£} Routledge
Language, -1 Taylor &Francis Group
Cognition and
Neuroscience

Language, Cognition and Neuroscience

ISSN: 2327-3798 (Print) 2327-3801 (Online) Journal homepage: www.tandfonline.com/journals/plcp21

Processing mechanisms of three-character
compound words in Chinese sentence reading:
evidence from lexical decisions and eye
movements

Lei Cui, Dongzhi Hou, Huiying Liu, Xinyu Zheng & Jukka Hy6éna

To cite this article: Lei Cui, Dongzhi Hou, Huiying Liu, Xinyu Zheng & Jukka Hydna (02 Jun 2026):
Processing mechanisms of three-character compound words in Chinese sentence reading:
evidence from lexical decisions and eye movements, Language, Cognition and Neuroscience,
DOI: 10.1080/23273798.2026.2680022

To link to this article: https://doi.org/10.1080/23273798.2026.2680022

© 2026 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

ﬁ Published online: 02 Jun 2026.

N
[:J/ Submit your article to this journal &

||I| Article views: 123

A
& View related articles &'

PN

@ View Crossmark data ('

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=plcp21


https://www.tandfonline.com/journals/plcp21?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/23273798.2026.2680022
https://doi.org/10.1080/23273798.2026.2680022
https://www.tandfonline.com/action/authorSubmission?journalCode=plcp21&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=plcp21&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/23273798.2026.2680022?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/23273798.2026.2680022?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/23273798.2026.2680022&domain=pdf&date_stamp=02%20Jun%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/23273798.2026.2680022&domain=pdf&date_stamp=02%20Jun%202026
https://www.tandfonline.com/action/journalInformation?journalCode=plcp21

LANGUAGE, COGNITION AND NEUROSCIENCE
https://doi.org/10.1080/23273798.2026.2680022

Routledge

Taylor & Francis Group

39031LN0Y

8 OPEN ACCESS

Processing mechanisms of three-character compound words in Chinese sentence
reading: evidence from lexical decisions and eye movements

Lei Cui*®, Dongzhi Hou®®, Huiying Liu®®, Xinyu Zheng®® and Jukka Hyona©

?Faculty of Psychology, Shandong Normal University, Jinan, People’s Republic of China; ®Shandong Provincial Key Laboratory of Brain Science
and Mental Health, Jinan, People’s Republic of China; “Department of Psychology and Speech-Language Pathology, University of Turku, Turku,

Finland

ABSTRACT

Reading three-character Chinese compound words was studied in two experiments using the
lexical decision task and the eye-tracking technology to examine the extent to which they are
recognised via their components. To this end, the frequency of the first character was
manipulated in a continuous manner separately for two kinds of word structure: those where
the first character formed an independent constituent (A-BC words) and those where it was a
part of an embedded compound word (AB-C words). The study found evidence for both
compositional and holistic processing. Moreover, A-BC words were read somewhat faster than
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AB-C words in the sentence context but not in isolation. Word-internal structure also affected
the way attention was allocated within words. The pattern of results is consistent with parallel
dual route models of compound word reading. It is concluded that Chinese readers
demonstrate flexibility in using compositional and holistic processing in reading three-character

words.

Introduction

Compounding is the most common way in which
languages can create new words from existing ones to
form novel meanings (Libben, 2006). For example, the
Chinese characters “X” (black) and “#t” (board)
combine to form the two-character compound word
“M A7 (blackboard), which can further combine with
“§” (eraser) to form the three-character compound
word “EAR#” (blackboard eraser). In binding together
two or more free morphemes, compound words form
morphologically complex lexical items (Huang & Liao,
2006; Marchand, 1969). In Chinese, compound words
are numerous accounting for approximately 80% of
the lexicon (Institute of Language Teaching and
Research, 1986). Of them, two-character, three-character,
four-character, and words with more than four charac-
ters make up about 72%, 12%, 10%, and 0.3% of all
words, respectively (Lexicon of Common Words in Con-
temporary Chinese Research Team, 2008). Therefore, the
study of how compound words are represented and pro-
cessed is of utmost importance in enhancing our under-
standing of the mechanisms underlying Chinese word
processing.

