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A B S T R A C T

Reading requires precise encoding of letter identity to discriminate visually similar but orthographically distinct 
letter forms. We examined whether reversal-related alternatives (e.g., b and d) are more disruptive than other 
visually similar alternatives and whether any disadvantage differs between lateral and vertical reversal orien
tations. We conducted four masked priming experiments in Korean Hangul that examined lateral (e.g., ㅏ/ㅓ) and 
vertical (e.g., ㅗ/ㅜ) reversal-related primes in lexical decision, alphabetic decision, and same–different matching 
tasks, using stroke-deletion and stroke-addition controls and, in the final experiment, a visually dissimilar 
baseline. In the lexical decision task, reversal-related primes were more disruptive than both controls. The 
alphabetic decision task showed the same pattern relative to both visually similar controls, again with little 
evidence that these contrasts differed between orientations. In the same–different matching task, the disad
vantage was larger for vertical than lateral pairs and, relative to the visually dissimilar baseline, remained for 
vertical but not lateral pairs. These findings extend the reversal-related disadvantage previously observed in 
Roman script to letter and word recognition in Hangul and show that reversal-related and visually similar single- 
stroke alternatives are not equivalent during Hangul word recognition. Thus, models of visual word recognition 
must distinguish reversal-related alternatives from visually similar alternatives formed by stroke deletion or 
addition.

Introduction

The human visual system can recognize objects across a series of 
transformations (Riesenhuber & Poggio, 1999). Its tolerance for left–
right reflection (e.g., and ) is often referred to as mirror general
ization. We use the term in this sense and distinguish it from tolerance to 
picture-plane rotation; mirror-image invariance does not necessarily 
extend to rotations (see Bornstein et al., 1978; Fernandes & Leite, 2017; 
Gregory et al., 2011; Kolinsky et al., 2011; Logothetis & Pauls, 1995; 
Martinaud et al., 2016, for neuropsychological and developmental evi
dence). While adaptive for object perception, this ability conflicts with 
reading in the Roman alphabet, where letters with mirrored forms (e.g., 
b versus d, p versus q) represent different letters (Dehaene & Cohen, 
2011). Thus, for readers of the Roman alphabet, literacy acquisition 
requires the cognitive system to become increasingly sensitive to 
orientation differences among letters, while preserving mirror tolerance 

in object recognition (Dehaene, Nakamura, et al., 2010; see also 
Dehaene et al., 2015; Pegado et al., 2011).

Mirror errors are common in beginning readers (e.g., Fernandes 
et al., 2016) but typically decrease with literacy. This pattern is 
consistent with the neuronal recycling hypothesis (Dehaene et al., 2005). 
According to this hypothesis, reading repurposes visual circuits origi
nally evolved for object processing and increases sensitivity to letter 
orientation. However, it remains unclear how the resulting reversal- 
related effects should be characterized in skilled readers and whether 
they generalize across writing systems. The key question is whether 
reversal-related pairs (e.g., d versus b) differ from visually similar pairs 
(e.g., c versus e). If they do, models of visual word recognition must 
distinguish between the two, even when both are visually similar. This 
constraint would apply to activation-based models (e.g., Grainger & 
Jacobs, 1996; McClelland & Rumelhart, 1981) and Bayesian evidence- 
accumulation models of masked priming (e.g., Kinoshita & Norris, 
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2012; Norris & Kinoshita, 2008). The same issue concerns how literacy 
enables readers to distinguish reversal-related letter forms, with impli
cations for reading acquisition and dyslexia (e.g., Fernandes & Leite, 
2017; Fernandes et al., 2024, 2025; Lachmann & Geyer, 2003).

To address these questions, we examined reversal-related priming in 
Hangul. Hangul contains systematic lateral (left–right; e.g., ㅏ/ㅓ) and 
vertical (top–bottom; e.g., ㅗ/ㅜ) reversal-related letter pairs and is a 
unicase script. This latter property avoids the case-dependent relations 
found in Roman letters: for example, lowercase b and d form a reversal 
pair, whereas uppercase B and D do not—a parallel case applies to p and 
q (P/Q). We tested whether reversal-related primes produce a cost 
relative to visually similar controls that are not reversal counterparts of 
the target and how masked priming from lateral and vertical reversal- 
related primes occurs in tasks that classify the target (lexical decision 
task, alphabetic decision task) or match it to a referent (same–different 
matching task). Specifically, using the masked priming technique 
(Forster & Davis, 1984), Experiments 1 and 2 employed lexical and 
alphabetic decision tasks, whereas Experiments 3 and 4 employed 
same–different matching tasks, in which participants compared the 
target with a preceding referent. We first review the relevant findings 
from the Roman alphabet.

Mirror and reversal-related processing in the Roman alphabet

A reversal-related cost has been reported in negative priming para
digms, where prior processing of reversible letters hinders mirror 
judgments. For instance, Borst et al. (2015) found that mirror-image 
animal targets were processed more slowly after reversible letter 
primes (e.g., b/d) than after nonreversible ones (e.g., h/a), suggesting 
that reversible letters can produce interference in subsequent mirror 
judgments. Likewise, Ahr et al. (2017) found a negative priming effect 
on subsequent object judgments after lateral but not vertical reversible- 
letter pairs. These findings, however, leave open the question of how 
reversal-related interference unfolds during the earliest moments of 
letter and word recognition.

To examine these early reversal-related effects, researchers have 
often used masked priming (Forster & Davis, 1984), which taps the 
initial moments of orthographic processing (see Grainger, 2008, for re
view). Perea et al. (2011) compared identity primes (idea–IDEA), mirror- 
reversed letter primes (ibea–IDEA), and visually similar controls (ilea
–IDEA). Mirror-reversed primes selectively produced slower response 
times when they contained reversible letters (e.g., b↔d), but not when 
they contained nonreversible letters (e.g., riↄe–RICE), suggesting inter
ference beyond visual similarity alone. Soares et al. (2019), using the 
same type of visually similar control (e.g., lase–base, lose–dose), further 
showed that the reversal-related cost within the b/d pair was asym
metric: reliable interference arose when a right-facing b prime replaced 
d in a d-word, but not in the reverse direction. Fernandes et al. (2022)
found that mirror reflection and picture-plane rotation produced larger 
costs for reversible than nonreversible letters, with facilitation rather 
than interference for transformed nonreversible letters. Across these 
studies, then, a prime was selectively disruptive when its critical letter 
had an existing reversal counterpart.

Notably, visually similar letter-substitution primes that are not 
reversal counterparts of the target generally facilitate early word pro
cessing in masked priming experiments (e.g., nevtral vs. neztral → 
NEUTRAL; Marcet & Perea, 2017, 2018; Gutiérrez-Sigut et al., 2019; 
Lally & Rastle, 2023; see also Bae et al., 2025, for Hangul). This disso
ciation suggests that visual similarity per se cannot explain the reversal- 
related cost. Although spatially specified letter feature codes can 
distinguish reversal-related substitutions from other visually similar 
substitutions at the input level, this distinction does not by itself predict 
a selective disadvantage for reversal-related alternatives. Thus, the 
leading activation-based models that implement the Rumelhart and 
Siple (1974) letter-feature scheme can distinguish these substitutions 
at the input level, but they do not, by themselves, predict why relocating 

a letter feature so as to specify a different letter identity produces greater 
interference than adding or deleting a letter feature (e.g., Coltheart 
et al., 2001; Davis, 2010; Grainger & Jacobs, 1996; McClelland & 
Rumelhart, 1981).

