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Does visuospatial orientation influence repetition and transposed character (TC) priming effects in
logographic scripts? According to perceptual learning accounts, the nature of orthographic (form)
priming effects should be influenced by text orientation (Dehaene, Cohen, Sigman, & Vinckier, 2005;
Grainger & Holcomb, 2009). In contrast, Witzel, Qiao, and Forster’s (2011) abstract letter unit account
argues that the mechanism responsible for such effects acts at a totally abstract orthographic level (i.e.,
the visuospatial orientation is irrelevant to the nature of the relevant orthographic code). The present
experiments expanded this debate beyond alphabetic scripts and the syllabic Kana script used by Witzel
et al. to a logographic script (Chinese). Experiment 1 showed masked repetition and TC priming effects
with primes and targets presented in both the conventional left-to-right horizontal orientation and the
vertical top-to-bottom orientation, replicating Witzel et al. Experiment 2 showed masked repetition and
TC priming effects even when both the primes and targets were presented in the right-to-left orientation,
a rare but existent text orientation in Chinese. In Experiment 3, the primes, but not the targets, were
presented in the right-to-left orientation. Priming effects were again obtained regardless of the fact that
the primes and targets appeared in different orientations. Experiment 4, which involved primes and
targets presented in a completely novel bottom-to-top orientation, also produced a TC priming effect.
These results support abstract letter/character unit accounts of form priming effects while failing to
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support perceptual learning accounts.
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How do people successfully code letter identity and letter posi-
tion information in a presented word? One approach to this issue
involves proposing a “channel specific” coding scheme, which is
based on the idea that a letter’s specific position is directly coded,
even before its identity is coded. The multiple read-out model
(Grainger & Jacobs, 1996) and the interactive-activation model
(McClelland & Rumelhart, 1981) are examples of models making
this type of assumption. What is most relevant to the present
discussion is that models making this assumption predict that
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transposed letter (TL) nonwords (e.g., jugde) are no more similar
to their base words (i.e., JUDGE) than are substituted letter (SL)
nonwords (e.g., jupte) and, therefore, the two types of nonwords
should produce equivalent priming effects for their base word in
masked priming experiments. More recent behavioral (e.g., Lété &
Fayol, 2013; Perea & Lupker, 2003a, 2003b, 2004; Perea, Win-
skel, & Gomez, 2018), and event-related potential (ERP) results
(e.g., Ktori, Kingma, Hannagan, Holcomb, & Grainger, 2014;
Vergara-Martinez, Perea, Gomez, & Swaab, 2013), however, have
failed to support this prediction. That is, many studies have shown
that TL nonwords appear to be considerably more similar to their
base words than are SL nonwords. For example, Perea and Lupker
(2003a), among others, have reported a TL priming advantage; that
is, that jugde is a better prime for JUDGE than junpe is. (Note that
this difference could not be because of the orthographic overlap of
the matching letters [i.e., ju - - e], because both jugde and junpe
contain those letters in their correct positions.)

The alternative view that has emerged is that there is consider-
able flexibility in coding letter position as embodied in a number
of newer models of orthographic coding/word recognition (Davis,
2010; Gomez, Ratcliff, & Perea, 2008; Norris, 2006; Whitney,
2001). This alternative approach can be thought of as one involv-
ing more “relative-position-based” coding schemes. Examples are
the Open-Bigram Models (Grainger & Van Heuven, 2003; Whit-
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ney, 2001), the Spatial-Coding Model (Davis, 1999, 2010), and the
Overlap Model (G6émez et al., 2008). In Open-Bigram Models
(Grainger & Van Heuven, 2003; Whitney, 2001), the basic as-
sumption is that letter recognition involves detectors for sets of
bigrams, both adjacent and nonadjacent bigrams. For example, the
word JUDGE would activate bigram nodes for JU, UD, DG, GE,
as well as JD, DE, UG. Reversed bigrams, such as DU would not
be activated according to most versions of this type of model. This
approach can explain TL priming effects, because TL primes share
more bigrams with their target words than do SL primes.

An alternative explanation is provided by the Spatial-Coding
Model. Davis (1999, 2010) proposed a spatial-coding scheme in
which letter position is coded by the relative activation of position-
independent letter nodes. The initial letter has the lowest position
code, while the final letter has the highest position code, with the
set of letters forming a spatial pattern that represents the relative
activation of letters in the different positions. The spatial codes for
TL primes and their base words will be more similar than those of
SL primes and those same base words because the codes of the TL
primes and their base words contain the same letters and, therefore,
the same letter units are being activated during processing.

TL priming effects can also be explained by the Overlap Model
(Goémez et al., 2008). The Overlap Model assumes that the coded
letter positions for each letter can be considered to be normally
distributed over the different positions, with the mean of the
distribution being the letter’s actual position. That is, in the word
“judge,” the letter “d” will be activated to the largest degree in
Position 3, and to a lesser degree in Positions 2 and 4 and even, to
some degree, in Positions 1 and 5 (Gémez et al., 2008). The
existence of the “g” and the “d” in the TL nonword prime jugde,
therefore, provides some evidence that letter string being read is,
indeed, JUDGE, evidence not provided by the SL nonword prime
jupte.

Other models that can also explain TL priming effects include
the Bayesian Reader Model (Norris & Kinoshita, 2012) and the
Time and Retinotopic Space (LTRS) Model (Adelman, 2011).
What the previous models generally do not concern themselves
with, however, is the question of the influence of visuospatial
coordinates on the nature of orthographic coding. One hypothesis
concerning the effects of visuospatial coordinates on word recog-
nition was proposed by Grainger and Holcomb (2009), who argued
that letter detectors are based on their relative location with respect
to eye fixation on the horizontal meridian. Letters in words that are
not presented horizontally require a transformation of the retino-
topic coordinates into a special coordinate system to allow the
activation of open bigrams. This special coordinate system for
analyzing nonhorizontal words develops through exposure expe-
rience and is affected by the characteristics of the language being
read. This type of account is essentially a perceptual learning
account.

Dehaene et al. (2005) also posit that perceptual learning mech-
anisms are involved in how the orthographic code is created
because they propose that there are dedicated neurons that only
represent frequent, informative letters and bigrams. For instance,
people may have detectors for CH, which often appears in English
words, but not for CZ, which rarely appears in English words. This
proposal is supported by the finding that early retinotopic areas
produce more activation in response to letters than to rotated
versions of letters (Chang et al., 2015). These types of hypotheses
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suggest that form priming effects (e.g., the TL priming effect)
would be altered by changing the text’s orientation.

In contrast, Witzel et al. (2011) argued that the mechanism
responsible for form priming effects acts at a totally abstract level,
a level at which visuospatial orientation no longer influences word
processing. The letter positions are transformed from a spatial
representation (either horizontal or vertical) into an abstract ordi-
nal representation (first-to-last), which becomes the orthographic
code. According to this hypothesis, people would show form
priming effects regardless of the presented text’s orientation, be-
cause the input letters would be rapidly transformed into this
first-to-last code, and that code would then be used to access the
lexicon regardless of the visuospatial orientation of the original
stimulus.

To determine which type of hypothesis provides a better expla-
nation of the nature of the orthographic code, Witzel et al. (2011)
examined TL (and transposed character—TC) priming effects for
Japanese-English bilinguals and English monolinguals by using a
masked priming paradigm. These two groups seemed to provide a
fruitful contrast because Japanese readers are used to reading both
horizontally presented and vertically presented text, whereas Eng-
lish readers are not. The question was whether the two groups
showed TL/TC priming effects when the stimuli were presented in
both horizontal and vertical orientations. As expected, Japanese
readers showed TL/TC priming effects in both horizontal and
vertical presentation conditions. More centrally, native English
speakers also showed TL priming effects when the text was
presented in the vertical orientation (even though they lacked
experience with vertical text), providing support for abstract letter
unit accounts.

Perea, Marcet, and Fernandez-Lopez (2018) extended this in-
vestigation using Spanish words by comparing the magnitude of
form priming effects in two different vertical orientations, marquee
and 90° rotated orientations. Those authors found significant and
equivalent masked form priming effects for primes and targets
presented in the two orientations. These results are also potentially
inconsistent with perceptual learning accounts but are quite con-
sistent with approaches that treat letter/character codes as abstract
representations (i.e., not tied to retinal positions).

In contrasting these two types of accounts, what is relevant to
note, however, is that perceptual learning accounts do not directly
predict null priming when a letter string is presented in a unique
orientation. Even if the stimulus is rotated, causing the mental
representation to be rotated, processing of the stimulus will con-
tinue and will normally be successful. What is the key prediction
of these types of accounts is that there will be larger priming
effects for canonically (i.e., horizontally) presented letter strings
than letter strings presented in other orientations because nonca-
nonical strings cannot take advantage of structures such as the
neurons that are assumed to be dedicated to processing familiar
letter pairs. Note also that these types of accounts make an addi-
tional prediction; that is, that transposition effects will be larger for
horizontally presented letter strings (i.e., stimuli able to take ad-
vantage of such neurons) than other types of horizontally presented
stimulus strings; for example, strings of symbols such as &%$#@,
a prediction that has been supported in the literature (e.g., Dufa-
beitia, Dimitropoulou, Grainger, Herndndez, & Carreiras, 2012;
Massol, Dufabeitia, Carreiras, & Grainger, 2013). Note further
that the specific comparison between horizontally presented words
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and nonhorizontally presented words was not evaluated either by
Perea, Marcet, et al. (2018) or by Witzel et al. (2011) for their
English readers.