A long-standing debate on the processing mechan-
isms of compound words has focused on whether they
are processed as whole units or via decomposing them
into the component morphemes. Three classes of
models offer mutually distinct explanations. The
decomposition model posits that compound words are
processed via their morphemes to access the word
meaning (Taft & Forster, 1976; Zhang & Peng, 1992).
Conversely, the holistic processing model maintains
that compound words are stored and retrieved as
single-unit representations (Butterworth, 1983). Finally,
the dual-route model proposes two routes to word iden-
tity, the decomposition and holistic route, that operate
in parallel during recognition (Baayen & Schreuder,
2000; Caramazza et al., 1988; Pollatsek et al., 2000;
Schreuder & Baayen, 1995).

Since the seminal study of Taft and Forster (1976), fre-
quency manipulations have been used as the litmus test
in distinguishing between decompositional and holistic
processing. An effect of constituent frequency is con-
sidered evidence for decomposition, while an effect of
whole-word frequency is regarded as evidence for holis-
tic processing. A constituent frequency effect suggests
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that constituents play a significant role in accessing the
identity of compound words, whereas a whole-word fre-
quency effect in the absence of a constituent frequency
effect provides evidence for the holistic processing
model. The co-occurrence of both a constituent and
whole-word frequency effect supports the dual-route
model.

In reading alphabetic scripts, the evidence favours the
dual-route model (for a review, see Hyona, 2015).
According to the model, there is a parallel race
between the two routes with the faster route winning
the race. Word length has been demonstrated to deter-
mine the winning route with short compound words (in
terms of visual extent and number of letters) being
recognised holistically, while compound word constitu-
ents play a more significant role in accessing longer
compound words that do not fit in the fovea when
fixated or contain more than 10 letters (Bertram &
Hyond, 2003, 2013; Hyona et al., 2020, 2024).

Unlike alphabetic scripts, the logographic Chinese
script consists of characters with small inter-character
spaces but no inter-word spaces. More than 90% of char-
acters express morphemes (Lexicon of Common Words
in Contemporary Chinese Research Team, 2008). The
presence of inter-character spaces combined with the
fact that characters denote independent morphological
units may encourage the use of the decomposition
route. Moreover, the absence of inter-word spaces
means that readers of Chinese cannot be sure whether
or not the adjacent characters form a compound word
before performing word segmentation to identify the
word boundaries and subsequently the word. Thus, it
may be argued that the aforementioned script proper-
ties increase the need for compositional processing of
Chinese compound words.

However, the research on Chinese compound word
processing has not yielded consistent findings. Some
studies have adopted the lexical decision task where
the words are presented one at a time. They have sys-
tematically manipulated the frequency of the first and
second character in two-character compound words
while matching for the whole-word frequency. These
studies have observed a significant character frequency
effect, with higher character frequencies producing
shorter reaction times (Taft et al., 1994; Zhang & Peng,
1992). These findings were corroborated by the study
of Sun et al. (2018), who conducted a meta-analysis
based on lexical decision databases. A similar result
was also obtained in normal sentence reading where
the target words were embedded in sentences (Yan
et al., 2006).

There are also studies that have found more complex
patterns of results regarding character frequency effects.

