation 
condition, however, the first letters were presented before 
the second letter appeared. Lupyan et al. (2010) predicted 

little or no difference in the simultaneous condition because 
their participants responded before the conceptual knowl-
edge affected the ongoing visual processing. However, in 
the sequential presentation condition, Lupyan et al. (2010) 
predicted a greater difference between the same and different 
sound pairs because of the greater time that the conceptual 
knowledge interfered with the visual processing. As pre-
dicted, Lupyan et al. (2010) found a significant difference 
between the same and different sound pairs in the sequential 
condition but not in the simultaneous condition, suggesting 
a small amount of interference by conceptual knowledge in 
the simultaneous condition. Based on previous findings, we 
also simultaneously presented letter pairs in Experiment 1. 
Therefore, we confirmed that our obtained perceptual dis-
tance is mainly attributed by the visual comparison of letter 
pairs even if a similar phenomenon was observed in Japa-
nese kana letters.

Experiment 2 examined the effect of conceptual knowl-
edge in the same-different judgment based on the previous 
study (Lupyan et al., 2010). We presented participants with 
letter pairs of hiragana and katakana, such as え-エ (hiragana 
/e/ - katakana /e/) in the same-sound condition and え-コ 
(hiragana /e/ - katakana /ko/) in the different-sound condi-
tion. Although エ and コ are visually quite similar, they rep-
resent completely different sounds, and therefore different 
RTs between the same and different sound conditions can be 
interpreted as the effect of conceptual knowledge. Like in the 
previous study (Lupyan et al., 2010), we observed this effect 
when the letter pairs were only presented in the sequentially 
presented conditions. If there is little or no effect of concep-
tual knowledge in the simultaneously presented condition, 
our obtained data can be mainly attributed to the perceptual 
visual information of letters.

Experiment 1

Method

Participants

A total of 21 participants (13 women and eight men; M 
age = 26.4 years, range: 20–39 years of age) were included 
in the experiment. We removed three participants from the 
final sample because they wished to withdraw (n = 1), their 
accuracy was 2 SD below the mean (96.10%, n = 1), and they 
exceeded the predetermined age criteria (over 40 years old, 
n = 1). All participants were literate native Japanese speak-
ers with normal or corrected-to-normal vision. The present 
experiment was approved by the ethics committee of our 
institute and written informed consent was obtained from 
each participant prior to the experiment. After completing 1 Hereinafter we use ‘letter similarity’ to refer to this general con-

cept.
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the six to ten days of the experiment, each participant 
received ¥40,000, which is roughly $365.

Stimuli and Design

The stimuli were Japanese hiragana (46 letters), katakana 
(46 letters), and a blank space, resulting in 93 letters. We 
included a blank space because blank spaces indicate clauses 
in many types of children books, although Japanese texts are 
not typically separated by spaces. Each participant judged 
every possible pair of different letters (93 × 92/2 = 4278 
pairs). Additionally, they were presented with the same 
number of identical pairs (4278 pairs), culminating in 46 
presentation times for each identical letter pair. Hence, 
they completed 8556 trials for each set. To stably acquire 
each participant’s RTs, they completed three sets, result-
ing in 25,668 trials throughout the experiment. We made 
two stimuli lists, half in ascending order and the other 
half in descending order, such that half of the participants 
were exposed to #あ#い# and the others were exposed to its 
reversed order (#い#あ#).