The Present Research

Witzel et al.’s (2011) Japanese words were written in Katakana
script. Although Katakana script is syllabic rather than alphabetic,
it is much closer to alphabetic script than logographic scripts like
Chinese. Each Katakana character represents a syllable or a com-
bination of syllables (i.e., a mora), and, hence, represents a pho-
nological unit. In contrast, Chinese characters have more complex
internal structures, which are made up of between 1 and 36 strokes
that are usually arranged into subcharacter “radicals,” with those
radical units being related directly to semantic and phonological
information (Taft, Zhu, & Peng, 1999). Nonetheless, Chinese
readers do show TC and other types of form priming effects (Gu
& Li, 2015; Gu, Li, & Liversedge, 2015; Taft et al., 1999; Yang,
2013). Therefore, Chinese allows an opportunity to determine
whether the results Witzel et al. and Perea, Marcet, et al. (2018)
reported for alphabetic and syllabic languages can be extended to
logographic languages. Because Perea et al. reported no difference
between marquee and rotated words, we chose to use the marquee
format for our vertical presentations in order to maintain consis-
tency with Witzel et al.

What is worth noting at this point, however, is that most char-
acters in Chinese are both syllables and morphemes (Zhou,
Marslen-Wilson, Taft, & Shu, 1999). Thus, the possibility exists
that what would appear to be form priming effects in Chinese may
not be purely orthographic but may also be because of overlap at
the morphemic and/or syllabic levels. That is, even if Chinese
characters are transposed, they are, typically, able to provide
appropriate morphemic and syllabic information even though that
information would appear in incorrect positions. For example,
RINE R (/ta rd qf 14i/, suddenly) is a Chinese four-character word
that, when the middle characters are transposed % E 213K (/tu qf rd
14i/), produces a character string that still contains the morphemes
and syllables contained in the target word. If the reading system
does have some tolerance for transpositions of morphemes and/or
syllables, those dimensions could be partially contributing to any
TC priming effects that one might observe in Chinese. We will
return to this issue in the General Discussion.

The fact that the existence of TC priming effects has been
established in Chinese is important because TC priming effects are
not universal. Velan and Frost (2009), for example, found that
Hebrew TC primes did not facilitate target word processing but, in
fact, produced an inhibitory effect when the transposition of adja-
cent characters formed a legal root morpheme. This result has been
taken to mean that the lexical space in Hebrew is encoded accord-
ing to morphological root families, rather than according to ortho-
graphic structure, which may also be true of Chinese. Indeed,
Grainger and Holcomb (2009) have argued that the special coor-
dinate system is likely to be influenced by the characteristics of the
language being investigated. It is, therefore, important that form
priming effects and, in particular, TC priming effects, have been
observed in Chinese because those types of results make the
question of whether the effects vary as a function of orientation a
viable one to investigate.

1513

In the present research, therefore, we used Chinese words in an
effort to explore form priming effects in logographic languages as
a function of visuospatial orientation. What’s also important to
note is that Chinese readers, like Witzel et al.’s (2011) Japanese
readers, do have some experience reading words in different ori-
entations. Specifically, Chinese readers are familiar with left-to-
right horizontal and top-to-bottom vertical text and, as well, they
do have some (very limited) experience with right-to-left horizon-
tal text while totally lacking experience with bottom-to-top text.

Experiment 1 involved a masked priming paradigm examining TC
and repetition priming effects for native Chinese readers using text
presented in both standard horizontal and vertical orientations. Based
on the results from Witzel et al. (2011), we expected to find signifi-
cant priming effects in both orientations. In Experiment 2, we used the
masked priming paradigm to test whether Chinese readers would
show a priming effect when the stimuli were presented in a right-to-
left horizontal orientation. According to a perceptual learning account,
although Chinese readers might show priming when the text is pre-
sented in a vertical orientation, there should be substantially less
evidence of priming effects when the text is presented in this rather
unfamiliar right-to-left orientation. In contrast, according to abstract
letter/character unit accounts, there is no obvious reason that priming
effects would not be found in any orientation in which reading can
proceed somewhat normally (e.g., the right-to-left horizontal orienta-
tion). To jump ahead, priming was found with right-to-left text in
Experiment 2 and, in Experiment 3, we examined whether those
effects might disappear when the target and prime were not presented
in the same orientation. Specifically, in Experiment 3 the primes were
presented in a right-to-left horizontal orientation with the targets being
presented in a standard left-to-right horizontal orientation. Finally, in
Experiment 4, primes and targets were presented in a bottom-to-top
vertical orientation (which is not one that exists in Chinese culture).
According to any perceptual learning account, there is no possibility
that priming effects due to the existence of dedicated neurons would
emerge, while abstract letter/character unit accounts would not be
inconsistent with any priming effects that might arise.

Experiment 1

Method

Participants. Forty native Chinese speakers who had normal
or corrected-to-normal vision participated in this experiment. All
indicated that they were highly proficiency in reading Simplified
Chinese. They were all undergraduate students at Hunan Univer-
sity of Science and Technology (Xiangtan, Hunan, China). Twenty
participants received the horizontal text condition first, and 20
participants received the vertical text condition first. All partici-
pants were given a small gift for their participation.

Materials. The stimuli for Experiment 1 were four-character
simplified Chinese words. One hundred ninety-two low frequency
words were chosen to serve as target words and another 192 low
frequency words were chosen to serve as unrelated word primes. All
of those words were selected from the SUBTLEX-CH database (Cai &
Brysbaert, 2010). For the target words, their mean word frequency
(per million) was 4.37 (range = 1.25-51.63). For the unrelated word
primes, their mean word frequency (per million) was 4.41 (range =
1.22-37.83). All of the frequency values were obtained from the
SUBTLEX-CH database (Cai & Brysbaert, 2010). There is no signif-
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icant different in frequency between the target words and the unre-
lated word primes, #(382) = —0.07, p = .947.

In the repetition condition, the related prime was the target itself,
and the control prime was the unrelated word prime selected for that
target (e.g., BT TRI(ABCD)-B FTTRI(ABCD) versus &R
(EFGH)-E i~ [R(ABCD)). The primes and targets used different
font styles and sizes (35-point Arial font for primes and 40-point Song
font for targets). In the TC condition, the related primes were char-
acter strings in which the two middle characters in the target were
transposed, whereas in the control condition for the TC condition (the
SC condition), the two middle characters were substituted with two
new characters (e.g., B FTEI[ACBD]-E i FRE[ABCD] versus
BMERAIKD]-E i FRRI[ABCD]). The target words were di-
vided into two sets, and their use in the horizontal versus vertical
orientation conditions was counterbalanced. In addition, there were
four counterbalanced lists in each orientation condition, with 24
stimuli in each condition. We also created 384 orthographically legal
nonwords (half to serve as target nonwords, the other half to serve as
unrelated nonword primes for the nonword targets). These nonword
stimuli were derived from the nonwords found in the Chinese Lexicon
Project (Tse et al., 2017). The primes for the nonword targets were
created in a similar fashion as the primes for the word targets (1/4
were repetition nonword primes, 1/4 were unrelated nonword primes,
1/4 were TC nonword primes and 1/4 were SC nonword primes),
except that there was only one list of primes and targets." For the word
stimuli, the primes and their associated targets are listed in the Ap-
pendix.

Procedure. The participants were seated in a quiet room for
testing. Eprime 2.0 software was used for data collection (Psychology
Software Tools, Pittsburgh, PA; see Schneider, Eschman, & Zucco-
lotto, 2002). Each trial began with a mask (which consisted of eight
hash marks #HHHHHHE) presented for 500 ms, followed by a prime for
50 ms, and then the target which was presented for 3,000 ms or until
the participant responded. All the stimuli were presented in the center
of the screen. Text presentation orientation (horizontal vs. vertical)
was constant within a block and the order of the blocks was counter-
balanced over participants (see Figure 1 for examples of a word
presented in the various text orientations used in these experiments).
Before the start of each block, participants performed 16 practice trials
involving the stimulus orientation to be used in that block. Participants
were asked to decide whether each presented (target) character string
is a meaningful real word or a meaningless nonword. They were
asked to press the “J” button if the presented target is a word and the
“F” button if it is a nonword as quickly and as accurately as possible.
This research was approved by the Western University REB (Protocol
# 108835).
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Left-to-right Top-to-bottom  Right-to-left  Bottom-to-top
Figure 1.

tions.