Using a mega lexical decision database, Tsang et al.
(2018) discovered that high-frequency characters in
fact delayed the recognition of compound words
(known as the reverse or inverted character frequency
effect). These results have been replicated in natural
reading (Cui et al,, 2021; Sui et al,, 2025; Xiong et al.,
2023; Yu et al,, 2021). For example, Cui et al. (2021)
orthogonally manipulated the frequency of the first
and second character of Chinese two-character com-
pound words while controlling for whole-word fre-
quency during natural reading with eye-tracking. Their
results showed that fixations on the second character
were longer when a high-frequency character was pre-
sented as the first character compared with when a
low-frequency character was presented as the first char-
acter. This reversed character frequency effect is
assumed to reflect an effect of the words’ morphological
family size. On the other hand, some studies have
observed no significant character frequency effects
(Hyona et al., 2024; Li et al., 2014; Ma et al, 2015).
Finally, the study of Sui et al. (2025) observed all three
possibilities — a facilitatory, an inhibitory and no effect
of character frequency, depending on word frequency.
Gaze durations on two-character words were shorter
for frequent second characters when word frequency
was relatively low, while an inhibitory effect of second-
character frequency was observed for frequent com-
pound words. The results were obtained via an analysis
of an eye-tracking corpus, where the participants read
half of a novel while their eye movements were
recorded. In all, the evidence reviewed above paints a
rather complex picture of the role of the decomposition
route in Chinese compound word recognition. It
suggests that word frequency likely plays a significant
role in modifying the influence of single characters in
compound word recognition.

The research reviewed above all examined the recog-
nition of two-constituent compound words. Consider-
ably less attention has been devoted to examining the
processing of compound words comprising more than
two components. The present study was designed to
fill in this gap. We adopted three-character Chinese com-
pound words as the target stimuli and manipulated the
frequency of the first-character to investigate the pro-
cessing of Chinese compounds during reading. As men-
tioned above, 12% of the Chinese compound words are
three-character compounds. Thus, they are not infre-
quent in the language. Moreover, accompanied by the
emergence of new objects and concepts that need to
be named, the quantity and usage of three-character
words have gradually increased (Yang, 2005).

Three-character compound words differ from two-
character compounds not only by being



morphologically more complex, but their internal struc-
ture diverges from that of two-character words. In
Chinese, most three-character compounds conform to
the AB-C structure (69.71%), where the first two charac-
ters (AB) combine to form an embedded compound
word. On the other hand, the A-BC compounds, in
which the last two characters (BC) form an embedded
compound word, are less numerous (30.03%). The AB-
C words may be called left-branching, as the left part
can be further divided into two components, whereas
the A-BC words are called right-branching. An example
of an AB-C word is “HLLHL” [television set], its literal
translation is electricity vision machine; and an
example of an A-BC word is “Hi XU [electric fan], its
literal translation is electricity wind fan. Whether the
hierarchical structure influences the processing of
three-character compounds is crucial for understanding
the mental representation and processing mechanisms
of polymorphemic compound words (Libben, 1993;
Oseki & Marantz, 2020; Song et al, 2019; Yin et al,
2022). Thus, in the present study we used as the target
stimuli three-character compounds conforming to both
the AB-C and the A-BC structure.

A few studies exist where the processing of three-
character compound words have been investigated.
Miwa et al. (2017) explored the recognition of three-
character Japanese compound words by manipulating
the frequency of each character, whole-word frequency,
and embedded word frequency (i.e. the frequency of a
two-character word within the three-character com-
pound that can stand alone as an independent word,
such as “f&3” in “f£&if#71>). Twenty-one participants
were tested in a lexical decision task combined with
eye-tracking. The reaction times revealed a significant
frequency effect for the first and third character,
whole-word, and embedded word, suggesting that
Japanese three-character compound processing aligns
with the dual-route model, incorporating both holistic
and compositional mechanisms. However, there was
no difference in reaction times between left-branching
and right-branching compound words even though
the left-branching compound words are also more
common in Japanese. On the other hand, the eye-
fixation data showed an effect of word type: the
summed duration of second and third fixation in
three-fixation trials and the second fixation duration in
two-fixation trials were shorter for left-branching com-
pound words. Yet, this relatively late effect did not trans-
late to a difference in overall latency in the lexical
decision task.

Yin et al. (2022) had 40 participants to recognise
Chinese left-branching (AB-C) and right-branching (A-
BC) compound words (20 of each kind) in a lexical
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decision task. In addition to an effect of whole-word fre-
quency, they also observed an effect of branching direc-
tion with lexical decision latencies being shorter for left-
branching (i.e. the more common structure) than right-
branching compound words.