Procedure

The experiment was conducted in accordance with the pro-
cedure of a previous study (Courrieu et al., 2004). Each trial 
started with the presentation of five hash marks (#####) for 
750 ms, followed by presentation of the test letters (e.g., #
あ#い#) (Fig. 1). The participants were instructed to press a 
button as fast as possible when the presented pair of letters 

was different (go trial) and not to press it when the pre-
sented pair was identical (no-go trial). Trial orders were ran-
domized for each participant. We set timeouts at 1.5 s. Go 
trials, where the participants did not respond before the time-
out, were treated as errors. Our RTs analysis only included 
the responses in the go trials. 25,668 trials were divided 
into 138 sessions, resulting in 186 trials in each session. 
The experiment was carried out over 6 to 10 days due to 
the large number of sessions. Prior to this main experiment 
each day, we carried out simple detection RT and practice 
sessions. In the simple detection RT sessions, five jittering 
hash marks were presented from 600 to 1000 ms, followed 
by hash marks with steady, fixed symbols (#$#£# or #£#$#). 
The participants were required to immediately press buttons 
after the presentation of the fixed symbols, which consisted 
of 25 trials. Then they completed a practice task of 42 trials 
for alphabetic letter pairs (e.g., #a#b#). After checking that 
the participants correctly performed the practice trials, we 
moved to the main experiment. Stimuli were presented on 
a 24.5-in. LCD monitor at 60 Hz (BenQ ZOWIE XL2546, 
1920 × 1080 pixels), controlled by PsychoPy Version 1.90.1 
(Peirce, 2007, 2009; Peirce et al., 2019) on a Windows desk-
top computer. The participant responses were collected by 
a Logitech F310 Gamepad. Letters were presented in MS 
Gothic (height = 30).2 The stimuli, shown at the center of the 
screen, covered a visual angle of about 0.7° × 4.2°.

Results and Discussion

Participant‑Level Analysis

We first checked the task performance to identify partici-
pants who misunderstood the instructions or showed poor 
concentration. Although most performed almost perfectly 
(M = 99.11%, SD = 1.50), one participant whose accuracy 
was 2 SD below the mean was removed from the following 
analysis.

We daily calculated the mean simple detection time (t0) 
for each participant because the experiment was carried out 
across several days. The RTs for the fastest ten trials were 
used as simple detection RTs (t0). This time was subtracted 
from each RT of each item-pair (i.e., DiffRT = itemRT 
– t0). Since the experiments consisted of three sets, three 
values (DiffRT) were obtained for each pair if they cor-
rectly responded for all pairs. We averaged these values and 
divided the obtained values by their average to normalize 
the mean discrimination time to 1. If we could not average 
these values (i.e., they failed to respond for  pairi over two 
sets), the values of this pair were treated as missing values. 

Fig. 1  Scheme of Experiment 1. Prior to main trial, five hash marks 
were presented at center of screen. Two letters with hash marks were 
presented and participants pressed a button if the presented letters 
were physically different. Trial orders were randomized

2 ‘MS Gothic’ is a standard Japanese font in Microsoft Windows and 
is commonly used in software, e.g., Internet Explorer.
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Missing values in the participant-level analysis were quite 
rare (M = 1.47, Mdn = 1).

Presentation Order of Discrimination Time Matrix

We counterbalanced the presentation order of the letter pairs 
across the participants such that half were exposed to #あ#
い#, and the others were exposed in reverse order (#い#あ#). 
To check the effect of the presentation order, we calculated 
the mean value of these conditions (e.g., あ-い and い-あ) by 
averaging the discrimination time of each participant and 
checked the correlation between two presentation orders. 
Since we found a significant correlation between two pres-
entation orders (r = .606, p < .001), we took the mean values 
of all the participants invariantly over the presentation order 
of the letter pairs.

Converting to Distance

The normalized differences between the item reaction times 
and the simple detection times over the presentation order 
were converted to distances by taking the inverse of these 
values (i.e., d = 1/t). The min (d) was 0.392, and the max 
(d) was 1.294. Since these values did not satisfy the rela-
tion max (d) ≤ 2 min (d), which is satisfactory for the tri-
angle inequality (See Courrieu et al., 2004 for details), we 
checked the triangle inequality for all possible pairs. All 
possible pairs satisfied the triangle inequality, suggesting 
that the obtained values are metric. Additionally, not a single 
participant responded correctly to へ-ヘ (hiragana /he/ and 
katakana /he/) pairs, suggesting that all of them recognized 
these letters as completely identical.3 We assigned zero to 
this pair.