Examples of Chinese text presented in different text orienta-
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Results

Latencies for incorrect responses were excluded from the latency
analyses, as were latencies that were shorter than 300 ms (3.9% of the
data). The latencies from the correct trials and the error rates were
analyzed using generalized linear mixed-effects modeling in R Ver-
sion 3.4.3 (R Development Core Team, 2015), treating subjects and
items as random effects and treating orientation (horizontal vs. verti-
cal), prime type (repetition vs. transposition), and priming (related vs.
control) as fixed effects (Baayen, 2008; Baayen, Davidson, & Bates,
2008). Post hoc analyses were conducted by using the Ismeans pack-
age, Version 2.27-61 (Lenth, 2016), with Tukey’s Honestly Signifi-
cant Difference (HSD) adjustment for multiple comparisons. Prior to
running the model, R-default treatment contrasts were changed to
sum-to-zero contrasts (i.e., contr.sum) to help interpret lower-order
effects in the presence of higher-order interactions (Levy, 2014;
Singmann & Kellen, 2018). The model was fit by maximum likeli-
hood with the Laplace approximation technique. The Ime4 package,
Version 1.1-15 (Bates, Méchler, Bolker, & Walker, 2015), was used
to run the generalized linear mixed-effects model and obtain proba-
bility values.

A generalized linear mixed-effects model was used in the la-
tency analyses in all the present experiments instead of a linear
mixed-effects model because generalized linear models, unlike
linear models, do not assume a normally distributed dependent
variable and can, therefore, better accommodate the typically pos-
itively skewed distribution of reaction time (RT) data (Balota,
Aschenbrenner, & Yap, 2013; Lo & Andrews, 2015).> A Gamma
distribution was used to fit the raw RTs, with an identity link
between fixed effects and the dependent variable (Lo & Andrews,
2015). Note that convergence tests for generalized linear mixed-
effects models in the current version of Ime4 tend to generate

! For the interested reader, we report the analyses of our nonword data
for all of these experiments. However, because there was only one list of
nonword primes and targets in each experiment (i.e., nonword targets were
not counterbalanced over conditions), the nonword results should be in-
terpreted very cautiously.

2 Following a suggestion of one of the reviewers, we elected to use the
generalized linear mixed-effects model and analyze raw RTs rather than
following the more common practice of using linear mixed-effects models
and normalizing raw RTs with a reciprocal transformation. The main
reason for doing so was because nonlinear transformations systematically
alter the pattern and size of interaction terms, casting doubt on the reli-
ability of analyses of interactions. We did, however, replicate the analyses
reported in the present article using linear mixed-effect models with
inverse-transformed RTs (invRT = 1,000/RT) as the dependent variable.
Those analyses replicated the pattern found with generalized linear mixed-
effects models, with two exceptions, one of which is potentially notable,
the interaction between Priming and Orientation in Experiment 1. To
preview, the priming effect was 12 ms larger for the horizontal versus the
vertical orientation words in Experiment 1. While this difference led to a
significant interaction between Priming and Orientation in the linear
mixed-effects model with transformed RTs, B = —0.014, SE = 0.004,
t = —3.874, p < .001, it did not in the generalized linear mixed-effects
model with raw RTs. Traditional mean-based ANOVAs also failed to
return a significant Priming X Orientation interaction in both the subject,
F(1,39) = 3.10, p = .086, and item, F(1,191) = 2.39, p = .124, analyses,
suggesting that the inverse transformation of RTs in the linear mixed-
effects model might have artificially exaggerated the difference in priming
across orientations. The second exception is the 16-ms difference between
the classic TC prime condition and the repetition prime condition in
Experiment 3. That contrast was not a central one in that experiment.
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many false positives (Bolker, 2018).> The statistical model for the
latency analysis was: RT = glmer (RT ~ orientation * primetype *
priming + (1llsubject) + (1litem), family = Gamma(link = “iden-
tity”)). The statistical model for the error rate analysis was: Ac-
curacy = glmer (accuracy ~ orientation * primetype * prim-
ing + (llsubject) + (llitem), family = “binomial”). The mean
RTs (in milliseconds) and percentage error rates for both the
horizontal and vertical orientations are shown in Table 1 for the
word targets.

Word trial latencies. The default model failed to converge
even when fitting was restarted from the apparent optimum. We
then proceeded to rerun the model using all available optimizers.
Because all optimizers returned very similar values, we concluded
that convergence warnings were false positives (see Ime4 conver-
gence help page). We report results only from the BOBYQA
optimizer, which managed to converge.

There was no significant main effect of prime type, § = —1.562,
SE = 1.516, z = —1.03, p = .303; however, a significant main
effect of priming was observed, § = —29.757, SE = 1474,
z = —20.19, p < .001. Responses following related primes were
significantly faster (608 ms) than were responses following control
primes (669 ms). The main effect of orientation was also signifi-
cant, B = —33.828, SE = 1.457, z = —23.21, p < .001, because
latencies were longer with vertical text (677 ms) than with hori-
zontal text (599 ms). The interaction between Priming and Prime
Type was significant, 3 = —7.573, SE = 1.467,z = —5.16,p <
.001, with the repetition priming effect being significantly larger
than the TC priming effect. In the repetition priming condition,
latencies following repetition primes (599 ms) were significantly
faster than latencies following unrelated primes (674 ms),
B = —37330 SE = 2.081, z = —17.941, p < .001. When
considering the TC priming effect, the SC primes (663 ms) led to
significant slower latencies than did the TC primes (617 ms),
B = —22.184, SE = 2.078, z = —10.675, p < .001. No other
effects reached significance (all ps > .10).

Word trial accuracy. The main effect of prime type was
significant, indicating an advantage for the repetition conditions

Table 1

Mean Lexical Decision Latencies (Reaction Times [RTs], in
Milliseconds) and Percentage Error Rate for Words in
Experiment 1

Repetition TC
Variable RT 9%E RT %E
Horizontal
Related 557 2.5 575 33
Control 637 3.8 628 5.8
Priming 80" 1.3 53 2.5
Vertical
Related 640 24 660 33
Control 711 4.9 698 4.5
Priming 71 2.5 38" 1.27

Note. TC = transposed character; %E = percentage error rate. The
control primes for repetition primes were unrelated primes and for TC
primes the control primes were substitution primes. The overall mean RT
and error rate of the nonword targets in horizontal orientation were 719 ms
and 3.8% respectively; The overall mean RT and error rate of the nonword
targets in vertical orientation were 820 ms and 3.3% respectively.

p < .001.

(3.4%) over the TC conditions (4.2%), 3 = 0.132, SE = 0.064, z =
2.055, p = .040. In addition, there was a priming effect with the
related primes (2.9%) leading to fewer errors than the unrelated
primes (4.7%), B = 0.280, SE = 0.065, z = 4.326, p < .001.
Neither the main effect of orientation nor any interaction was
significant (all ps > .10).

Nonword trial latencies. The default model converged after
restarting it from the apparent optimum. The only significant effect
was that of orientation, B = —46.605, SE = 1.864, z = —25.01,
p < .001, with faster responses to horizontally presented nonwords
(719 ms) than to vertically presented nonwords (820 ms). No other
main effect or interactions reached significance (all ps > .10).

Nonword trial accuracy. The main effect of priming was
significant, with a small but significant reverse priming effect,
B = —0.207, SE = 0.082, z = —2.516, p = .012. Control primes
produced a slightly smaller error rate (2.8%) than did related
primes (4.2%), The only significant interaction was Priming X
Orientation, B = —0.181, SE = 0.063, z = —2.892, p = .004,
indicating that the significant reverse effect of priming arose in
the horizontal orientation condition (3 = —0.388, SE = 0.103,
z = —3.785, p = .003), but not in the vertical orientation condition
(B = —0.026, SE = 0.104, z = —0.253, p = .960). There were no
other main effects or interactions (all ps > .05).

Discussion

The results of Experiment 1 were quite similar to those of
Witzel et al. (2011): Chinese native readers showed significant
repetition and TC priming effects when stimuli were presented in
both horizontal and vertical orientations. Unlike Japanese readers,
however, Chinese readers were faster (78 ms) when processing
horizontal text than vertical text, as well as showing a small,
although nonsignificant, overall priming advantage (12 ms) with
horizontal text. This pattern is consistent with the idea that Chinese
readers may have had somewhat more experience in reading
horizontal text than vertical text and, therefore, may have a reading
system that is better tuned for processing horizontal text. The main
point to be taken from Experiment 1, however, is that the finding
that both repetition and TC priming effects were obtained in both
text orientations, orientations that are familiar to Chinese readers,
is consistent with both abstract letter/character unit accounts and
perceptual learning accounts. The way to distinguish between
accounts, therefore, is to examine the nature of priming effects for
Chinese readers when processing text presented in a rarely expe-
rienced orientation, for example, a right-to-left horizontal orienta-
tion.

As noted, it is not the case that Chinese words are never written
in the right-to-left horizontal orientation. Text of this nature occurs
on signs at some temples and in the top scroll in a couplet.