In sum, the two lexical decision studies (Miwa et al.,
2017; Yin et al., 2022) found some evidence for the
view that readers access hierarchical structure infor-
mation during compound word processing: AB-C com-
pounds are recognised faster than A-BC compounds.
The processing advantage for AB-C compounds may
stem from their higher proportion in Japanese and
Chinese, suggesting that an extensive reading experi-
ence may lead to a parsing preference for the more
common structure.

However, the sentence-reading eye-tracking study of
Luo et al. (2023) could not replicate the word structure
effect in reading time. They tested 60 Chinese partici-
pants reading 88 pairs of left- and right-branching
three-character compound words embedded in a sen-
tence context. They observed no significant difference
in fixation time between the two structures. Yet, they
did observe an effect of word structure in the initial
landing position on the word; a saccade was launched
further into the word in A-BC than AB-C words. It was
taken to suggest that the longer constituent pulled the
eyes toward it.

In the follow-up study to that of Luo et al. (2023), Yan
et al. (2025) used the same materials but manipulated
the parafoveal preview by replacing the three-character
target words by three identical, unrecognisable charac-
ters and presented them in two different colours to be
consistent (e.g. in previewing the AB-C words, the first
two characters appeared in the same colour) or incon-
sistent (e.g. in previewing the AB-C words, the first two
characters appeared in different colours) with the
target word structure. Contrary to Luo et al.,, now the
initial fixation landed further into the word for AB-C
than A-BC words. It was explained as a perceptual
effect: a coloured object consisting of two characters
attracted the eyes further than one consisting of a
single character. In gaze duration and total time, they
observed a structural parafoveal preview effect: the
preview consistent with the target word structure led
to shorter fixation times than the preview inconsistent
with the word structure. This was taken as support for
the view that Chinese readers are capable of recognising
the word structure parafoveally.

It is noteworthy that Chinese three-character com-
pounds with different hierarchical structure appear in
identical written form, depriving readers of low-level
visual cues to identify their internal structure. However,
in alphabetic writing systems, the structural boundary
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of trimorphemic compounds may sometimes be visually
marked. For example, in English the boundary may be
marked by a space (e.g. “watchdog group” vs. “consu-
mer watchdog”), providing readers with a visual cue to
parse the compound’s structure. A hyphen may also
be placed at the structural boundary (Bertram et al.,
2011), or interfixes as linking morphemes may appear
at structural boundaries, as is the case in German and
Dutch (Krott et al., 2004). Such visual or linguistic cues
are non-existent in Chinese. On the other hand, individ-
ual compound word constituents are visually salient in
Chinese, as they appear as separate characters.

In summary, the role of hierarchical structure in pro-
cessing three-character Chinese compounds remains
unclear. To address this, in the present study we manipu-
lated the hierarchical structure of three-character com-
pounds (AB-C vs. A-BC), while matching them pairwise
in a number of different lexical features (e.g. “FIAHL”
[AB-C] is paired with “Hi X} [A-BC] to have an identi-
cal first character). In addition, we also manipulated the
frequency of the first character as a single-character
word. In other words, we selected three-constituent
compound words, whose initial character can also
appear as a separate word. We then varied its frequency
as a separate word. It is important to keep in mind that in
the target words the initial characters always appeared
as compound word constituents, not as separate
words. The idea behind this manipulation was as
follows: If three-character compounds are processed
via the decomposition route, a significant first-character
frequency effect will be found (Taft & Forster, 1976). On
the other hand, if they are processed holistically, no such
effect will be observed.

Furthermore, we hypothesised that if processing
differences arise between AB-C and A-BC words, this
would support the decomposition account. More specifi-
cally, AB-C words were predicted to be recognised faster,
as their structure is more common than that of A-BC
words (70% vs. 30%). In contrast, if compounds are pro-
cessed holistically, there is no need for readers to parse
their internal structure, and thus no significant proces-
sing differences would appear between the two types
(as long as their frequencies are matched, which was
the case in the present materials).