Most existing research on this issue has focused on laterally reversed 
letter pairs (e.g., b–d), leaving vertically reversed letter pairs (e.g., b–p) 
comparatively understudied. Given that mirror generalization specif
ically concerns tolerance to left–right reflection, vertical pairs provide a 
theoretically informative contrast, as both relations distinguish letter 
identities, but only lateral pairs instantiate the transformation impli
cated in mirror generalization. Previous developmental studies have 
shown that vertical confusion is less frequent and resolves earlier in 
reading development (Cairns & Steward, 1970; Davidson, 1935). For 
nonlinguistic objects, however, the relative prominence of the two 
reflection axes depends on visual experience and feature salience (see 
Cattaneo et al., 2010; Gregory & McCloskey, 2010). In skilled readers, 
Ahr et al. (2017) found that lateral reversible-letter pairs were harder to 
discriminate than vertical pairs. Notably, using whole-string masked 
primes in which every letter was transformed, Pittrich and Schroeder 
(2023) found facilitation relative to unrelated primes for left–right but 
not top–bottom transformations in the lexical decision task; in the 
same–different matching task, both transformations facilitated words 
and nonwords. As their manipulation transformed every letter, these 
findings provide relevant background for the lateral–vertical compari
son but do not isolate the effect of a single reversal-related substitution.

A separate issue concerns the comparison baseline. In masked 
same–different matching experiments with single letters (e.g., d–b) and 
nonlexical strings (e.g., dst–bst), Kinoshita and Liong (2023) found that 
reversal-related primes facilitated responses relative to visually dissim
ilar controls but remained less effective than identity primes. They 
argued that the visually similar control letters used in previous experi
ments may themselves have facilitated the target—a question we return 
to in Experiment 4. Taken together, these findings leave two questions 
unresolved: whether, in masked word recognition, a single reversal- 
related substitution produces a cost relative to two visually similar al
ternatives, and how masked priming from lateral and vertical reversal- 
related primes is expressed in experimental tasks that classify the 
target (lexical decision, alphabetic decision) or match it to a referent 
(same–different matching task).

Hangul as a test case for reversal-related priming

The Korean writing system, Hangul, contains a systematic set of 
letter pairs that involve lateral and vertical reversals. Among the ten 
basic vowel letters, four form lateral (left–right) pairs (ㅏ–ㅓ, ㅑ–ㅕ), four 
form vertical (top–bottom) pairs (ㅗ–ㅜ, ㅛ–ㅠ), and two are symmetric 
(ㅡ, ㅣ). This inventory permits a within-script comparison of the two 
reversal orientations. In Korean orthography, Hangul letters are ar
ranged within spatially organized syllable blocks rather than as a strictly 
linear sequence, and vowel letters do not occur as free-standing ortho
graphic units. Within a syllable block, lateral vowels such as ㅏ and ㅓ 
occur to the right of the onset consonant (e.g., ㅅ + ㅏ = 사 /sa/ [four]), 
whereas vertical vowels such as ㅗ and ㅜ occur below it (e.g., ㅅ + ㅗ =
소 /so/ [cow]). For each reversal-related pair, however, one letter can be 
transformed into the other both by the relevant reflection (left–right or 
top–bottom) and by a 180◦ picture-plane rotation. The present materials 
therefore do not dissociate reflection from rotation, and the data speak 
most directly to reversal-related processing rather than to mirror-image 
invariance per se. We use reversal-related as the superordinate term for 
the Hangul contrasts and reserve mirror for cases where left–right 
reflection is specifically intended.

In addition to reversal-related letters, Hangul permits systematic 
contrasts based on stroke composition. Many letters derive from a base 
form by adding or removing a stroke (e.g., ㄴ–ㄷ–ㅌ; ㅣ–ㅏ–ㅑ; ㅡ–ㅜ–ㅠ). 
This structure allows direct comparison between reversal-related alter
natives (e.g., ㅏ/ㅓ) and visually similar alternatives that are not reversal 
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counterparts of the target (e.g., ㅣ or ㅑ for ㅏ). Masked priming ex
periments in Korean Hangul have shown that primes missing a stroke 
tend to facilitate recognition of targets containing that stroke (e.g., ㄱ → 
ㅋ in 구션–쿠션 [/ku.ʃʌn/− /kʰu.ʃʌn/]), whereas the reverse does not 
hold (ㅋ → ㄱ in 쿠독–구독 [/kʰu.dok/− /ku.dok/]; Bae et al., 2025). 
This asymmetry parallels findings in Roman scripts, where primes with 
omitted diacritics facilitate recognition (e.g., facil → FÁCIL [easy]), but 
added-diacritic primes fail to do so (e.g., féliz → FELIZ [happy]; Perea 
et al., 2020; see Kinoshita et al., 2021, for an account of this asymme
try; see also Benyhe et al., 2023; Kinoshita et al., 2023; Solaja & Perea, 
2026; Yu et al., 2023).

Orientation may also play a role. In the initial letter-pair discrimi
nation task (a same–different judgment) of a negative-priming experi
ment, Winskel and Kim (2021) found that native Korean readers were 
slower to discriminate lateral reversal-related pairs (e.g., ㅏ + ㅓ) than 
vertical pairs (e.g., ㅗ + ㅜ), paralleling the lateral discrimination 
disadvantage that Ahr et al. (2017) reported with Roman letters. This 
lateral discrimination disadvantage raises the question of whether 
lateral and vertical primes also modulate the effects with the masked 
priming technique.

Thus, although reversal-related effects have primarily been studied 
with Roman letters, it remains unclear whether comparable patterns 
operate in Hangul. The two scripts provide different contexts for 
studying these effects: reversal relations in the Roman alphabet are case- 
dependent (e.g., d/b but not D/B), whereas Hangul is unicase and 
contains systematic lateral and vertical reversal-related letter pairs. 
Because these pairs distinguish both letter and word identities (e.g., 사 
/sa/ [four] vs. 서 /sʌ/ [west]; 소 /so/ [cow] vs. 수 /su/ [number]), 
accurate discrimination between reversal-related letters is important for 
Korean letter and word recognition. In sum, the present experiments 
examined whether the reversal-related costs reported in the Roman al
phabet extend to Hangul and what the results imply for models of visual 
word recognition.

Rationale of the experiments

To address these questions, we conducted four masked priming ex
periments in Hangul. The primary question was whether reversal- 
related primes would produce a cost relative to two visually similar 
controls that were not reversal counterparts of the target: Feature−
(stroke deletion) and Feature+ (stroke addition). Experiment 1 tested 
this question in a lexical decision task using words presented in the 
standard Hangul format (i.e., words presented as syllable blocks). If 
reversal-related primes were more disruptive than both (visually 
similar) control conditions, this would indicate that reversal-related and 
visually similar alternatives are not functionally equivalent. The com
parison between lateral and vertical pairs also assessed whether the 
reversal-related cost in lexical decision differed between the two 
reversal orientations.

Experiment 2 used an alphabetic decision task with isolated letters, 
in which the response classified the target as a letter or a pseudoletter, to 
examine whether the reversal-related disadvantage observed in word 
recognition would also occur in this letter-level decision context (see 
Grainger, 2024, for claims that this task parallels the lexical decision 
task at the letter level). Experiments 3 and 4 used a same–different 
matching task, in which the response concerned the correspondence 
between a preceding referent and the target. In the present design, the 
referent and target on “same” trials were the same glyph. Given that 
Hangul is unicase, physical-form identity and abstract letter identity 
coincided on these trials, so the present design does not allow us to 
determine which representational level primarily supports the match 
(see Carreiras et al., 2012; Kinoshita & Kaplan, 2008; Norris & 

Kinoshita, 2008). Experiment 3 used the same visually similar 
Feature− and Feature+ controls as Experiment 2, whereas Experiment 4 
replaced them with a visually dissimilar control to test whether any 
pattern obtained with the similar controls persisted relative to a visually 
dissimilar baseline. All four experiments also compared lateral and 
vertical pairs. Experiment 1 served as the primary test of Hangul word 
recognition; Experiments 2–4 examined reversal-related priming in 
single-letter classification and matching tasks.