*In all analyses, when convergence warnings were returned, the trou-
bleshooting process followed the recommendations made by the Ime4
authors (see the convergence help page in R), including restarting the fit
from the apparent optimum position and rerunning the model with all
available optimizers. The R syntax used to restart the model from the
previous fit and rerun the model with all available optimizers is the
following:

model.restart <- update(model, start = getME[model, c(“theta”, “fixef”)])

source(system.file[“utils”, “allFit.R”, package = “Ime4”])

model.all < - allFit(model)
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However, the right-to-left horizontal orientation is rarely experi-
enced in modern Chinese culture. Therefore, a perceptual learning
account would predict that Chinese readers should show little
evidence of repetition or TC priming when reading text written in
a right-to-left orientation, while effects of this sort would not be
inconsistent with a generic abstract letter/character unit account.
What should be noted at this point is that right-to-left primes do
not appear to produce priming of either left-to-right or right-to-left
targets in English (Davis, Kim, & Forster, 2008).

Experiment 2

Method

Participants. Forty-four Chinese native speakers who had
normal or corrected-to-normal vision participated in this experi-
ment. As in Experiment 1, all indicated that they were highly
proficiency in reading Simplified Chinese. They were all graduate
or undergraduate students either from Western University (Lon-
don, Ontario, Canada) or Hunan University of Science and Tech-
nology (Xiangtan, Hunan, China). They were paid $5 for their
participation or given a small gift. None had participated in Ex-
periment 1.

Materials. Ninety-six of the target words (and their unrelated
word primes) used in Experiment 1 were used in Experiment 2.
The word frequency was matched between the target words and
unrelated word primes. Twenty-four targets were primed by
a repetition prime (e.g., EFFTB[DCBA]-EFFB[DCBA)),
24 by an unrelated word prime (e.g., ¥R E[HGFE[-E AT
B[DCBAY]), 24 by a TC prime (e.g., R E[DBCA-AFFE
[DCBAJ), and 24 by an SC prime (e.g., FIEFNE[DIKA-BE R AT E
[DCBA]). There were four counterbalanced lists for the word
stimuli. Ninety-six of the target nonwords (and their unrelated
nonword primes) used in Experiment 1 were used in Experiment 2.
The primes for the nonword targets were created in a similar
fashion as the primes for the word targets, except that there was
only one list of primes and targets. All the other details were the
same as in Experiment 1.

Procedure. The procedure was the same as in Experiment 1.
The only difference was that all the stimuli, both primes and
targets, were presented in the right-to-left horizontal orientation
only. Before the start of the experiment, participants performed 16
practice trials with right-to-left oriented primes and targets.

Results

Latencies for incorrect responses were excluded, as were laten-
cies that were shorter than 300 ms (3.9% of the data). Data were
collapsed across study location (Canada vs. China) because of the
fact that there was no three-way interaction between Orientation,
Prime Type, and Priming. The statistical model for the latency data
was: RT = glmer (RT ~ primetype * priming + (llsubject) +
(1litem), family = Gamma(link = “identity”). In the error rate
analysis, the statistical model was: Accuracy = glmer (accuracy
~ primetype * priming + (llsubject) + (llitem), family = “bino-
mial”). The other details were same as in Experiment 1. The mean
RTs (in milliseconds) and percentage error rates for this experi-
ment are shown in Table 2 for the word targets.
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Table 2

Mean Lexical Decision Latencies (Reaction Times [RTs], in
Milliseconds) and Percentage Error Rate for Words in
Experiment 2

Repetition TC
Right-to-left horizontal RT %E RT %E
Related 810 34 815 33
Control 893 4.0 856 4.8
Priming 83" .6 417 1.5

Note. TC = transposed character; %E = percentage error rate. The
control primes for repetition primes were unrelated primes and for TC
primes the control primes were substitution primes. The overall mean RT
and error rate of the nonword targets were 1068 ms and 5.6%, respectively.
p < .001.

Word trial latencies. There was a significant main effect of
prime type, p = 8.812, SE = 2.922, z = 3.02, p = .003, and a
significant main effect of priming, 3 = —29.907, SE = 3.097,
z = —9.66, p < .001, because responses were faster overall in the
TC conditions and for related primes. The interaction between
Priming and Prime Type was also significant, 3 = —8.342, SE =
3.058, z = —2.73, p = .006, with the repetition priming effect (83
ms) being significantly larger than the TC priming effect (41 ms).
In the post hoc analysis, there was a significant repetition priming
effect, B = —38.25, SE = 4.468, z = —8.561, p < .001. In
addition, in the TC condition, the TC primes led to significantly
shorter latencies than the SC primes, 3 = —21.565, SE = 4.234,
z = —5.093, p < .001.

Word trial accuracy. There was a marginal effect of priming
(B = 0.155, SE = 0.085, z = 1.814, p = .070), indicating a
tendency for targets following related primes to elicit fewer errors
(3.4%) than targets following control primes (4.4%). Neither the
main effect of prime type nor the interaction approached signifi-
cance (all ps > .10).

Nonword trial latencies and accuracy. Neither of the main
effects nor the interaction approached significance in either anal-
ysis (all ps > .05).

Discussion

The results of Experiment 2 essentially paralleled those of the
horizontal and vertical orientation conditions in Experiment 1.
That is, not only were both repetition and TC priming effects
observed, the priming effect sizes were quite similar in size to
those in Experiment 1. While being consistent with a generic
abstract letter/character unit account, these results provide little
support for a perceptual learning account of repetition and TC
priming effects. Any perceptual learning accounts of these effects
would predict that these effects would not arise or would be quite
weak when the stimuli are presented in such an unfamiliar orien-
tation.

An alternative explanation of the effects in Experiment 2, and
one that would not necessarily be problematic for a perceptual
learning account, is that those effects might have been an artifact
of the demands of the task. Specifically, in line with a transfer-
appropriate processing idea (e.g., Franks, Bilbrey, Lien, & McNa-
mara, 2000; Kolers & Perkins, 1975; Kolers & Roediger, 1984),
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one could argue that, in order to deal with unfamiliar right-to-left
targets, participants may have developed some sort of processing
strategy for mentally reversing the order of the characters in the
target, a strategy that was then also applied to prime processing.
Experiment 3 was an attempt to examine this idea. The specific
question was, will Chinese readers still show repetition and TC
priming effects when the target is presented in the conventional
left-to-right orientation following a right-to-left oriented prime (a
result that, like the priming effects observed in Experiment 2, does
not arise in English - Davis et al., 2008)?

Experiment 3

Method

Participants. Sixty Chinese native speakers who had normal
or corrected-to-normal vision and who reported that they were
highly proficient in reading Simplified Chinese participated in this
experiment. They were all undergraduate students from Western
University (London, Ontario, Canada) who participated for course
credit in their introductory psychology course. None had partici-
pated in the previous experiments.

Materials. One hundred of the target words (and their unre-
lated word primes) used in Experiment 1 were used in Experiment
3. The word frequency was matched between the target words and
unrelated word primes. Twenty targets were preceded by a (back-
ward) repetition prime, that is, one that involves the same charac-
ters but presents them in a right-to-left orientation (e.g., BT FIHE
[DCBA]-EFiFR[ABCD]), and 20 were preceded by an
unrelated prime (i.e., a totally different word) that was also pre-
sented in the right-to-left orientation (e.g., i%3K#Y S [HGFE]-&
FrRRI[ABCD]). Three different prime types were used to inves-
tigate the TC priming effect. Twenty pairs involved what would be
thought of as a (backward) classic TC prime; that is, one in which
the prime is presented right-to-left but the middle two characters
are transposed (e.g., @ TR A[DBCA]-E AT R E[ABCD])). Note,
however, that doing so creates a prime in which the middle two
characters are in the same position in the prime and target and,
therefore, is technically a prime involving a transposition of the
first and fourth characters. Twenty pairs involved what could be
thought of as a (backward) classic SC prime, that is one in which
the prime was presented in a right-to-left orientation and the
middle two characters are substituted (e.g., FEFINMF[DIKA]-
B iR E[ABCD])). Finally, 20 primes were used that may be a
better control for evaluating TC priming. These primes, external
substitution primes, maintain the middle two characters of the
prime in their appropriate positions (as in the classic TC primes
discussed above) but replace the first and fourth characters of the
target (e.g., FEFTFIMNIBCK]-B IR RI[ABCD]).

There were five counterbalanced lists for the word stimuli. One
hundred of the target nonwords (and their unrelated nonword
primes) used in Experiment 1 were used in Experiment 3. Just as
in the word conditions, these nonword targets were preceded by
five different types of primes and, as in the previous experiments,
there was only one list of nonword primes and targets. The other
details were the same as in Experiment 1.

Procedure. The procedure was the same as in Experiment 1,
the only difference being that all the primes were presented in the
right-to-left horizontal orientation, while all the targets were pre-
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sented in the normal (left-to-right) horizontal orientation. Before
the start of the experiment, participants performed 20 practice
trials involving right-to-left oriented primes and left-to-right ori-
ented targets.

Results

Latencies for incorrect responses were excluded, as were laten-
cies that were shorter than 300 ms (3.0% of the data). Unlike
Experiment 1 and Experiment 2, the design of Experiment 3
involved a single fixed effect, Prime Type, with five levels (rep-
etition, unrelated, classic TC, classic SC, external SC). The func-
tion analysis of variance (ANOVA) in the car package Version
2.1-2 (Fox & Weisberg, 2016) was used to test the significance of
the Prime Type factor. The statistical model for the latency data
was: RT = glmer (RT ~ primetype + (llsubject) + (llitem),
family = Gamma(link = “identity”)). In the error rate analysis, the
model was: Accuracy = glmer (accuracy ~ primetype + (llsub-
ject) + (llitem), family = “binomial”). The other details were the
same as in Experiment 1. The mean RTs (in milliseconds) and
percentage error rates for Experiment 3 are shown in Table 3 for
the word targets.