As argued above, there are reasons to assume the
decomposition route to play a significant role in recog-
nising three-character compound words in Chinese.
First, most characters comprise independent morpho-
logical units. This was exactly the case in the materials
of the present study. Second, there are small spaces
between characters, so that compound word constitu-
ents stand visually apart from each other. Third, when
fixated, the entire three-character word may not

always fit in the fovea (it extends two degrees of visual
angle around the fixation point) encouraging the use
of the decomposition route (Bertram & Hydnd, 2003,
2013; Hyona et al, 2020). This was the case in the
present study, where the target stimuli extended hori-
zontally beyond foveal reach (about 4.5° of visual
angle in Exp. 1 and about 3° of visual angle in Exp. 2).
Fourth, the information density of three-character com-
pound words (each character comprising many strokes;
in the present materials, on average 22 strokes) may
also encourage the use of the decomposition route.
Hyona et al. (2024) provided support for this view in
Finnish. They found that for long Finnish compound
words, decompositional processing occurred when the
visual density was high (i.e. when the number of
letters exceeded 10) even when all letters fell within
the fovea. This effect may possibly generalise to three-
character Chinese compound words. Thus, a reliable
first-character frequency effect may be observed.

Word structure may further modulate the first-charac-
ter frequency effect: In A-BC compounds, the structural
boundary lies between the first character (A) and the
embedded compound word (BC), leaving the first char-
acter as an independent morpheme. This configuration
may make the first-character frequency effect more
likely to emerge. In AB-C compounds, on the other
hand, a structural boundary occurs between the
embedded word (AB) and the final character (C),
making the first character a part of a larger embedded
unit. This could in turn weaken or even eliminate the
first-character frequency effect. Such a pattern of
results would provide further evidence for the notion
that three-character compound words are not recog-
nised as holistic units, but instead the component struc-
ture is used in parsing the word’s morphological
structure. Finally, observing a processing difference
between the A-BC and AB-C words may be considered
evidence against the holistic account and in support of
the decomposition account.

There are also reasons to argue for the use of the hol-
istic route in reading three-character compound words.
First, over 50% of the Chinese characters have multiple
meanings (Packard, 1999). In other words, combining
constituent meanings into a compound meaning is
often not straightforward. Instead, the meaning of char-
acter is constrained by the neighbouring characters.
Thus, recognising character combinations as holistic
units is a viable option. Second, there is evidence that
the whole-word frequency of three-character compound
words exert an immediate effect observed in the initial
fixation made on the word (Miwa et al., 2017; Zhou
et al.,, 2018). Third, even four-character linguistic units
such as idioms may be identified as single lexical



representations (e.g. Zang et al., 2024), as postulated by
the multiple-constituent unit hypothesis (Zang, 2019).

In the present study, two experiments were carried
out. In Experiment 1, we presented the three-character
compound words one at a time using a lexical decision
task (Miwa et al., 2017; Yin et al,, 2022). In Experiment
2, we adopted a sentence reading task combined with
eye-tracking technology (Luo et al, 2023; Yan et al,
2025). There were two reasons for adopting both a
lexical decision task and a sentence-reading eye-tracking
task. First, the prior research has used these two tasks.
Second, and more importantly, the existing results
diverge between the two tasks: A word structure effect
has been observed in the lexical decision task (Yin
et al, 2022), but not in the sentence reading task (Luo
et al,, 2023). The present study was designed to further
examine effects of word structure. It is worth keeping
in mind that the tasks differ in important ways. In
lexical decision, there is no need to segment the target
word out of the neighbouring characters. Moreover,
there is no context that could facilitate or inhibit the rec-
ognition of three-character words. In contrast, in sen-
tence reading participants need to segment the target
out of the neighbouring characters in order to recognise
it as a whole word. On the other hand, prior to fixating it,
it appears in the parafovea, which may facilitate the sub-
sequent foveal processing of the word structure (Luo
et al.,, 2023; Yan et al.,, 2025).