Experiment 1 (lexical decision task)

To examine whether reversal-related primes affect lexical decisions 
during the early moments of visual word recognition, we crossed four 
prime conditions (Identity, Reversal-related, Feature− , and Feature+) 
with Reversal Orientation (lateral vs. vertical). The critical test was 
whether reversal-related primes (e.g., ㅏ↔ㅓ; ㅗ↔ㅜ) would produce 
slower lexical decisions than two visually similar controls: one differing 
by stroke deletion (Feature− ) and one by stroke addition (Feature+).

Most prior experiments in the Roman alphabet compared three 
conditions: Identity (e.g., idea–IDEA), Reversal-related (e.g., ibea–IDEA 
with b as reversal-related to d), and a single visually similar non-reversal 
control prime (e.g., ilea–IDEA). The present Hangul design extended this 
comparison by including two visually similar controls—Feature−
(stroke deletion, e.g., ㅣ [i] for ㅏ [a]) and Feature+ (stroke addition, 
e.g., ㅑ [ja] for ㅏ [a])—providing a finer-grained manipulation. This 
design allowed us to test whether any reversal-related disadvantage was 
limited to comparison with a stroke-deletion control or also occurred 
relative to a stroke-addition control.

Method

Data Availability. Materials, anonymized data, analysis scripts, and 
supplementary outputs for all four experiments are available at [https 
://osf.io/njp2u/overview?view_only=1ee2d77e673b4ec18934b82 
fa9426938].

Participants
Seventy-four undergraduate students (43 female, 31 male; M =

22.40 years, SD = 1.32, range: 19–27 years) from Yeungnam University 
participated for course credit. All were native Korean speakers with 
normal or corrected-to-normal vision. With 74 participants each 
completing 240 word trials (plus 240 nonword trials), the design yields 
74 × 60 = 4440 observations per prime condition (given 4 prime con
ditions via Latin-square counterbalancing), which exceeds typical rec
ommendations for masked priming experiments (e.g., Brysbaert & 
Stevens, 2018). All experiments were approved by the Institutional 
Review Board of Yeungnam University (Approval No. 2021–04–003- 
001) and conducted in accordance with the Declaration of Helsinki.

Materials and design
We selected 240 Korean disyllabic words of 4–5 Hangul letters (M =

4.7, SD = 0.5), all with an open (CV) first syllable (i.e., CV–CV or 
CV–CVC). The four critical letters formed one lateral reversal-related 
pair (ㅏ – ㅓ) and one vertical reversal-related pair (ㅗ – ㅜ); all four 
were vowels. Half of the target words contained a letter from the lateral 
pair as the first-syllable nucleus, and half contained a letter from the 
vertical pair in the same syllabic role. In the standard syllable-block 
format used for the word targets, letters in the lateral reversal pair 
appeared to the right of the onset consonant (e.g., 가, 거), whereas those 
in the vertical reversal pair appeared below it (e.g., 고, 구). Control 
primes were created by replacing the critical letter with a letter from the 
set {ㅑ, ㅕ, ㅛ, ㅠ, ㅡ, ㅣ} that either lacked one stroke present in the 
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target letter (Feature− ) or contained one additional stroke (Feature+). 
We used a go/no-go masked priming lexical decision task with a 2 × 4 
factorial design: Reversal Orientation (lateral vs. vertical) crossed with 
Prime Type (Identity, Reversal-related, Feature− , Feature+).

Mean word frequency per million (Kim, 2005) was 158 (SD = 257, 
range = 7–1331) for targets from the lateral pair and 166 (SD = 218, 
range = 8–1220) for targets from the vertical pair. The two target sets 
were closely matched in frequency, length, and orthographic neigh
borhood size (lateral: M = 9.8, SD = 4.0, range = 3–21; vertical: M =
10.1, SD = 4.1, range = 3–20). Mean visual similarity ratings for the 
critical prime–target letter pairs, obtained in an independent norming 
study (see Appendix A), were 4.69 for reversal-related primes, 4.08 for 
Feature− primes, and 4.89 for Feature+ primes. The corresponding 
values were 4.81, 4.48, and 4.93 for targets from the lateral pair, and 
4.56, 3.68, and 4.85 for targets from the vertical pair.

For each target word, four prime types were generated: (a) Identity 
(e.g., lateral: 거짓–거짓; vertical: 구청–구청); (b) Reversal-related 
(replacing the critical letter with its reversal-related counterpart, al
ways yielding a pseudoword; e.g., lateral: 가짓–거짓, vertical: 고청–구 
청); (c) Feature− (replacing the critical letter with a visually similar 
letter missing a stroke, always yielding a pseudoword; e.g., lateral: 기짓– 
거짓, vertical: 그청–구청); (d) Feature+ (replacing the critical letter 
with a visually similar letter formed by adding a stroke, always yielding 
a pseudoword; e.g., lateral: 겨짓–거짓, vertical: 규청–구청). This yielded 
30 word targets per condition.

An additional 240 legal pseudowords were created by altering letters 
in existing words (e.g., 가섯, 두폭). These pseudowords contained the 
same critical letters (ㅏ, ㅓ, ㅗ, ㅜ) in their initial syllables and were 
matched to words in length and neighborhood size (lateral: M = 9.1, SD 
= 3.9, range = 4–21; vertical: M = 9.6, SD = 3.6, range = 3–20). The 
prime–target manipulations for pseudoword trials paralleled those for 
words. Four counterbalanced lists were constructed via a Latin-square 
design: each target appeared once per participant but in a different 
prime condition. Participants were randomly assigned to one of the lists.

Procedure
Participants were tested individually in a quiet room using DMDX 

software (Forster & Forster, 2003) on a Windows computer connected to 
a monitor with a resolution of 1920 × 1080 pixels and a refresh rate of 
60 Hz (16.7 ms per frame). They were seated approximately 60 cm from 
the screen. Participants were instructed to decide, as quickly and accu
rately as possible, whether each Hangul syllable string was a real word 
(by pressing the ‘P' key) or a nonword (by withholding a response). They 
were not informed of the presence of a prime. Each trial consisted of 
three events: (a) a forward mask of four hash marks (####) for 500 ms; 
(b) a prime presented for 50 ms (3 frames); and (c) a target displayed 
until response or for a maximum of 1200 ms. To reduce visual overlap 
between primes and targets, primes appeared in a 20-point Gothic font, 
while targets were presented in the Batang font at a 20% larger size. 
Twenty practice trials with feedback preceded the experimental phase. 
No feedback was provided during the main task. The experimental phase 
comprised 480 trials (240 words, 240 nonwords), with short breaks 
every 120 trials, and lasted approximately 20 min.

Results and discussion

For the latency analyses, we excluded incorrect responses (i.e., fail
ures to press “go” before the 1200-ms deadline; 3.8% of word trials) and 
RTs faster than 300 ms (0.1% of word trials). The mean correct response 
times (RTs) and miss rates are shown in Table 1.