Word trial latencies. The default model converged after re-
starting it from the apparent optimum. There was a main effect of
prime type, x> = 185.98, p < .001. In the post hoc analysis,
participants showed a significant repetition priming effect (52 ms),
B = —53.607, SE = 6.715, z = —7.984, p < .001. Significant TC
priming was observed when comparing the classic TC prime
condition with both the external SC prime condition (51 ms), B =
48.013, SE = 5.252, z = 9.141, p < .001, and the classic SC prime
condition (56 ms), B = 54.252, SE = 5.507, z = 9.852, p < .001.
The classic SC prime condition did not differ from the external SC
prime condition, B = —6.239, SE = 5.300, z = —1.177, p = .765.
Note that the classic TC prime condition produced latencies that
were numerically, but not significantly, shorter than those in the
repetition prime condition, 3 = 13.555, SE = 5.832, z = 2.324,
p = .137. Finally, the mean latency in the unrelated prime condi-
tion was longer than the mean latency in the external SC prime
condition, B = —19.149, SE = 5.980, z = —3.202, p = .012, but
did not differ from the mean latency in the classic SC prime
condition, B = —12.911, SE = 6.148, z = —2.100, p = .220.

Word trial accuracy. The main effect of prime type was
significant, x> = 10.224, p = .037. In the post hoc analysis,
participants showed a significant repetition priming effect (1.9%),
B = 0.817, SE = 0.279, z = 2.929, p = .028. Repetition primes

Table 3

Mean Lexical Decision Latencies (Reaction Times [RTs], in
Milliseconds) and Percentage Error Rate for Words in
Experiment 3

Condition RT %E
Repetition prime 664 1.8
Unrelated prime 716 3.7
Classic transposed prime 648 2.7
Classic substitution prime 704 35
External substitution prime 699 3.1

Note. The overall mean RT and error rate of the nonword targets were
881 ms and 3.6%, respectively.
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(1.8%) also elicited less errors than classic SC primes (3.5%), al-
though only marginally so, = —0.762, SE = 0.281, z = —2.710,
p = .052.

Nonword trial latencies. The default model converged after
restarting it from the apparent optimum. There was a main effect
of prime type, x> = 11.86, p = .018. The post hoc analysis
revealed that, compared with repetition primes (899 ms), external
SC primes (877 ms) led to faster latencies, B = —20.632, SE =
7.170, z = —2.877, p = .033, and so did (although only marginally
so) classic TC primes (875 ms), B = —21.289, SE = 7.907,
z = —2.692, p = .055. No other contrasts reached significance (all
ps > .1).

Nonword trial accuracy. The main effect of prime type was
not significant, x> = 6.01, p = .199.

Discussion

To avoid inducing participants to adopt a processing strategy for
dealing with unfamiliar right-to-left targets, one based on mentally
reversing the order of the characters in the target which then would
also be applied during prime processing, the targets in Experiment
3 were presented in the conventional left-to-right orientation. The
most important result in this experiment was that there was a
significant (backward) repetition priming effect. Repetition primes
presented in the completely opposite (right-to-left) orientation
primed targets presented in the standard left-to-right horizontal
orientation.

Experiment 3 also provided evidence of a (backward) TC prim-
ing effect when measured against both of our control conditions.
Because these patterns generally parallel those from Experiment 2,
a reasonable conclusion would be that the results in Experiment 2
were not because of participants adopting a strategy involving a
mental reversal of the order of the target’s (and prime’s) charac-
ters. Rather, they are more likely because of the abstract nature of
representations in the orthographic code.

The main question of Experiment 3 concerned whether right-
to-left primes produce priming for left-to-right targets in Chinese,
just as they did for right-to-left targets in Experiment 2 (but not as
what they appear to do in English; Davis et al., 2008). Whereas the
answer is that they do produce priming, it may be worth noting that
the size of the “repetition” effect in Experiment 3 (52 ms) was
slightly smaller than the size of the parallel effect in Experiment 2
(83 ms). Part of that difference was likely because of the fact that
responding was approximately 150 ms faster in Experiment 3,
although that is probably not the only reason for the difference in
the effect sizes. Rather, right-to-left primes are probably at least a
bit more orthographically similar to the right-to-left targets used in
Experiment 2 than to the left-to-right targets used in Experiment 3.

What is also potentially relevant is that, in contrast to the results
in Experiment 2, the “repetition” priming effect and what we take
to be the TC priming effect were equivalent in size in Experiment
3. In an attempt to gain a bit more of an understanding of the
principles involved here, it may be of some value to examine the
impact of transposing characters in Experiment 3 a bit more
closely.

Essentially, right-to-left oriented primes with their middle two
characters then transposed (what we are calling classic TC primes,
e.g., DBCA) led to faster latencies than both what we are calling
classic SC primes (e.g., (DJKA) and primes involving the same
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middle characters in the same positions as in the target but having
different exterior characters, external substitution primes (JBCK).
As noted, these TC priming effects are a bit hard to characterize
because all three of these prime types can be interpreted in more
than one way. As a result, it’s not at all clear which of these two
latter prime types would be the most appropriate control condition
in this situation (or, if neither of these is appropriate, what the
appropriate condition would be). That is, the DBCA-DJKA con-
trast could be characterized as representing the value of having
correct characters in the two middle positions rather than repre-
senting the impact of a right-to-left written TC prime. Similarly,
the DBCA-JBCK contrast could be characterized as representing
the impact of transposing the first and fourth characters in a
left-to-right prime.

When thought about in those ways, however, one seems to
arrive at an illogical conclusion. This second contrast (DBCA-
JBCK) produced a 51 ms priming effect (699—648), which when
thought about as representing the impact of a left-to-right oriented
prime, implies that transposing the exterior two characters (rather
than replacing them) was quite impactful. In contrast, the differ-
ence between the classic SC prime condition and the completely
unrelated condition (DJKA-HGFE) was a nonsignificant 12 ms
(704-716) suggesting that the impact of transposing the two
exterior characters is minimal at best. Needless to say, it’s hard to
reconcile these two conclusions. Therefore, in the present situation
(i.e., in Chinese), the more reasonable conclusion is that there is
something crucial about the prime and target sharing all their
characters even if those characters are not in the same positions in
the prime and target (i.e., the (backward) classic TC prime, DBCA,
or the (backward) repetition prime, DCBA, work well whereas
primes containing 2 of the 4 target characters, JBCK and DJKA,
do not).

In Experiment 4, we sought to push the contrast between per-
ceptual learning and abstract letter/character unit accounts one step
further by presenting the primes and targets in a completely
unfamiliar bottom-to-top orientation. According to any perceptual
learning account, there should be very little evidence of priming
effects from these prime-target pairs, whereas a generic abstract
letter/character unit account would seem to have the ability to
explain such an effect.

Experiment 4

Method

Participants. Thirty-four Chinese native speakers who had
normal or corrected-to-normal vision and who reported that they
were highly proficient in reading Simplified Chinese participated
in this experiment. They were all undergraduate students from
Western University (London, Ontario, Canada) who participated
for course credit in their introductory psychology course. Fourteen
of these participants had participated in Experiment 3.

Materials. Ninety-six of the target words (and their unrelated
word primes) used in Experiment 1 were used in Experiment 4.
The word frequency was matched between the target words and
the unrelated word primes. Unlike in Experiment 1, only TC
priming was investigated with 48 targets being primed by a TC
prime (e.g., BT FTE[ACBDI- BT E[ABCD]) and 48 by an
SC prime (e.g., B ER[AIKD]-B Fi R [E[ABCD]). There were
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two counterbalanced lists for word stimuli. Ninety-six of the target
nonwords (and their unrelated nonword primes) used in Experi-
ment 1 were used in Experiment 4. As with the word targets, the
nonword targets were preceded either by a TC prime or an SC
prime and, as in previous experiments, only one list of nonword
primes and targets was used. The other details were the same as in
Experiment 1.

Procedure. The procedure was the same as in Experiment 1
with the only difference being that all the stimuli (primes and
targets) were presented in the bottom-to-top orientation. Before the
start of the experiment, participants performed eight practice trials.

Results

Latencies for incorrect responses were excluded, as were laten-
cies that were shorter than 300 ms (3.8% of the data). The design
of this experiment involved a single fixed effect, Prime Type, with
two levels (TC vs. SC). The final statistical model for the latency
data was: RT = glmer (RT ~ primetype + (1lsubject) + (1litem),
family = Gamma(link = “identity”)). In the error analysis, the
final model was: Accuracy = glmer (accuracy ~ primetype +
(1lsubject) + (llitem), family = “binomial”). The other details
were the same as in Experiment 1. The mean RTs (in milliseconds)
and percentage error rates for Experiment 4 are shown in Table 4
for the word targets.