In the sentence-reading experiment, fixation times
were used as the primary indices of the effects related
to character frequency and word structure. In addition,
we also analysed initial landing positions on target
words. Prior research has provided evidence for the
view that Chinese readers may be capable of extracting
parafoveally the structure of three-character words, as
revealed by the location of the initial fixation in the
word. Yet, the results are inconsistent with one study
(Luo et al., 2023) observing the initial fixation to land
further into the word in A-BC words, while another
study (Yan et al., 2025) obtained an opposite effect.
Experiment 2 was planned as a further attempt to
examine possible landing position effects in reading
three-character compound words.

Experiment 1

In Experiment 1, the recognition of 124 three-character
compound words was examined in a lexical decision
task. Two variables were manipulated: word structure
(AB-C vs. A-BC) and first-character frequency. First-char-
acter frequency was manipulated as a continuous vari-
able with four frequency quartiles, instead of using a
dichotomous manipulation (high vs. low).

LANGUAGE, COGNITION AND NEUROSCIENCE . 5

Method

Participants

A total of 80 native Chinese speakers (73 females) partici-
pated (university students attending Shandong Normal
University) in the experiment. Their ages ranged from
18 to 26 years (M =20.89, SD=1.77). We estimated the
priori power of the study using the powerSim and
powerCurve functions from the simr package (Peter
et al,, 2018) to determine the required number of partici-
pants. As the eye-tracking experiment was considered
the primary source of evidence, the power estimate
was done with respect to Experiment 2. We first con-
ducted a pilot study with 10 participants and analysed
the pilot data with a linear mixed model (as described
in the section on data analysis), where the gaze duration
on the whole-word region was the dependent variable.
Then, based on the pilot data, we explored how the
power varies as a function of the number of participants.
The results indicated that 40 participants had a power
estimate of 83%, suggesting that 40 participants were
enough to detect an effect with an effect size of .80 in
this experiment (Brysbaert & Stevens, 2018; Cohen, 2013).
However, it should be acknowledged that the observed
effect size may have been an overestimate of the true
effect, which could potentially result in an underestimation
of the required number of participants to attain the tar-
geted power level. The power estimate reached 93%
when the sample size increased to 80 participants.

All participants gave their informed consent for
taking part in the experiment. The study was approved
by the ethics committee of the Faculty of Psychology
of Shandong Normal University (SDNU2025081).

Materials
A total of 124 pairs of three-character Chinese com-
pound words was used as the target stimuli. Their
internal structure was manipulated. Half of them con-
formed to an AB-C structure, where the first two charac-
ters (AB) form an embedded two-character word, and
the other half conformed to an A-BC structure, where
the last two characters (BC) form an embedded two-
character word. Moreover, the frequency of the first
character as a single word was similarly manipulated
for both compound word types. This frequency
measure departs from character frequency, which
sums up the character occurrences regardless of
whether or not they form single-character words. The
124 A-BC structure and 124 AB-C structure words were
paired with each other so that each pair shared the
same first character.

It is important to note that the three-character com-
pound words used in the present study are all so-called
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incremental words without segmentation ambiguity.
Incremental words are multicharacter words containing
a subset of characters that constitute another word
(referred to as the embedded word; Zhou & Li, 2021).
They should be kept separate from so-called overlap-
ping ambiguous strings (OAS; Luo et al., 2002). A
three-character OAS is a string in which the middle
character (B) can form a word with the character on
both its left (word AB) and right (word BC) (Gan et al.,
1996). However, no such ambiguity exists in the
materials used in the present study. The materials pri-
marily consisted of subordinate (i.e. modifier-head)
structures (214 items, accounting for 86.3% of words),
with the remainder being verb-noun structures (34
items, 13.7%).

A set of 124 three-character non-words was created
by randomly combining a one-character word and a
two-character word so that their combination did not
have a sensible meaning. Also for the non-words, we
manipulated the location of the one-character and
two-character words to form an equal number of A-BC
and AB-C structures to ensure that the participants did
not perceive structural differences between the target
words and non-words. An example word pair for the
A-BC and AB-C structure is HL-JX 5 (electric fan) versus
HHLAE-H1 (television set). An example non-word pair for
the A-BC and AB-C structure is [fi-#4: (land gold)
versus Hid-1f (diary face). As mentioned above, each
word pair shared the same first character.