RTs were analyzed with Bayesian linear mixed-effects models (brms; 
Bürkner, 2017) in R (R Core Team, 2021) after a − 1000/RT trans
formation under a Gaussian likelihood.1 The model included fixed ef
fects of Prime Type (Reversal-related = reference; Identity, Feature− , 
Feature+) and Reversal Orientation (lateral = − 0.5, vertical = +0.5). 
The random-effects structure was specified as − 1000/RT ~ Reversa
lOrientation × PrimeType + (1 + ReversalOrientation × PrimeType | 
Subject) + (1 + PrimeType | Target), representing the maximal random- 
effects structure justified by the design, with varying intercepts and 
slopes for subjects and targets. The model was estimated with four 
chains and 5000 iterations (1000 warm-up). The four chains converged 
adequately (all R^ = 1.00). The effects are reported as the posterior 
means (b), the standard deviation of the posterior distribution (SE), and 
the 95% credible interval (CrIs); effects are interpreted as credible when 
the 95% CrIs exclude zero. Accuracy was not analyzed further, given the 
low overall miss rate of 3.8% in the go/no-go task. The overall false- 
alarm rate on no-go (nonword) trials was 5.8%.

Reversal-related primes produced slower lexical decision times than 
identity primes (b = − 0.12, SE = 0.01, 95% CrI [− 0.13, − 0.10]; e.g., 
lateral: 거짓–거짓 < 가짓–거짓; vertical: 구청–구청 < 고청–구청). More 
importantly, target words were recognized more slowly following 
reversal-related primes than following either of the visually similar 
controls: Feature− (b = − 0.08, SE = 0.01, 95% CrI [− 0.09, − 0.06]; e.g., 
기짓–거짓; 그청–구청) and Feature+ (b = − 0.06, SE = 0.01, 95% CrI 
[− 0.07, − 0.04]; e.g., 겨짓–거짓; 규청–구청) (see Table 1). The magni
tude of this reversal-related cost did not credibly differ between the 
lateral and vertical pairs, as neither interaction was credible (Feature− : 
b = − 0.03, SE = 0.02, 95% CrI [− 0.06, 0.00]; Feature+: b = − 0.02, SE 
= 0.02, 95% CrI [− 0.05, 0.01]). The data did not provide credible evi
dence that the two visually similar controls differed from each other 
(Feature− vs. Feature+: b = − 0.02, SE = 0.01, 95% CrI [− 0.04, 0.00]) 
or that this contrast differed between the lateral and vertical pairs (b =
− 0.01, SE = 0.02, 95% CrI [− 0.04, 0.02]).

In the present lexical decision experiment, reversal-related primes 
produced larger costs than both stroke deletion (Feature− ; e.g., 기짓–거 
짓; 그청–구청) and stroke addition controls (Feature+; e.g., 겨짓–거짓; 
규청–구청) in lexical decision. Thus, reversal-related alternatives 
showed a different pattern from visually similar non-reversal alterna
tives in Hangul word recognition.

Lexical decision alone, however, does not determine whether this 
effect should be attributed to whole-word processing, sublexical pro
cessing, or both. According to Grainger's (2024) hierarchical model of 
visual word recognition, letter processing forms an important founda
tion for lexical access, and the alphabetic decision task is particularly 
well suited to tap these processes. Specifically, this task provides a 
complementary decision context in which to examine whether the 
reversal-related cost also appears when the task places greater weight on 
single-letter categorization. Experiment 2 was designed to address this 
question.

Table 1 
Mean response times (in ms) and miss rates (%) for words used in Experiment 1.

Prime type Lateral target words 
(e.g., 거짓)

Vertical target words 
(e.g., 구청)

Example RT Miss Example RT Miss

Identity 거짓 – 거짓 541 4.3 구청 – 구청 536 3.2
Reversal-related 가짓 – 거짓 568 4.3 고청 – 구청 573 3.6
Feature− 기짓 – 거짓 551 4.1 그청 – 구청 548 3.2
Feature+ 겨짓 – 거짓 557 4.5 규청 – 구청 554 3.7

1 Given that the dependent measure in the analyses was − 1000/RT, faster 
responses correspond to more negative values. Thus, with Reversal-related as 
the reference level, a negative coefficient for Identity or control-prime condi
tions indicates faster responses in that condition than in the Reversal-related 
condition. Following a reviewer's suggestion, we also conducted parallel ana
lyses on raw RTs using an ex-Gaussian distribution for all four experiments. The 
critical pattern was unchanged; these analyses are reported on OSF.
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Experiment 2 (alphabetic decision task)

Method

Participants
A separate sample of 104 Korean undergraduates (67 female, 37 

male; M = 22.73 years, SD = 1.04) from Yeungnam University partici
pated. Each completed 144 critical “go” trials, yielding a total of 14,976 
data points (104 × 144). With eight experimental conditions, this pro
vided 1872 observations per condition. All participants had normal or 
corrected-to-normal vision.

Materials and design
The task was a go/no-go masked priming alphabetic decision task. 

The experimental design and prime types (Identity, Reversal-related, 
Feature− , Feature+) matched those in Experiment 1, except that tar
gets were individual Hangul letters rather than words. The targets were 
ㅓ and ㅏ for the lateral pair and ㅗ and ㅜ for the vertical pair, with 
equal numbers of trials in the two orientations.

For reversal-related primes, the target was preceded by its reversal 
counterpart (e.g., ㅓ for ㅏ, ㅜ for ㅗ). For Feature− controls, the target 
was preceded by a visually similar Hangul letter that lacks a stroke 
present in the target (e.g., ㅣ for ㅏ, ㅡ for ㅗ); for Feature+ controls, the 
target was preceded by a visually similar Hangul letter that contains an 
additional stroke (e.g., ㅑ for ㅏ, ㅛ for ㅗ). This yielded 16 unique pri
me–target combinations (4 targets × 4 prime types), each repeated 9 
times, for 144 critical trials per participant (18 trials per condition). In 
addition, 48 filler trials using other Hangul letters (e.g., ㅑ, ㅕ, ㅛ, ㅠ, ㅡ, 
ㅣ) were included to broaden the stimulus set beyond the four critical 
targets and reduce potential reliance on a small repeated set.

Ten pseudoletters were constructed for no-go responses, each paired 
with a corresponding real Hangul letter and matched as closely as 
possible for size, stroke count, symmetry, junctions, and terminations. 
Given that no standardized pseudoletter set for Hangul comparable to 
BACS-2 (Vidal et al., 2017) exists, we developed a novel set following 
BACS-2 principles of attribute control; the full pseudoletter set is shown 
in Appendix B. The 192 no-go trials matched the 192 go trials (144 
critical and 48 filler trials), yielding 384 trials in total.

Procedure
The trial sequence and apparatus were the same as in Experiment 1, 

except that participants decided whether the target was an existing 
Hangul letter or a pseudoletter, and the target remained on the screen 
until response or for a maximum of 1000 ms. They pressed the ‘P' key for 
existing Hangul letters and withheld responses for pseudoletters.

Results and discussion

For the latency analyses on the letter targets, we excluded incorrect 
responses (i.e., failures to press “go” before the 1000-ms deadline; 0.2% 
of trials) and RTs faster than 250 ms (0.1% of trials; the lower bound was 
set at 250 ms rather than 300 ms to accommodate faster responses to 
single-letter targets). The mean RTs and the miss rates across conditions 
are presented in Table 2.

After these exclusions, RTs were analyzed using a Bayesian linear 
mixed-effects model specified as − 1000/RT ~ ReversalOrientation ×

PrimeType + (1 + ReversalOrientation × PrimeType || Subject) + (1 | 
Target), with Prime Type and Reversal Orientation coded as in Experi
ment 1. The model included varying intercepts for targets and varying 
intercepts and slopes for subjects, with correlations among subject-level 
random effects suppressed to avoid convergence problems (Barr et al., 
2013). All chains converged adequately (R^ = 1.00). Given that miss 
rates were negligible, accuracy was not subjected to further analysis. 
The overall false-alarm rate on no-go pseudoletter trials was 0.6%.