Word trial latencies and accuracy. The 50-ms difference
between the TC prime (869 ms) and the SC prime (919 ms)
conditions was significant, 3 = 25.788, SE = 3.379,z=7.63,p <
.001. The TC primes also led to significantly fewer errors (2.9%)
than did the SC primes (4.5%), B = —0.257, SE = 0.099,
z = —2.583,p =0.01.

Nonword trial latencies and accuracy. In the latency data,
there was a significant reverse main effect of prime type, with the
SC primes (1108 ms) leading to faster latencies than the TC primes
(1146 ms), p = —18.148, SE = 6.362, z = —2.85, p = .004. There
was no significant main effect of prime type in the accuracy
analysis (p > .10).

Discussion

Although the stimuli in Experiment 4 were presented in an
entirely novel orientation, participants still produced a clear TC
priming effect, which was essentially the same size as the TC
priming effects in Experiment 1 and 2. This result once again
provides support for the argument that these types of effects are
much better able to be explained in terms of an abstract letter/

Table 4

Mean Lexical Decision Latencies (Reaction Times [RTs], in
Milliseconds) and Percentage Error Rates for Words in
Experiment 4

Condition RT %E
Transposed prime 869 2.9
Substitution prime 919 4.5
Priming 50 1.6
Note. The overall mean RT and error rate of the nonword targets were

1,127 ms and 3.6%, respectively.
“p <.05. T p<.00l.
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character unit account rather than in terms of a perceptual learning
account.

General Discussion

Four masked priming experiments involving the presentation of
stimuli in different orientations were carried out to investigate the
role of text orientation in orthographic processing and to provide a
basis for contrasting perceptual learning-based accounts of form
priming in Chinese against accounts based on abstract letter/
character units. The results of Experiment 1 were that repetition
and TC priming effects were observed for stimuli presented in both
horizontal and vertical orientations, paralleling Witzel et al.’s
(2011) results. The only difference between experiments was that,
unlike Witzel et al.’s Japanese readers whose performance was
similar with horizontal and vertical words, our Chinese readers
were considerably (72 ms) faster and their priming effects were
slightly (12 ms), but not significantly, stronger with horizontal text
than with vertical text, a pattern that would be consistent with
either type of account. In Experiment 2, Chinese native readers
showed masked repetition and TC priming effects when the text
was presented in a right-to-left orientation. In Experiment 3, we
still obtained strong repetition and, what we take as, TC priming
effects when left-to-right targets followed right-to-left primes.
Finally, even though we used an entirely new text orientation in
Experiment 4, participants produced a TC priming effect that was
virtually the same size as those in Experiments 1 and 2, providing
probably the clearest evidence against a perceptual learning ac-
count of our form priming effects.

More specifically, taken together, our finding of priming in all
situations investigated and essentially equivalent priming in the
repetition conditions and in the TC conditions in Experiments 1, 2
and 4 are inconsistent with Grainger and Holcomb’s (2009) special
coordinate system account and Dehaene et al.’s (2005) LCD
model. Rather, the processes which mediate our priming effects
appear to occur at an abstract level of representation, in line with
Witzel et al.’s (2011) abstract letter unit account. This account
assumes that the orthographic code is created by transforming a
visuospatial code into an ordinal code. Thus, regardless of the text
orientation, what the reader takes as the beginning letter/character
is assigned to the first position, and the next letter/character is
assigned to the second position, and so on. Crucially, the presented
text orientation is not directly related to this orthographic code, as
readers appear to convert the visuospatial code into an abstract
code quite rapidly and doing so may very well be required before
lexical processing can advance.

Perhaps surprisingly, we were even able to expand this conclu-
sion to the situation in which the prime, but not the target, was
written right-to-left. What is also important to recognize is that
these effects (and the TC priming effect with the bottom-to-top
orientation) were demonstrated with Chinese four-character words.
It’s not inevitable that such effects would be found with other
scripts in other languages. In fact, in English, Guerrera and Forster
(2008) found that, although there was a reasonably large priming
effect when eight-letter targets contained all the letters of the prime
but with only two of those eight letters in the same position in the
prime and target, they failed to detect a priming effect with more
extreme transposition primes, such as when edisklaw and isedawkl
primed the target SIDEWALK. That is, their data support the idea
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that there is a limit to the amount of distortion in the ordering of
letters/characters that the reading system can tolerate.

At mentioned previously, there would appear to be one exam-
ination of the question of the system’s ability to tolerate backward
primes and targets in the English language literature. Davis et al.
(2008) presented backward targets (e.g., ECAF), with each target
preceded by either a forward prime (e.g., FACE) or a backward
prime (e.g., ECAF). Although forward primes produced a facili-
tation effect, backward primes did not (in contrast to our results in
Experiment 2), even though the targets were also presented in the
backward direction. This result implies that there is a basic differ-
ence in the level of tolerance for position distortions in the ortho-
graphic code between Chinese and English readers, although it
could also reflect a difference in how reverse spelling targets are
processed in the two languages. The latencies, for example, in
Davis et al. were approximately 200 ms longer than in the present
Experiment 2 suggesting that Davis et al.’s subjects had consid-
erably more difficulty dealing with right-to-left written words than
our subjects did.*

The question is, therefore, whether the backward priming effects
observed here can be successfully accommodated within any of the
current abstract letter/character accounts. That is, can any of those
models mentioned previously (e.g., Adelman, 2011; Davis, 2010;
Goémez et al., 2008; Grainger & Van Heuven, 2003; Whitney,
2001) actually explain the large priming effects we observed from
primes presented in noncanonical orientations (Experiments 2, 3,
and 4)? At present, the answer would seem to be no. Most of those
accounts do not currently have a mechanism for tolerating the level
of distortion in terms of letter positions found in our primes and
targets, which, of course, means that the null priming effect re-
ported by Davis et al. (2008) is consistent with those models. Our
results, in contrast, do raise problems for those models even
though, in theory, they would all seem to have the ability to
explain priming of this sort if the appropriate assumptions were
made. Rather than expanding any of the models (by adding new
assumptions) in an attempt to account for the present data, how-
ever, what seems to be a more fruitful direction to go would be to
ask whether our results might have arisen at a level other than the
orthographic level. For example, as noted previously, one could
propose that the effects may be morphemic or syllabic/phonolog-
ical effects if it’s reasonable to assume that priming based on
morphemic or syllabic/phonological relationships is capable of
tolerating distortions in the ordering of that type of information.

More specifically, Chinese characters usually represent a single
morpheme, and transposing morphemes will, most of the time, still
maintain the morphemic relationship between the prime and target.
There is a common consensus that processing morphologically
complex words in English does require some type of morphemic
processing (Crepaldi, Rastle, Coltheart, & Nickels, 2010; Crepaldi,
Rastle, Davis, & Lupker, 2013; Drews & Zwitserlood, 1995; New,
Brysbaert, Segui, Ferrand, & Rastle, 2004), and there is no reason
to believe that similar conclusions would not apply to Chinese.
Indeed, Zhang and Peng’s (1992) Chinese word recognition model
is based on the idea that there is a separate morpheme level
involved in processing during word recognition. Supporting evi-
dence for that conclusion includes Taft, Zhu, and Peng’s (1999)
demonstration that the latencies for transposable Chinese com-
pound words (multiple morpheme words in which transposing the
morphemes forms a different word) were longer in a lexical-

decision task than for nontransposable compound words. Taft et al.
interpreted their results as suggesting that Chinese characters have
position free representations, that is, that position information is
highly flexible when processing character level representations, a
conclusion that would be compatible with the present results.

Additional support for this idea comes from Wu, Tsang, Wong,
and Chen (2017) who showed that target words (e. g.,AH, city
park) induced a similar P200 component when preceded by primes
in which a shared character plays a similar morphemic role (e.g.,
/NFR, citizen) versus primes in which that shared character in the
prime and target does not (e.g., \E, rooster). However, an N400
component was only produced when the targets were preceded by
morphemically related primes. The difference between these two
prime types could not be because of a difference in orthographic
similarity because the two primes share the same character with
the target (e.g., /A, city), nor is it likely to have been because of
semantics, because semantic primes not sharing a morpheme (e.g.,
Eith, lawn) produced only very small effects in both the behav-
ioral and ERP data. This study suggests that morpheme level pro-
cessing in Chinese does occur during an early stage of visual word
recognition, consistent with models like the hybrid model (Diepen-
daele, Sandra, & Grainger, 2009) and the Lemma model (Taft &
Nguyen-Hoan, 2010). In the latter model, lemmas are immediately
and unconsciously encoded once the morpho-orthographic decom-
position has finished, prior to the whole word processing stage.
The implication for the present data is that the unusual orientation
priming effects for four-character Chinese words observed here
could possibly have been morphemic effects if the morphemic
processing system can tolerate the level of character transposition
involved in our experiments.