Summary of Perceptual Distance for Kana

The complete matrix for letter similarity (i.e., perceptual 
distance) multiplied by 100 can be obtained from online 
Supplementary Materials. Since the obtained data were 
converted to distance, similar letter pairs have small values. 
Examples of this matrix are shown in Table 1. For example, 
the distance for visually similar あ-お pairs (54) was less than 
あ-い pairs (103). In addition, Fig. 2 shows the overall dis-
tribution for the letter pairs of hiragana-hiragana, katakana-
katakana, and hiragana-katakana. The perceptual distance 
for hiragana-katakana was larger than hiragana-hiragana 
(t(1608.6) = 14.09, p < .001, d = 0.59) and katakana-katakana 
(t(1670.5) = 20.83, p < .001, d = 0.86). On the other hand, 

Table 1  Examples of matrix 
indicating letter similarity (i.e., 
perceptual distance)

あ い う え お か き く け こ さ し

あ
い 103
う 98 106
え 112 100 96
お 54 103 107 115
か 97 111 105 114 103
き 90 109 100 107 93 104
く 106 99 104 105 109 105 103
け 100 94 106 98 97 100 108 113
こ 104 94 106 100 116 103 100 98 110
さ 97 106 101 107 105 94 58 108 106 98
し 106 94 95 107 109 101 114 83 94 101 104

BetweenKatakanaHiragana

Pe
rc

ep
tu

al
 D

is
ta

nc
e

Fig. 2  Distribution of perceptual distance (indicator of letter similar-
ity). Perceptual distance of hiragana-katakana pairs (between) tends 
to be larger than that hiragana-hiragana (hiragana) and katakana-
katakana (katakana). Letter pairs that participants recognized as com-
pletely identical (へ [hiragana]-ヘ [katakana]) were excluded from 
this analysis. Boxes represent median of first and third quartiles, and 
bars show min and max without outliers

3 Although these letters appear identical, there is a minor difference 
in the font we used. Since all of our participants recognized these let-
ters were identical, we removed these pairs from the triangle inequal-
ity check.
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the differences between hiragana-hiragana and katakana-
katakana were significant, although with a weak effect size 
(t(2062.5) = 4.84, p < .001, d = 0.21). This indicates that the 
perceptual distance between different scripts (i.e., hiragana-
katakana) tends to be more dissimilar than within scripts 
(i.e., hiragana-hiragana and katakana-katakana).

Comparison with Previous Studies

To confirm whether our matrix is attributed to visual per-
ceptual information rather than conceptual knowledge (e.g., 
letter-sound knowledge), we compared it with previous stud-
ies that subjectively rated the visual similarity of hiragana 
(Kawakami & Tsuji, 2012) and katakana (Kawakami, 2002). 
Our matrix showed significant correlations with hiragana 
(r = −.64, p < .001) and katakana (r = −.65, p < .001). We 
also found a significant, but weak correlation (r = −.38, 
p < .001)4 between our matrix and the visual similarity 
obtained by a clustering task performed by non-Japanese-
speaking adults for 46 hiragana letters (Dunn-Rankin & 
Leton, 1973). Although a possible reason for the weak cor-
relation is that the previous matrix had too many zero ele-
ments, additional investigation is needed before reaching a 
final conclusion.

Experiment 2

Our findings from Experiment 1 showed that the obtained 
perceptual distance is highly related to previous data reflect-
ing visual similarity. In Experiment 2, we empirically inves-
tigated the contribution of perceptual information and con-
ceptual knowledge in the comparison of letter pairs.

Method

Participants

Sixteen adults (eight women, eight men; M age = 21.0 years; 
age range: 18–25 years) who did not participate in Experi-
ment 1 were recruited and paid ¥5000 (about $45). An 
additional participant was excluded from main (RTs) analy-
sis whose task accuracy was below 90%.