As in Experiment 1, responses to target letters were slower following 
reversal-related primes than following identity primes (b = − 0.31, SE =
0.01, 95% CrI [− 0.33, − 0.28]; e.g., lateral ㅓ–ㅓ < ㅏ–ㅓ; vertical ㅜ–ㅜ 
< ㅗ–ㅜ). Reversal-related primes also produced slower responses than 
the visually similar controls: Feature− (b = − 0.09, SE = 0.01, 95% CrI 
[− 0.10, − 0.07]; e.g., ㅣ–ㅓ; ㅡ–ㅜ) and Feature+ (b = − 0.08, SE = 0.01, 
95% CrI [− 0.09, − 0.07]; e.g., ㅕ–ㅓ; ㅠ–ㅜ). The data did not provide 
credible evidence that either reversal-versus-control contrast differed 
between lateral and vertical pairs (Feature− : b = − 0.03, SE = 0.01, 95% 
CrI [− 0.06, 0.00]; Feature+: b = − 0.02, SE = 0.01, 95% CrI [− 0.04, 
0.01]). The data also did not provide credible evidence that the two 
visually similar controls differed from each other (Feature− vs. 
Feature+: b = − 0.01, SE = 0.01, 95% CrI [− 0.02, 0.01]) or that this 
contrast differed between the lateral and vertical pairs (b = − 0.01, SE =
0.01, 95% CrI [− 0.04, 0.01]).

The results with the alphabetic decision task provided converging 
evidence for a reversal-related cost relative to both visually similar 
controls. Response times in the reversal-related conditions were 
consistently slower than in both the Feature− and Feature+ conditions 
(e.g., lateral: ㅣ–ㅓ = ㅕ–ㅓ < ㅏ–ㅓ; vertical: ㅡ–ㅜ = ㅠ–ㅜ < ㅗ–ㅜ), 
thereby paralleling the results of Experiment 1.

Experiment 3 tested the corresponding comparison in same–different 
matching, where participants judged whether a referent and target were 
the same.

Experiment 3 (same–different matching task)

Experiment 3 used same–different matching on isolated letters. As 
noted above, given that Hangul is unicase, physical-form identity and 
abstract letter identity coincided on “same” trials, so the experiment 
cannot determine by itself which representational level supported the 
match. Our question was whether reversal-related primes were more 
disruptive than Feature− and Feature+ controls under this discrimina
tion environment, and whether this difference varied across reversal 
orientations.

Method

Participants
A total of 107 Korean undergraduates from Yeungnam University 

participated (62 female, 45 male; M = 22.75 years, SD = 1.62). Each 
participant provided 144 critical “same” trials for the analysis, yielding 
15,408 observations in total (107 × 144), with 1926 observations per 
condition across the eight experimental conditions. All participants had 
normal or corrected-to-normal vision.

Materials and design
We employed a masked priming same–different matching task with a 

go/no-go procedure. The critical stimuli for “same” trials were identical 
to those in Experiment 2: lateral reversal-related letters (ㅏ, ㅓ) and 
vertical reversal-related letters (ㅗ, ㅜ). These letters were used as targets 
and their corresponding reversal-related letter primes. Control primes, 
identical to those in Experiment 2, were visually similar to the targets, 
differing by the absence or addition of a single stroke (e.g., ㅣ or ㅑ for 
ㅏ). The critical trials were evenly split between “same” and “different” 
response conditions, with 144 trials allocated to each. This yielded 18 
“same” trials per condition. For critical “different” trials, the target was 
again one of the four critical letters {ㅏ, ㅓ, ㅗ, ㅜ}, whereas the referent 

Table 2 
Mean response times (in ms) and miss rates (%) for letters used in Experiment 2.

Prime type Lateral target letter Vertical target letter

Example RT Miss Example RT Miss

Identity ㅓ – ㅓ 402 0 ㅜ – ㅜ 392 0.2
Reversal-related ㅏ – ㅓ 450 0.2 ㅗ – ㅜ 447 0.1
Feature− ㅣ – ㅓ 436 0.1 ㅡ – ㅜ 429 0.2
Feature+ ㅕ – ㅓ 438 0.2 ㅠ – ㅜ 432 0.2
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was a nonmatching letter. The 144 critical “different” trials comprised 
48 reversal-related pairs, 48 feature-based pairs (24 with a Feature−
referent and 24 with a Feature+ referent, defined relative to the target), 
and 48 cross-orientation pairs. Prime type (Identity, Reversal-related, 
Feature− , Feature+) was defined relative to the target, as on “same” 
trials. Each prime type occurred equally often on “same” and “different” 
trials and therefore did not predict the required response. Following the 
same rationale as in Experiment 2, an additional 96 filler trials (48 
“same” and 48 “different”) were included, resulting in 384 trials in total.

Procedure
Participants completed the masked priming same–different matching 

task individually in a quiet room. They were instructed to view two 
sequentially presented letters—the referent and the target—and decide 
whether the two letters matched. For “same” trials, participants pressed 
the ‘P' key; for “different” trials, no response was required (go/no-go 
procedure).

Each trial began with the presentation of the referent letter above a 
forward mask consisting of four hash marks (####) for 500 ms. The 
forward mask was then replaced by a prime stimulus, which was pre
sented for 50 ms. Immediately following the prime, the target letter 
appeared and remained on the screen until the participant responded or 
for up to 1000 ms. Apart from these task-specific details, the procedure 
and apparatus were identical to those used in Experiments 1 and 2.

Results and discussion

For the latency analyses, we excluded incorrect responses on “same” 
trials (i.e., failures to press “go” before the 1000-ms deadline; 1.1% of 
trials) and RTs faster than 250 ms (0.4% of trials). Analyses were 
restricted to “same” trials, as “different” trials corresponded to no-go 
responses. The mean RTs and miss rates for each condition are sum
marized in Table 3. The data were analyzed using Bayesian linear mixed- 
effects modeling with the same specifications as in Experiment 2, and all 
chains converged adequately (R^ = 1.00). Because miss rates were very 
low, no further analyses of accuracy were conducted. The overall false- 
alarm rate on no-go (“different”) trials was 1.8%.

As in Experiments 1 and 2, responses on “same” trials were slower 
following reversal-related primes than following identity primes (b =
− 0.36, SE = 0.01, 95% CrI [− 0.38, − 0.33]). They were also slower 
following reversal-related primes than following the visually similar 
Feature− and Feature+ controls: Feature− (b = − 0.25, SE = 0.01, 95% 
CrI [− 0.28, − 0.23]) and Feature+ (b = − 0.11, SE = 0.01, 95% CrI 
[− 0.13, − 0.09]).

Critically, in Experiment 3, both reversal-versus-control contrasts 
differed credibly between lateral and vertical pairs, with substantially 
larger costs for vertical pairs (reversal-related vs. Feature− : b = − 0.22, 
SE = 0.02, 95% CrI [− 0.26, − 0.19]; reversal-related vs. Feature+: b =
− 0.16, SE = 0.02, 95% CrI [− 0.19, − 0.12]). In addition, the two visually 
similar controls differed from each other (Feature− vs. Feature+: b =
− 0.15, SE = 0.01, 95% CrI [− 0.17, − 0.12]), and this difference was 
modulated by orientation (b = − 0.07, SE = 0.02, 95% CrI [− 0.10, 
− 0.03]), being larger for the vertical pair (b = − 0.18, SE = 0.02, 95% CrI 
[− 0.21, − 0.15]) than for the lateral pair (b = − 0.11, SE = 0.02, 95% CrI 
[− 0.14, − 0.08]).