As an alternative, Chinese characters are also syllables and
reversing their order changes only the order of the word’s phonol-
ogy. Some studies have indicated that phonological priming effects
do arise in Chinese which has led some researchers to suggest that
the syllable is a functional unit in spoken word production in
Chinese (Schiller, 1999; You, Zhang, & Verdonschot, 2012). For
example, in You et al.’s (2012) examination of syllable priming
effects during Chinese spoken word production, their results indi-
cated that when primed by CV (%,/mi4/, dense) primes, CV
targets (KFR,/mi2.ni3/, mini)) were named faster than when they
were primed by CVN (N represents word endings involving n/or/
ng/, e.g., B, /min3/, agile), CVG (G represents word endings with
glide sound, e.g., SE,/mai3/, sale) or unrelated primes (2£,/shua3/,
play). Qu, Damian, and Li (2016) also found syllable facilitation
priming effects in a picture naming task, whereas Zhou and
Marslen-Wilson (2009) found mixed pseudohomophones (e.g.,
7= /yan2ge2/), which retain one character in the same position
as the target (e.g., /= #&,/yan2ge?2/, terrible) produced an inhibitory
effect in comparison to control nonword primes. In contrast, how-
ever, Wong, Wu, and Chen (2014) showed no significant differ-

*Morris and Still (2012) also investigated backward prime priming
effects in English. However, their experiment differs from Davis et al.’s
(2008) and the current investigation in that their backward primes were
themselves words (e.g., flow-WOLF) and that those primes produced an
inhibitory, rather than a faciliatory, effect. One could certainly imagine
that, as Morris and Still suggest, their inhibition effect is a lexical compe-
tition phenomenon and, hence, it’s not clear to what extent Morris and
Still’s results would be relevant to the results reported here.
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ence between a syllabic related prime condition and an unrelated
prime condition (in either behavioral or ERP results), which
caused them to argue that the role of phonology is limited during
Chinese word recognition. Everything considered, it does appear
that the answer to the question of whether the syllable is a func-
tional unit in Chinese visual word processing is still not entirely
clear and, therefore, whether (and how) shared syllables can pro-
duce inhibitory or faciliatory priming is yet to be determined. In
general, however, what should be noted is that the previous studies
do not rule out the possibility that our priming effects from primes
in different orientations may have had somewhat of a syllabic
basis.

In this context, it is worth noting that Witzel et al. (2011) used
Japanese kana words as their experimental stimuli. Each kana
character is essentially a syllable. Therefore, one could also pro-
pose that what Witzel et al. have shown is a transposed syllable/
phonological priming effect rather than an orthographically based
TC priming effect. Potentially arguing against that idea are two
articles showing that transposed phoneme nonwords are not effec-
tive primes in Japanese. That is, Perea and Pérez (2009) failed to
find any masked transposed phoneme priming effects (a.re.mi.ka-
a.me.ri.ka vs. a.ma.ro.ka-a.me.ri.ka) with Japanese Kana words in
two experiments. Furthermore, Perea, Nakatani, and van Leeuwen
(2011) found similar fixation times for transposed-consonant non-
words (are.mi.ka [7 L X Al-arimeka [7 U X A1]) versus or-
thographic control nonwords (a.ke.hi.ka [7 % E J1]-a.me.ri.ka
[77 * Y 7)) in the periphery in an event boundary paradigm. A
counter argument, however, is that there is good evidence that the
mora (essentially a syllable) rather than the phoneme is the basic
phonological unit in Japanese (e.g., Ida, Nakayama, & Lupker,
2015). Therefore, it isn’t clear what implications Perea and col-
leagues’ lack of phoneme transposition effects would have for the
character transposition effects reported by Witzel et al.

Nonetheless, as Grainger (2018) has argued, orthographic pro-
cessing is the main interface between lower-level visual coding
and higher-level linguistic processing in essentially all languages
(Grainger, 2016; Grainger, Dufau, & Ziegler, 2016). Consistent
with this idea, all of the models assuming a “relative-position-
based” coding scheme also assume that letter identity and letter
position coding occur during an early orthographic stage, with
phonological processing occurring subsequently. As a result, no
matter what the input language is, the implication is that ortho-
graphic processing should always dominate the visual word rec-
ognition process with morphemic and syllabic/phonological pro-
cessing playing a secondary role. Hence, the default assumption
would seem to be that the effects reported in the present article are
orthographically based.

In summary, the present experiments showed significant repe-
tition and TC priming effects in the text orientations investigated
here (e.g., left-to-right horizontal, top-to-bottom, right-to-left hor-
izontal and bottom-to-top orientations). These findings suggest
that in a logographic script, the processes which mediate these
form priming effects occur at an abstract level of representation,
supporting Witzel et al.’s (2011) abstract letter unit account over
any perceptual learning account. How models of orthographic
coding can fully explain these results remains an issue for future
model development. Before doing so, however, it would seem to
be worthwhile to at least investigate the possibility that some of the
priming effects observed here may not be orthographic but may be

either morphemic or syllabic/phonological and, hence, would not
need to be explained by models of orthographic coding.
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Appendix

Word Stimuli Used in the Experiments

Condition
Target Repetition prime TC prime Classic SC prime Unrelated prime External SC prime
BHRAE BHRTE BRFE BINER N P A FE
RMER RIMER REMK RIREK FhEmEA REME
FTERTER TETLER TR SERIBRER RE B B 1t FITCEBR
THEE THEE TIRWME T AR E BIAEE A8 a0AR
HAEH HAEH HEAR HEERE L EEEY] BEAR
BTRE HERE RETE [ SSESE] REBRUE NERTFF
BLEMN BLEN k3 BRYA EnE AREBLY
BRATE BRTE BTRE BEHE Rk SRR
KRR KRR IKRRIR KRB m—x= AR
TME—E ~ME—1R T—fEE TEME BIE NS E—Em
pLpos pLnpe s BN S NITUER —%—3) TR Y
TEAE THEASE TAES THIE MERE X BAET
AM=EZ EmE2Z AEmZ REmZ el iz Hr A BEMmm
BREL RBREL BHREA BERL TR T A B
BR&N BR2N wBER A WBEITH EBERR BERT
ESS FYIRER S T I/NBR TRRBRE piI 71N
b IN KA ER—A EE DIDN ERTH £ER—N
BURZ BN R BAUR BiEER B Tik#EF 599 BAER
IEROEE:S IEROEES BETHE BEEME BREH =k
B —K BR—1% B— R BH 1k REHBE -t
5 i 5 i AR g Rl R 7 &
B R BT B 2k 94 E5R® H3EFAS
FEHEKX FHEAEKX RIEHAK HFEAK BE8E FIEHA
DAER DAER DERT BB AX—% MG

(Appendix continues)


http://dx.doi.org/10.1006/jmla.1998.2625
http://dx.doi.org/10.3758/s13428-016-0810-5
http://dx.doi.org/10.3758/s13428-016-0810-5
http://dx.doi.org/10.1016/j.jml.2009.05.003
http://dx.doi.org/10.1016/j.bandl.2012.12.009
http://dx.doi.org/10.1016/j.bandl.2012.12.009
http://dx.doi.org/10.3758/BF03196158
http://dx.doi.org/10.1037/a0022194
http://dx.doi.org/10.1016/j.neuroscience.2013.10.035
http://dx.doi.org/10.1016/j.neuroscience.2013.10.035
http://dx.doi.org/10.1080/23273798.2016.1227857
http://dx.doi.org/10.1080/23273798.2016.1227857
http://dx.doi.org/10.1111/j.1467-9817.2013.01553.x
http://dx.doi.org/10.1111/j.1467-9817.2013.01553.x
http://dx.doi.org/10.1371/journal.pone.0046595
http://dx.doi.org/10.1016/S0166-4115%2808%2961890-7
http://dx.doi.org/10.1016/S0166-4115%2808%2961890-7
http://dx.doi.org/10.1080/01690960802174514
http://dx.doi.org/10.1080/016909699386185
http://dx.doi.org/10.1080/016909699386185

This document is copyrighted by the American Psychological Association or one of its allied publishers.