The lexical properties of the target compounds are
shown in Table 1. Whole-word frequency, second-char-
acter frequency, third-character frequency and the
number of strokes in the target words did not systema-
tically vary between A-BC and AB-C, ts < 1.44, ps > .05,
or between the quartiles of first-character frequency,

Fs < 1.28, ps > .05. For the embedded words, a margin-
ally significant difference was observed between A-BC
and AB-C in per-million frequency, t(1,246)=1.99, p=
.05, but not for log frequency, t(1,246) = 0.824, p = .411.
There was no significant difference in embedded word
frequency between the quartiles of first-character
frequency, Fs<1.61, ps>.05. Word and character fre-
quencies were calculated based on the corpus of Cai
and Brysbaert (2010).

Instead of creating a dichotomous variable of the
first-character frequency (high vs. low), we treated it as
a continuous variable by dividing it into four frequency
quartiles. The frequency of the first character ranged
from 1.27 to 9977.13 times per million. Due to the left-
skewed distribution of the original frequency range, a
logarithmic transformation was applied to ensure nor-
mality, resulting in a transformed range of 0.31-9.21
times per million. The log frequency of the first character
varied significantly between the quartiles, F (3, 244) =
485.54, p <.001.

Procedure

E-Prime 3.0 software was used to programme the exper-
iment and record participants’ responses and reaction
times. All materials were presented in 38-point size
simple Song font at the centre of the computer screen
in white on a black background. Before the formal exper-
iment, six words and six nonwords were presented to
help participants familiarise themselves with the task.
Each trial started with a 500 ms fixation cross in the
centre of the screen, followed by a stimulus that was dis-
played until the participant responded (or for a
maximum of 3000 ms). Participants decided whether
or not the three-character string presented on the
screen was a word by pressing the keyboard as quickly

Table 1. Logarithmic frequencies (per million values in parentheses) for each character, embedded words and whole word as well as
for number of strokes in words for the A-BC and AB-C structure compound words separately for the four first-character frequency

quartiles.

Type Quartile 1 Quartile 2 Quartile 3 Quartile 4 Total

1st character frequency

A-BC 3.03 (28.2) 4.67 (118) 6.05 (490) 7.71 (3080) 5.34 (905)
AB-C 3.03 (28.2) 4.67 (118) 6.05 (490) 7.71 (3080) 5.34 (905)
2nd character frequency

A-BC 3.98 (230) 4.14 (150) 3.92 (252) 4.64 (368) 4.16 (248)
AB-C 3.43 (343) 4.21 (511) 3.71 (96.5) 3.91 (361) 3.82 (329)
3rd character frequency

A-BC 3.81 (158) 4.05 (342) 4.63 (357) 4.44 (556) 4.23 (352)
AB-C 4.38 (452) 4.74 (877) 4.21 (512) 4.38 (346) 4.43 (551)
Embedded word frequency

A-BC 2.47 (44.7) 2.08 (35.1) 1.57 (29.5) 2.47 (117) 2.14 (56.0)
AB-C 1.87 (26.8) 1.85 (18.2) 2.24 (32.1) 1.80 (23.1) 1.94 (25.0)
Whole-word frequency

A-BC —0.68 (1.61) —0.69 (1.10) —0.07 (4.20) —0.61 (5.66) —0.51 (3.11)
AB-C —0.92 (1.78) —0.02 (2.87) —0.08 (2.98) —0.63 (1.27) —0.41 (2.24)
Number of strokes in whole words

A-BC 222 226 226 21.0 22.1

AB-C 22.8 21.8 21.3 209 217




and as accurately as possible; they pressed “F” for a
“yes” response and “J” for a “no” response. After the
response, a 200 ms blank screen was presented followed
by a new trial.

Data availability

All data, analysis code, and research materials are avail-
able at Open Science Framework: https://osf.io/b2tqv.