In the present same–different matching experiment, both reversal- 

versus-control contrasts were larger for vertical than for lateral pairs. 
Experiment 4 tested whether this lateral–vertical pattern would remain 
when the comparison baseline was visually dissimilar.

Experiment 4 (same–different matching with dissimilar controls)

Because the control primes in Experiment 3 were visually similar to 
the targets (Feature− : stroke deletion; Feature+: stroke addition), 
Experiment 3 alone could not determine whether the lateral–vertical 
difference arose from the reversal-related condition, the control condi
tions, or both.

To address this concern, in Experiment 4, we employed control 
primes that were markedly less visually similar to the targets than the 
Feature− and Feature+ controls, following the design rationale of 
Kinoshita and Liong (2023, Experiment 1). If reversal-related primes 
produce slower responses than dissimilar controls, this would constitute 
evidence of a reversal-related cost. This design tested whether the lat
eral–vertical pattern observed in Experiment 3 would also occur with a 
visually dissimilar baseline.

Method

Participants
Sixty-four Korean undergraduates from Yeungnam University 

participated (44 female, 20 male; M = 22.36 years, SD = 1.28). All were 
native Korean speakers with normal or corrected-to-normal vision. None 
had participated in the previous experiments.

Materials and design
The task and procedure were identical to those in Experiment 3 

(masked priming same–different matching with a go/no-go procedure). 
The factorial design was 2 (reversal orientation: lateral vs. vertical) × 3 
(prime type: Identity, Reversal-related, Dissimilar Control). The critical 
targets were the same four letters used in Experiments 2 and 3: ㅏ and ㅓ 
for the lateral pair and ㅗ and ㅜ for the vertical pair. The key difference 
from Experiment 3 was the use of a visually dissimilar control prime 
condition. Instead of the visually similar Feature− and Feature+ con
trols, each target was paired with a control prime that was markedly less 
similar in global configuration and was not a reversal-related counter
part of the target: ㅡ for lateral targets and ㅣ for vertical targets. Using 
ratings from the same norming study (see Appendix A), mean pri
me–target visual similarity was 4.69 for reversal-related primes (lateral: 
4.81; vertical: 4.56) and 2.29 for dissimilar control primes (lateral: 2.56; 
vertical: 2.02). This yielded 12 unique prime–target combinations (4 
targets × 3 prime types), each repeated 9 times, for a total of 108 “same” 
trials (18 trials per condition across 6 conditions). The 108 critical 
“different” trials comprised 36 reversal-related referent–target pairs and 
72 cross-orientation pairs. Prime type (Identity, Reversal-related, Dis
similar) was defined relative to the target, as on “same” trials. Each 
prime type occurred equally often on “same” and “different” trials and 
therefore did not predict the required response. A total of 168 filler trials 
using other Hangul letters ( ) were included to broaden 
the stimulus set beyond the four critical targets. These fillers were evenly 
divided into 84 “same” and 84 “different” trials, resulting in 384 trials in 
total.

Procedure
Participants completed a masked priming same–different matching 

task with a go/no-go procedure. All details of the procedure and appa
ratus were identical to Experiment 3.

Results and discussion

For the latency analyses, we excluded incorrect responses on “same” 
trials (misses; failures to press “go” before the 1000-ms deadline; 0.9% 
of trials) and RTs faster than 250 ms (0.2% of trials). Analyses were 

Table 3 
Mean response times (in ms) and miss rates (%) for letters used in Experiment 3.

Prime type Lateral target letter Vertical target letter

Example RT Miss Example RT Miss

Identity ㅓ – ㅓ 391 0.8 ㅜ – ㅜ 380 0.7
Reversal-related ㅏ – ㅓ 419 1.4 ㅗ – ㅜ 470 2.5
Feature− ㅣ – ㅓ 397 0.6 ㅡ – ㅜ 403 1.1
Feature+ ㅕ – ㅓ 414 0.7 ㅠ – ㅜ 431 0.9
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restricted to “same” trials, as “different” trials corresponded to no-go 
responses. The mean RTs and miss rates for each condition are sum
marized in Table 4. The data were analyzed using Bayesian linear mixed- 
effects modeling with the same specifications as in Experiments 2 and 3, 
and all chains converged adequately (R^ ≤ 1.01). Because miss rates 
were low, no further analyses of accuracy were conducted. The overall 
false-alarm rate on no-go (“different”) trials was 1.4%.

Overall, “same” responses were slower following reversal-related 
primes than following identity primes (b = − 0.33, SE = 0.02, 95% CrI 
[− 0.36, − 0.30]) or dissimilar control primes (b = − 0.11, SE = 0.01, 
95% CrI [− 0.13, − 0.08]). Crucially, there was a credible interaction 
between reversal orientation and prime type, indicating that the 
reversal-related cost differed across orientations. This interaction was 
clear for both the identity–reversal contrast (b = − 0.27, SE = 0.02, 95% 
CrI [− 0.32, − 0.23]) and the dissimilar-control–reversal contrast (b =
− 0.26, SE = 0.02, 95% CrI [− 0.30, − 0.21]), with both contrasts larger 
for vertical than for lateral pairs.

Planned simple-effect comparisons within each orientation clarified 
this interaction. For lateral targets, reversal-related primes did not 
credibly differ from dissimilar controls (b = 0.02, SE = 0.02, 95% CrI 
[− 0.01, 0.05]), consistent with the negligible mean difference 
(Reversal-related: 423 ms; Dissimilar: 426 ms). In addition, reversal- 
related primes were slower than identity primes (b = − 0.20, SE =
0.02, 95% CrI [− 0.23, − 0.16]; 30 ms). For vertical targets, reversal- 
related primes produced a sizable 47 ms cost relative to dissimilar 
controls (b = − 0.23, SE = 0.02, 95% CrI [− 0.27, − 0.20]); they were also 
83 ms slower than identity primes (b = − 0.47, SE = 0.02, 95% CrI 
[− 0.51, − 0.43]). Although the rated similarity of the dissimilar controls 
was lower for vertical than for lateral targets (2.02 vs. 2.56, respec
tively), the mean RTs in the dissimilar-control condition were virtually 
identical across orientations (lateral: 426 ms; vertical: 424 ms). Thus, 
the vertical-specific reversal-related cost cannot be attributed simply to 
a slower dissimilar-control baseline for vertical items.

The results of Experiment 4 complement those of Experiment 3. 
Experiment 4 yielded credible Reversal Orientation × Prime Type in
teractions for both the identity–reversal and dissimilar-control–reversal 
contrasts. The latter extends the lateral–vertical pattern of Experiment 3 
to a visually dissimilar baseline: the vertical reversal-related cost 
remained substantial, whereas the reversal-related and dissimilar con
ditions did not credibly differ for the lateral pair, although reversal- 
related primes were slower than identity primes.

General discussion

We designed four masked priming experiments, using a variety of 
tasks (lexical decision, alphabetic decision, same–different matching) in 
Korean Hangul to address two related questions: (1) whether a single 
reversal-related substitution is more disruptive than visually similar 
Feature− and Feature+ substitutions, and (2) how masked priming from 
lateral and vertical reversal-related primes is expressed across decision 
contexts. Fig. 1 summarizes the results.

Summary of key findings

Experiment 1 showed that, in lexical decision, reversal-related 
primes produced sizable costs relative to both stroke-deletion 
(Feature− ) and stroke-addition (Feature+) controls. For example, for 
Hangul words such as 거짓 and 구청, reversal-related primes (e.g., 가짓 
and 고청) produced slower responses than visually similar controls 
formed by deleting or adding a stroke.