Stimuli and Design

The stimuli are shown in Fig. 3. All pairs consisted of three 
letters: one hiragana letter (え) and two katakana letters   (
エ and コ). The critical pairs were え-エ in the same-sound 
condition and え-コ in the different-sound condition. Since エ 
and コ are quite similar at the pixel by pixel level, the visual 
similarity of the え-エ pair was almost equal to that of え-
コ. In contrast, the え-エ pair represents the same /e/ sound, 
although the え-コ pair does not. Any significant difference 
in the RTs between these pairs is attributable to the concep-
tual knowledge of the letters (e.g., letter-sound knowledge). 
In addition to the critical pairs, え-え and エ-エ pairs were 
selected as stimuli for the no-go trials. Although there are 
three possible pairs for the no-go trials (え-え, エ-エ, and コ-
コ), two were selected to match the numbers for the go and 
no-go trials.

Procedure

The procedure was identical as in Experiment 1 except for 
the insertion of a sequentially presented condition. The par-
ticipants pressed a button when the letter pairs were physi-
cally different and did not when they were identical. In the 
sequential presentation condition, the first letter appeared for 
150, 300, 450, or 600 ms before the second letter (i.e., there 
was nonzero stimulus onset asynchrony, or SOA). Since we 
predicted that longer SOAs would produce additional time to 
exert conceptual knowledge that leads to greater differences 
in RTs between the conditions in which the SOAs increased, 
different SOAs were included in the sequentially presented 
condition and determined based on a previous study (Lupyan 
et al., 2010). The first letter (e.g., え) was randomly presented 
on the left (e.g., #え# #) or the right (e.g., # #え#) side of the 
stimuli. An experimental session consisted of 576 trials. The 
numbers of same-different, within-between, and simultane-
ous-sequential were equal. Prior to the experimental ses-
sion, the participants completed 47 practice trials in which 
alphabetic letters (ex., #e#F#) were used as stimuli. After 
checking the correct performance of the practice session, 
the participants moved to the experimental session. The RTs 
were measured after both letters appeared.

Results and Discussion

Accuracy was sufficiently high (M = 98.35%, SD = 1.35). 
A two-way repeated measures ANOVA for accuracy did 
not reveal any significant main effects of condition (physi-
cally same and different; F(3,48) = 2.07, p = .117, η̂2

G
 = 0.04) 

or SOA (0 [i.e., simultaneous presentation], 150, 300, 450, 
and 600 ms; F(4,64) = 0.93, p = .450, η̂2

G
 = 0.00). Therefore, 

we only used the responses for different trials (i.e., go trials) 
for the following RT analysis. Trials for incorrect responses 

4 A similar analysis was carried out in a previous study that obtained 
the visual similarity of alphabetic letters by RT data (Courrieu et al., 
2004). The obtained perceptual distance, which was compared with 
the confusion matrix of non-literate toddlers, included many zero ele-
ments. Correlation obtained by the previous study was not as strong 
(r = −.35, p < .001) as in our study, indicating that the correlation in 
our study is not necessarily low.
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or outliers (more than 2 SD away from the participant’s 
mean) were also eliminated from the following RT analysis 
(5.14%).

The results of the RT analysis are shown in Fig. 4. 
A two-way repeated measures ANOVA determined the 

effect of the condition (same-sound and different-sound) 
and the SOA (0, 150, 300, 450, and 600 ms). There was 
a significant main effect of condition (F(1,15) = 26.32, 
p < .001, η̂2

G
 = 0.23), such that the participants responded 

more slowly to pairs with the same-sound condition (え-
エ, M = 491 ms, SD = 49 ms) than to those with the dif-
ferent-sound condition (え-コ, M = 452 ms, SD = 49 ms). 
Slower responses for the same-sound condition were 
consistent with the previous findings using alphabetic 
letter pairs (Lupyan et al., 2010). Moreover, there was 
a significant main effect of SOA (F(4,60) = 93.58, 
p < .001, η̂2