This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

1524

Appendix (continued)

YANG, CHEN, SPINELLI, AND LUPKER

Condition
Target Repetition prime TC prime Classic SC prime Unrelated prime External SC prime
ARART ARKRTF ARRF FLRE T A AT BA MR RfE
TAE TR TR TEBE BHF KA i
Foie afa T a4 T AR F Y BN HEELIE W5 NI ER
AR F BITHRF AMRMF BIEURF EZHY R iR
MREH MRBE MERE MAAE NBRAA AREARA
A ) VB iR ) 8 A\ 8 HIRIRE LY # )\ iR
ERTTR ERTH ETREE EL Lg% BETE AT
TERD TR TRED TR G it RS fRIRTE L
TR TETE R FEA TEEm REF A fEEAE
EmaN EmzL EZmMA SEHR TREZE H5 i
HEBMEE RS HHEE HATE IR M WHEBTF
DAL PN AL PN IER PN TBFFN —TRIL BRI
EHTR EHTR ETHR ETER RERR TTFHE
SFmE SF@mE SHRF2 SHAED pEpRg: MBATE
ALt)\E At)\E BN\ ELEBOE —R3% EINEW
DiEHE DB DHER 2 AR AR IR B FipEm
REmit REmit RunEt Rgi it BEh Al FMEY
EEST EES ZEEE EREX —Z 3 ZEEF
PP Hrir 2 PP HEBE X U TETH HEPKX
BT AR B AR BRI TR BERZ SRERH EAER
FE B T B FZEVEE TR BRAER SREUE
ToHE v WA & T A g TR E ZiEBA & AT HRER
BEBES BEES YEES BEEs SR ORI I BERE
APITPN LAPITPN LAIEDN eI B <l
HHEEH PHEES, HrEEH MrERSE BN E EEEDR
ZX AL = ALk ZEREL EERL BRSNS &R
BR—H SRR — e — RE RE L TR AH B—R+
HERA HFIBA HEREA HAZA IR AR
IR AR BIE N SRR BIER BRitb 2 7h ITARE
S LUS AR M LUS R = DR HERE R AR S B = AR
REER REER RiEEbR REHR EREK Bha®
BEN B E L FE B BrE X 2HIE HEWE
wWmFEZN wmFEU wW3EF e R0 KARBA HEFH
FAEant FAEmt FandEtt FERE —55 KR mRandE =
ZERE ZERE ZRES SHKRS id:ap HERERR
—IBMR —IBHR — ¥R —BER HBERRB =M E
B E BEE RS BRE — A BRI
T RE ZHRRIE ZRATIR TAEMIR BT E BRATK
DT DEHART DT T DRI T BEFA AT
HXRER KRR KA KHE JeE#B —ERm B4 R4
REYERE REHEE BRRETE BMIER BTER AMEHT A
—ERIBX. — BRI —JIGEE X =R RREZR AR A
b RN LT #E KA Fae ZROBE SEEE RAFTA
GEDES RS GRYES GLTEES HELAB B LA S22
T TTE TR IE TFRLTE ZEEHE —MITR EBTAE
E-RE H-R%E ER-%F HELE ZERMK BR—-E
BrES HrRS BETS BEBS FRAR BE5TG
BETIH BETIH BTEM BEEL R=EE ETEE
BHTR BHTR RATHR A OIS BT AT AR AR AR
— Sk — Sk — | g [N DR 4 HEEE T E
MR th HELLS t MRS DAt ERE L TEIH RE L
TRMEE TRMEE FEHE FTRIFE WILRE IR E
RFELHE RFELE REFH RAEE DREEL HALFHE
BFEXR BFER HEFXR HEMR e E fFab BEFMH
—LFER —FTER — A3k —BAR AN BTN
BEEK BEEHK EER(E BEAK TR = BEEA
Wk gl e Wk WEERE HBELET B
— MNBE{E —mBEfE —BE s — [ MRE BESEH IR N5
WB TR RBTR HABIR MR TR 200 RABI
ZEXEEMR ZXEER ZHLH ZE2RME X8 R EHETIR
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Condition

Target Repetition prime TC prime Classic SC prime Unrelated prime External SC prime
HA M HFA M H e HHREM ERES BEHE
BRZE BRZH $Z R BRI RIRT 5% EAEPN
FFIIR W FFIR W FFRIIW FrEEE WL — & BRE
KgH R RE B REBE IR R EHER
TEIA TExA FTERE4 T&ER BEE&3 BEEE
YEHER WEHER YHFER MELK REEE EFEE L
FENE FENE FHEE THHE R Fith puley
MR MR AR MELH FRAEFR R [N
H B DA BB U LB & = —REEDR WAB
RFEA UIERCIN REFA naEEA THELK BSTE
LI SRLIES = R TR AAEK BT
ERER BRER ZERR ZMER BR KR MERE
FE—F FE—F F-8F FIRIRF BRTE R—ER
HUERE LB HEUUE ERERE ASRE REE
—BTRE —BTE —T 58 — B BiRZ A MR
ETHEB EEHEH SERITH B TRA —ARR B

—EX&K —EBXK —LER —HEFRR PR A

BIESW BESW BiEN B LIENEE:

FRES HEMER FIERE HEIH S—HHE

=], v ik ol Al FHRELE P BR BB 10

PIRFSE A BUfF5E PAFBUSE EiAEL FTHFR

EFE EFER EEFH B —FER

FEEE FEEE FEEE FERE FHRE

LARE 75 — ARG 7 — AR — N BE=tR

EIEEE IR % EBEZEEE BERXE KA

S B AL Bk S i EL Bk S EL A Bk SEIRE B BIHR

TR R TR X FTITHEF TETE R’ mAE

iR 1R MR oML BAZF3& F

BRBE BRBE BRI R BEA MRk

XA ARFFEH AR R ARBRA A

SERE SRESE EREE ZOiCE —Bzh

TFE§EO +¥F§O THF0 THEND SIRRE

B AR =E-4 301 B R BERM TR itk

fEEBRS fBiEg 4 BE#ES fakES ESHIE

EEEN EEES EEE S HR I EEQUES

TRT® FRI% TIR% AR ESHS

TERE TERE TiRER TRAR FEER

HFER HF =R HEF R H# H A R

T ik Tk BiE FTBLE FHRE FEERE

IR K IR K REFE IRE| ERAR

AE Ll w7 B AL By AINES B EE

EMER EYER EZYR ERGR Mo 2z—

RF—1% RF—1 R—F% REH# T H=EM

HA K H Ak HL Al HE it FEBE

EREE EREE EEXRE THKE 2EE

EXEE BXEE EEXE ERVE AgEF

BRER BRER BEER BITAOR B 5%

ABRX AR INOESS AKFRER AHBRER FRR I

BEIEX BEIEX BEEIX BREX —B=E

By —1k By —1& B — Nk R I54K WK

EEEWH ERER EEBEA EXREH BIFIARE

iR RN FHEA 2 FFAB L FFIER BREH

HEEL HEEL HEFL HREL it Al

RER—4) NE—4 =yl TR TAES

BAES BAES BHEAS HEEYH HFEH

BB EiRHWL EIREWL ERT BT NS

HR WK R HikEEE HR KA NN

‘Bzl B2 LUE BULZ% BKSE REHE

ZETEHE ZETEE ZBTHE =EEAE TOE—58

— s — s —HhILE —ERIE ER=ES
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Appendix (continued)

Condition

Target Repetition prime TC prime Classic SC prime Unrelated prime External SC prime
B R 8 BEEEE B B 4FEA BAZEH ymhih
BEEY BEEX BEMY HERYX HT5X
S| AEB 5B 53X AR 5| EME 5
FRESE FREE FERE FiLE 5t at
TH TR THRAE TEEE V=1L
TFTE THTE TTHE TXIAHE B EEsE
H i K HMFR NS HHHEX NEHEE
X3 B3 g B # 4=borii X5 R MERARAL
BARRAF BARE BRTF b s HFFHH
BEER BEER BEBLE B3 58 MBZJE
®UAG R ®UALEH w4 LAR ®iEZ H SHIEE
FEPEREA HEFREBEA FHERARRA BTHE X8 E 55K
BRI BAMKILST BT HRETR B#—A
B /U FT AR BE D FTAR B8 AR/ AR 2 EREHE
TAse L ¢ Ik TRIE MKEIR
2 R R 2R R R R L E RN BEZF
BELHEE HBLHES EHLTE BITHEE — WUk
Tt anitt gipsx:ull:a TN itk T L3Rt B AR
LB NE LB NE FTNBE TSR EE BT E
YEEE YEHEE YIHLE YImAE T E
BE2TE BE2TE BErzE BEERE piisidunhun
5% E S5RTE 51 KE 5R/%E[ TESH
KigME KRR KAMRIE REBERE RERE
—Ezit —Ezi —Z i — {2t B
T2 W T2 T 2R FIREHK REBE
FRFE FRFH FFEE FBEE HELEX
ESBER ESHpED ERFYHE IEMTH T K EE &
L4 TELE 4 ) BT HARE
R KK SR KK A& OB K BiprLL
HERYT HEARYT HREYR pllELs BEEKA
—KHA —EE —FER —ELF BE2ZREK
TR AT ZRAN L EY=| T AmsEZ
mE—A mE—A m—sA E N AR
522 ik Y26 T35 SR D 23 L EE=SU FERE— 5%
Pt 73 7 Fyt A3 7 5t TR iR ZEHEHE
BRRE BRERE BRIEE BIERNE BFHRE
ZREE ZRIE RERE ZEwmE EEHE
B3 O B3 H s B & 580 B L &t FEFR
EeEH E2EH RS BRERY BRLAH
BERER BIREAR BUARR BRLIR HEZR
ARERTAE RERTAE AR THE A HEAE A K Y
TR TR TR THBRHR EELT
TR LU TR LA N FERARAF BREAR
AAB AW FRAY THEKRI KiERH
SO0 SFAA0iR SFAAMR FREHM BB
RAmA RAMA RifiAn RRENR KEA
BREm BR=D BR#Y BiAE3 L 4R

Note. All these stimuli were used in Experiment 1. The first half of the stimuli was used in Experiment 2. The first 100 stimuli were used in Experiment
3. The second half of the stimuli was used in Experiment 4. Note that the external controlled condition for the transposition condition (SC) primes were
only used in Experiment 3.
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