In Experiment 2, alphabetic decisions were likewise slower following 
reversal-related primes than following either Feature− or Feature+
primes, with no credible evidence that these contrasts differed between 
lateral and vertical pairs. This pattern provides converging evidence that 
the disadvantage found in Experiment 1 also occurs in a single-letter 
classification context.

Experiments 3 and 4 examined this pattern using same–different 
matching with isolated letters. In Experiment 3, both reversal-versus- 
control contrasts were larger for vertical than for lateral pairs. Because 
the Feature− and Feature+ controls were visually similar to the targets, 
Experiment 3 alone could not determine whether this difference arose 
from the reversal-related condition, the control conditions, or both. 
Experiment 4 tested this issue with a visually dissimilar control. The 
vertical cost relative to the dissimilar control remained substantial (47 
ms), whereas reversal-related and dissimilar primes did not credibly 
differ for the lateral pair (− 3 ms); lateral reversal-related primes were 
nevertheless 30 ms slower than identity primes. In sum, the later
al–vertical difference in the reversal-related cost was only credible in the 
same–different matching task. Experiments 1 and 2 did not yield cred
ible evidence of comparable orientation modulation in the classification 
tasks (lexical decision and alphabetic decision tasks).

Theoretical implications

The primary theoretical implication is that reversal-related alterna
tives (e.g., ㅏ–ㅓ) are not functionally equivalent to visually similar 
Feature− or Feature+ alternatives (e.g., ㅣ–ㅓ, ㅕ–ㅓ) during Hangul 
letter and word recognition. This dissociation cannot be captured by a 
mere similarity account. Indeed, reversal-related primes fell between 
Feature− and Feature+ primes in rated similarity but produced greater 
disruption than either control. The relevant distinction is that the pre
sent manipulations alter different properties of the letter code. While 
Feature− and Feature+ substitutions change the inventory of strokes, a 
reversal-related substitution preserves the basic stroke inventory but 
changes their spatial arrangement so as to specify a different letter unit. 
Thus, any successful model that addresses the mapping between visual 
codes and letter units must retain information about where visual fea
tures occur, rather than representing only their presence or overall 
similarity.

Competition among confusable letter representations offers one 
possible account of this pattern (e.g., Interactive Activation model; 
McClelland & Rumelhart, 1981; see also Grainger & Jacobs, 1996). A 
reversal-related prime may activate a competing letter unit, delaying 
target identification. In the critical Hangul pairs, the prime and target 
share the same basic strokes, but the distinctive stroke occurs in a 
different location and specifies a different letter identity. However, the 
substituted letter in each of the reversal-related, Feature− , and Feature+
primes was an existing Hangul letter, so activation of a different letter 
identity cannot by itself explain why reversal-related primes were more 
disruptive. Likewise, in models that use the letter-feature scheme 
introduced by Rumelhart and Siple (1974), oriented line segments are 
represented at specific spatial locations. This code can distinguish 

Table 4 
Mean response times (in ms) and miss rates (%) for letters used in Experiment 4.

Prime type Lateral target letter Vertical target letter

Example RT Miss Example RT Miss

Identity ㅓ – ㅓ 393 0.7 ㅜ – ㅜ 388 0.4
Reversal-related ㅏ – ㅓ 423 0.9 ㅗ – ㅜ 471 2.7
Dissimilar ㅡ – ㅓ 426 0.5 ㅣ – ㅜ 424 0.3
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reversal-related substitutions from Feature− and Feature+ substitutions 
at the input level, but it does not by itself predict why reversal-related 
alternatives should produce greater interference than the single-stroke 
controls. The present data cannot determine whether this difference 
reflects stronger activation of a competing letter unit, lateral inhibition, 
or another mechanism. They do, however, constrain the mapping from 
spatially specified visual features onto letter identities. Any compre
hensive model of visual word recognition must explain why rearranging 
the location of a stroke produces greater disruption than adding or de
leting a stroke.

The reversal-related disadvantage observed in Experiment 1 extends 
previous findings from Roman-alphabet words (e.g., Perea et al., 2011; 
Soares et al., 2019) to Korean words written in Hangul. The change in 
writing system makes this a test of the cross-script generality of the 
representational distinction (cf. Simons et al., 2017). Hangul differs 
from the Roman alphabet in its letter forms, has no case alternation, and 
combines letters into syllable blocks. The Hangul result therefore shows 
that the distinction is not tied to the particular shapes of Roman reversal- 
related letters, case alternation, or the linear arrangement of letters in 
Roman-alphabet words. What the two writing systems share is the 
orthographic contrast: reversal-related forms can specify different letter 
identities. This pattern is consistent with literacy-based accounts of vi
sual tuning (Dehaene, Pegado, et al., 2010; Pegado et al., 2011, 2014), 
according to which reading experience tunes letter identification to the 
contrasts needed to distinguish letter identities in a writing system. 
Accounts of early word recognition must therefore distinguish reversal- 
related substitutions from visually similar single-stroke substitutions, 
and this requirement is not limited to Roman-alphabet word forms. Its 
behavioral expression may nevertheless depend on script structure and 
the inventory of relevant contrasts (Winskel & Perea, 2018, 2022; see 
also Fernandes et al., 2021, for evidence from Tamil).

A separate, task-related implication concerns the lateral–vertical 
pattern across the four experiments. In the lexical and alphabetic deci
sion tasks (Experiments 1 and 2), reversal-related primes produced 
greater disruption than Feature− and Feature+ primes, but there was no 
credible evidence that these reversal-versus-control contrasts differed by 
orientation. By contrast, in the same–different matching tasks (Experi
ments 3 and 4), the reversal-related cost was larger for the vertical pair 
than for the lateral pair; indeed, in Experiment 4, the vertical cost 

relative to the dissimilar control was 47 ms, whereas there was no 
credible difference between the reversal-related and dissimilar-control 
conditions for the lateral pair. The Bayesian Reader account of masked 
priming provides a decision principle for interpreting this pattern 
(Kinoshita & Norris, 2012; Norris & Kinoshita, 2008). In this account, 
perceptual evidence accumulated from the masked prime and target is 
used to evaluate hypotheses defined by the task—whether the target is a 
word or a nonword, an existing Hangul letter or a pseudoletter, or a 
match to the referent. As each task evaluates a different hypothesis, the 
effect of the same prime–target relation may differ across tasks.2 The 
Bayesian Reader account does not, by itself, predict this lateral–vertical 
pattern; here, its decision principle is used to connect prior discrimi
nation findings to the decision required in each task.

The relevant findings come from the initial letter-pair stage of 
negative priming experiments using Roman letters in Ahr et al. (2017)
and Hangul letters in Winskel and Kim (2021). In this stage, participants 
made a speeded same–different judgment, and lateral reversal-related 
pairs were harder to distinguish than vertical reversal-related pairs. 
Under the Bayesian Reader decision principle, this greater difficulty in 
distinguishing lateral pairs suggests that a lateral reversal-related prime 
in same–different matching may provide less evidence against the ref
erent–target match than a vertical reversal-related prime. This could 
contribute to the smaller reversal-related cost for lateral than for vertical 
pairs. Lexical and alphabetic decision, however, do not require partici
pants to compare the target with a referent: they classified it as a word or 
a nonword, or as an existing Hangul letter or a pseudoletter. The greater 
difficulty in distinguishing lateral pairs therefore need not produce a 
corresponding lateral–vertical difference in the reversal-related cost in 
these tasks. This interpretation is consistent with the larger vertical- 
than-lateral cost in Experiments 3 and 4 and with the absence of cred
ible evidence that the reversal-versus-control contrasts differed by 

Fig. 1. Mean response times (ms) by prime type and reversal orientation (lateral vs. vertical). Panels from left to right show Experiments 1–4: lexical decision 
(Identity, Feature− , Feature+, Reversal-related), alphabetic decision (Identity, Feature− , Feature+, Reversal-related), same–different matching with similar controls 
(Identity, Feature− , Feature+, Reversal-related), and same–different matching with dissimilar controls (Identity, Dissimilar, Reversal-related). Points show condi
tion means.