G
 = 0.46). The RTs in the simultaneously pre-

sented pairs (M = 523 ms, SD = 39 ms) were slower than 
those in the sequentially presented pairs (SOA 150 ms: 
M = 468 ms, SD = 44 ms; SOA 300 ms: M = 470 ms, 
SD = 42 ms; SOA 450 ms: M = 447 ms, SD = 36 ms; SOA 
600 ms: M = 440 ms, SD = 44 ms). Critically, we found 
a significant interaction between condition and SOA 
(F(4,60) = 3.69, p = .009, η̂2

G
 = 0.02). Although the RTs 

between the same-sound and different-sound conditions 
at each SOA were significantly different (all ps < .01), 
the difference between the conditions varies depending 
on the SOAs. While the simultaneously presented condi-
tion produced a 23-ms difference with a medium effect 
size (t(15) = 3.20, p = .006, dD = 0.798), the sequentially 
presented condition produced significant differences 

Fig. 3  Stimuli and design for 
Experiment 2. Two letters were 
presented and participants 
pressed a button when presented 
letters were physically different. 
Different condition consists 
of trials that shared identi-
cal sounds (same sound) and 
did not share identical sounds 
(different sound). Letters were 
presented simultaneously and 
sequentially; in sequential con-
dition, second letters appeared 
after a variable delay (stimulus 
onset asynchrony, or SOA)
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Fig. 4  Mean RTs for same and different sounds conditions. Although 
difference in RTs between identical and different sounds conditions 
were significant in all SOAs, size of difference tended to be smaller 
in simultaneously compared with sequential presentation. Error bars 
represent ±1 SE
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with larger effect sizes (SOA 150  ms: M = 32  ms, 
dD = 0.843; SOA 300 ms: M = 50 ms, dD = 1.317; SOA 
450 ms: M = 43 ms, dD = 1.144; SOA 600 ms: M = 45 ms, 
dD = 1.148).

These findings demonstrate that both simultaneous and 
sequential presentations produced different RTs between the 
same-sound and different-sound conditions, suggesting that 
participants made a same-different judgment using concep-
tual knowledge. Although we cannot deny that our matrix is 
at least partially influenced by conceptual knowledge (e.g., 
letter-sound knowledge), note that this effect was smaller in 
the simultaneously presented condition than the sequentially 
presented condition.

Furthermore, the magnitude of the differences 
between same and different sound conditions seemed to 
vary among the sequentially presented conditions with 
a peak at SOA = 300 ms. In particular, although the dif-
ferences of RTs between SOA 150 ms and SOA 300 ms 
were 18  ms, the differences of RTs for SOA 300  ms 
– SOA 450 ms and SOA 300 ms – SOA 600 ms were 7 
and 5 ms. However, a previous study on alphabetic script 
showed no difference in RTs between different SOAs, 
although the variance decreased as SOA increased, 
implying that this effect becomes more reliable as SOA 
increases (Lupyan et al., 2010). Consistent with the pre-
vious findings, the present study also identified a ten-
dency for the effect to become robust as SOA increases, 
but it saturated more quickly. Although the previous 
study did not show significantly different RTs in the 
simultaneous presentations, the present study showed a 
weak but significant difference. These differences might 
have emerged because of the easier access to conceptual 
knowledge in the present experiments that used a go/
no-go task (in which a button was only pressed when 
different letters were presented) compared to Lupyan 
et al. (2010) task (in which a button was pressed when 
the presented letters were physically identical and dif-
ferent). Thus, the participants in the previous study may 
have relied more heavily on visual information because 
of a higher task load. However, since these studies used 
different languages, further investigation is needed to 
examine whether the differences in the RTs were induced 
by cross-linguistic differences.

To sum up, our present findings suggest that the discrimi-
nation time for simultaneously presented letter pairs might 
be partially attributed to conceptual knowledge. However, 
its contribution to the discrimination times was smaller than 
the sequential presentation condition.