2 Task-dependent variation in masked priming effects is not specific to 
reversal-related primes. In Hangul, the asymmetric visual-similarity effect 
observed in lexical decision was absent in same–different word matching (Bae 
et al., 2025). Masked transposed-letter priming has likewise yielded different 
patterns in lexical decision and same–different matching tasks in Arabic 
(Boudelaa et al., 2019), Korean (Lee et al., 2021; Rastle et al., 2019), and He
brew (Kinoshita et al., 2012; Velan & Frost, 2009).
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orientation in Experiments 1 and 2. As the experiments did not directly 
compare task effects, this explanation is limited to the patterns observed 
within each task.

The preceding account suggests how the greater difficulty in dis
tinguishing lateral than vertical reversal-related pairs may contribute to 
the task-related pattern, but it leaves open why lateral pairs are harder 
to distinguish. Ahr et al. (2017) proposed that this difference reflects 
visual experience. The same faces, animals, and objects are more often 
encountered in both left- and right-facing orientations than in both 
upright and upside-down orientations. They therefore suggested that 
mirror generalization may be stronger and harder to inhibit for lateral 
than for vertical reversals. Applied to the present findings, this proposal 
suggests that skilled readers may retain some tolerance for left–right 
reflection.3 This does not mean that they fail to distinguish the exem
plars of the lateral pair as different letters; rather, lateral reversal-related 
pairs may remain more difficult to distinguish than vertical reversal- 
related pairs even after both letter contrasts have been learned. The 
present experiments did not test the source of this difference, so the 
visual-experience account remains a possible explanation.

Limitations and future directions

Several limitations should be noted. First, the critical reversal-related 
manipulations were restricted to vowels, in which Hangul offers the 
clearest lateral and vertical reversal-related contrasts. Given the 
empirical evidence that consonants and vowels can make different 
contributions to visual word recognition and lexical access (e.g., Berent 
& Perfetti, 1995; Carreiras et al., 2009; New et al., 2008), we 
acknowledge that the reversal-related effects might be modulated by 
consonant/vowel status. Second, for the letters used here, reflection and 
180◦ picture-plane rotation map each member of a critical pair onto the 
same alternative. The present findings therefore cannot identify which 
transformation underlies the effects. Third, in Experiment 1, the critical 
letter was embedded within a Hangul syllable block, which may have 
modulated the magnitude of the reversal-related effects. Experiment 2 
yielded a corresponding contrast with isolated letters, but this does not 
rule out modulation by syllabic grouping in Experiment 1. Finally, in 
Experiment 2, the four critical letters served as overt targets more often 
than the letters used as Feature− and Feature+ primes; thus, we cannot 
rule out the possibility that unequal overt-target exposure could have 
partly contributed to the reversal-versus-control contrasts.

Future research should extend the present design to include devel
oping and less-skilled readers, as well as readers with atypical reading 
profiles. Automatic discrimination of mirrored and rotated letter re
lations appears to follow a protracted developmental trajectory rather 
than being fully established at the onset of literacy (see Fernandes et al., 
2024), and mirror-related difficulties may remain detectable in dyslexic 
adult readers under masked priming (Fernandes et al., 2025). Time- 
sensitive measures such as event-related potentials could further 
establish when reversal-related costs emerge and how they evolve across 
decision contexts (Duñabeitia et al., 2011; Grainger & Holcomb, 2009). 
In addition, eye-movement experiments using the gaze-contingent 
boundary paradigm (Rayner, 1975) could examine whether reversal- 
related information is extracted parafoveally from upcoming words 
during sentence reading, extending the present findings to a more nat
ural reading scenario. Future work should also use forms for which 
reflection and 180◦ picture-plane rotation yield different alternatives; 
90◦-rotation controls could additionally test whether the effects 

generalize to other orientation changes (Bornstein et al., 1978; 
Logothetis & Pauls, 1995; Martinaud et al., 2016).

Conclusions

In a series of four experiments, we have shown that visual similarity 
alone cannot explain the reversal-related cost in masked priming. In 
both lexical and alphabetic decision, responses were slower following 
reversal-related primes than following visually similar controls. The 
greater disruption following reversal-related primes indicates that letter 
identification is sensitive to the spatial arrangement of visual features, 
rather than simply to their presence or overall similarity. The lexical 
decision findings extend the reversal-related disadvantage reported in 
the Roman alphabet to Hangul. A credible lateral–vertical difference 
emerged in the same–different matching task, whereas lexical and 
alphabetic decision tasks yielded no credible evidence of corresponding 
modulation. Overall, the findings show that reversal-related and visually 
similar single-stroke alternatives are not equivalent during letter and 
word recognition. Therefore, future computational models of visual 
letter and word recognition must distinguish reversal-related from 
visually similar letter substitutions.
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Appendix A. Visual Similarity Ratings for the Letter Pairs Used in the Experiments

The similarity ratings were obtained from a separate norming study, with a subset of the data previously reported in Bae et al. (2025). Fifty native 
Korean undergraduates, none of whom took part in the present experiments, completed one of two 800-trial lists that together covered all 1600 
ordered pairs formed by the 40 Hangul letters. Letter order was counterbalanced across lists. Participants rated each pair on a 7-point scale (1 = not at 
all similar, 7 = very similar), following Simpson et al. (2013) and Boudelaa et al. (2020), and ratings were averaged across the two presentation orders. 
Table A1 presents the means and standard deviations for the letter pairs used in Experiments 1–4.

Table A1 
Mean Visual Similarity Ratings and Standard Deviations for the Letter Pairs Used in Experiments 1–4.

Condition Orientation Letter pair M SD

Reversal-related Lateral ㅏ–ㅓ 4.81 1.48
Reversal-related Vertical ㅗ–ㅜ 4.56 1.81
Feature− Lateral ㅣ–ㅏ 4.61 1.48
Feature− Lateral ㅣ–ㅓ 4.35 1.55
Feature− Vertical ㅡ–ㅗ 3.54 1.57
Feature− Vertical ㅡ–ㅜ 3.81 1.65
Feature+ Lateral ㅑ–ㅏ 5.06 1.27
Feature+ Lateral ㅕ–ㅓ 4.80 1.25
Feature+ Vertical ㅛ–ㅗ 4.73 1.28
Feature+ Vertical ㅠ–ㅜ 4.96 1.30
Dissimilar Lateral ㅡ–ㅏ 2.52 1.53
Dissimilar Lateral ㅡ–ㅓ 2.60 1.67
Dissimilar Vertical ㅣ–ㅗ 1.89 1.09
Dissimilar Vertical ㅣ–ㅜ 2.15 1.43

Appendix B. Hangul Letters and Pseudoletters

Fig. B1. Hangul letter and pseudoletter stimuli. Each row presents a real Hangul letter (left) and its corresponding pseudoletter (right).

Data availability

The data, experimental materials, and analysis scripts are available 
at: https://osf.io/njp2u/?view_only=1ee2d77e673b4ec18934b82fa94 
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