General Discussion

The present study successfully provided a new measure to 
elucidate letter similarity (i.e., perceptual distance) for 4278 
pairs of Japanese hiragana and katakana. Although many 
studies have addressed letter similarity in alphabetic scripts 
(see Mueller & Weidemann, 2012 for a review), it has been 
largely limited to non-alphabetic scripts. This lack of stud-
ies disrupts enterprises that seek to identify universality and 
the specificity of letter perception across different scripts. 
Therefore, we focused on Japanese kana letters to obtain 
the perceptual distance based on RTs in the same-different 
judgment (Courrieu et al., 2004). Although previous stud-
ies on Japanese kana subjectively rated letter similarity 
(Kawakami, 2002; Kawakami & Tsuji, 2012), our approach 
used RTs, which enable a participant’s task engagement to 
be monitored in terms of accuracy and RTs and extract the 
implicitly judged similarities of letter pairs.

Another advantage of the present study is that our matrix 
includes the first cross-categorical similarity between hira-
gana and katakana letters; it was not obtained in previous 
studies (Kawakami, 2002; Kawakami & Tsuji, 2012). The 
letter similarity between these two types of kana will prob-
ably contribute to an acquisition study for examining how 
prior knowledge of hiragana influences the acquisition of 
katakana letter naming, especially whether visually similar-
looking letters (か /ka/ and カ /ka/) are easily acquirable. Let-
ter similarity might also contribute to the consideration of 
how we mentally represent kana letters. Hiragana-katakana 
pairs tend to be more dissimilar than hiragana-hiragana and 
katakana-katakana pairs, implying that these kana scripts are 
categorically represented. A similar representation pattern 
was found in alphabetic letters within the same language. 
Boles and Clifford (1989) measured the alphabetic letter 
similarity for lower and upper cases and modeled a represen-
tation of alphabetic letters using multidimensional scaling 
(MDS). Dimension 1 in the MDS is clearly related to upper- 
and lower-case letters, indicating that they are categorically 
represented as in Japanese hiragana and katakana letters. 
These results suggest that categorical letter representation 
is universal across languages. One possible reason for such 
universality is that these categories (upper case vs. lower 
case and hiragana vs. katakana) were evolutionary selected 
to be visually distinguishable. However, since our focus is 
to collect letter similarity data and confirm the validity of 
the perceptual distance in Japanese kana, we did not per-
form any additional analysis. Further research is needed to 
model a representation of Japanese kana letters using our 
perceptual distance.

Our similarity measure of Japanese kana has several proper-
ties. First, ours is a distance matrix because all possible pairs 
satisfied triangular inequality. Second, our matrix does not 
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simply reflect the perceptual information of letters. Instead, it 
is reasonable to assume that perceptual distance is due to the 
information that is partially affected by conceptual knowledge 
because there is a significant, but weak correlation between our 
matrix and the previous data for a task with 46 hiragana letters 
performed by participants who cannot speak Japanese (Dunn-
Rankin & Leton, 1973). Moreover, an additional experiment 
found a significant effect of conceptual knowledge even in 
simultaneously presented pairs, which is the same condition 
in tasks that obtain letter similarity. However, this effect was 
smaller than the sequentially presented pairs, suggesting that 
conceptual knowledge’s effect is relatively (but not perfectly) 
controlled.

This work, which is the first comprehensive matrix for 
the letter similarity of Japanese hiragana and katakana, will 
become a valuable tool for psycholinguistic studies using Japa-
nese kana stimuli and determining orthographic similarity. It 
will also be useful for disclosing the underlying mechanisms of 
letter perception. With our matrix, it is intriguing to examine 
whether the mechanism of letter perception, shown in alpha-
betic script (e.g., Mueller & Weidemann, 2012), is applicable 
to non-alphabetic scripts. Finally, our matrix can contribute to 
a precise understanding of how toddlers acquire the ability to 
read hiragana and katakana (Kakihana, 2015; Treiman et al., 
2007), which is a critical benchmark for literacy development.
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