Results

The response accuracy exceeded 90% for all participants
(M=96%, range: 90%-100%). Reaction times shorter
than 300 ms or longer than 2000 ms, as well as all
values exceeding 2.5 standard deviations from the
overall mean, were excluded from the analyses (Yin
et al, 2022). This resulted in 3.5% of the data being
removed prior to conducting the statistical analyses.
Only the reaction times of correct responses to the
target words were analysed. As response accuracy was
at ceiling, accuracy was not statistically analysed (see
Table 2 for the descriptive statistics). Linear mixed-
effect models were computed using the Ime4 packages
(Bates et al., 2015) in R 4.2 (see Table 3). Because of the
positive skewness of the RTs, the data were log-trans-
formed to meet the distribution assumption of LMMs.
The effect of first-character frequency proved significant:
responses were longest for words with the lowest first-
character frequency. On the other hand, there was no
effect of word type, nor did the two variables interact.

Discussion

In Experiment 1, three-character Chinese compound
words were recognised in a lexical decision task in com-
bination of non-words that were random combinations
of existing characters and two-character combinations.
The participants were able to distinguish existing
words from non-words with very high accuracy (i.e.
with 97% accuracy). The reaction times were affected
by first-character frequency: three-character compound
words that contained a frequent first character were
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Table 3. Linear mixed effect model for reaction time (RT, in ms).
Statistically significant effect appears in bold.

Measure Fixed factors b SE t/z p
Word type —0.001 0.004 -0.27 .789
RT First character frequency —0.004 0.002 -2.67 .008

(log)
Word type X First character
frequency (log)

—0.003 0.002 -1.12 .261

recognised faster than those containing an infrequent
character. On the other hand, compound word structure
did not influence reaction times: AB-C and A-BC words
produced almost identical reaction times. Moreover,
the effect of first-character frequency was similar in
size between the two word types.

The results are consistent with those of Miwa et al.
(2017) observed for Japanese three-character com-
pound words. Similar to their Experiment 1, lexical
decision latencies were affected by first-character fre-
quency but not by word type. On the other hand, the
results depart from those of Yin et al. (2022), who
found shorter lexical decision latencies for Chinese AB-
C than A-BC words. Their result is consistent with the
view that structural frequency (AB-C structure is more
frequent in Chinese than A-BC structure) can impact
the recognition of trimorphemic words.

However, the lexical decision data is of limited value
for making conclusions about how trimorphemic
words are recognised in continuous reading. As the
words are presented in isolation one at a time, the
Chinese reader does not need to segment the word
out of other surrounding characters. This is the case in
normal reading: The reader has to make constant
decisions about word boundaries: what characters
belong to the same word and what characters should
be kept separate. Thus, in Experiment 2, we embedded
the target words used in Experiment 1 in a sentence
context and had participants read them while their eye
movements were registered.

Experiment 2

In Experiment 2, the trimorphemic target words of
Experiment 1 were embedded in sentence context.

Table 2. Means and standard deviations (in parentheses) for reaction time (RT, in ms) and accuracy rate (ACC) as a function of word

type and first-character frequency.

First-character frequency quartile

Measure Word type Q1 Q3 Q4 Mean

RT A-BC 643 (139) 628 (126) 622 (137) 628 (139) 631 (134)
AB-C 649 (152) 625 (136) 629 (143) 634 (142) 634 (142)
Mean 646 (144) 627 130) 625 (139) 631 (141)

ACC A-BC .96 (.19) .16) .95 (.21) 6 (.19) 97 (17)
AB-C .95 (.22) .20) .96 (.19) 8 (.13) .96 (.20)
Mean .95 (.21) .16) .97 (18) 6 (.20)
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Each AB-C word was paired with an A-BC word so that
they shared the first character. The sentence frame
leading to the target word was identical for each word
pair as was the sentence end after the target. The
target words were unpredictable from the prior sen-
tence context; moreover, they were equated for plausi-
bility. The participants were asked to read the
sentences silently for comprehension while their eye
movements were recorded.

Method

Participants

Eighty students of Shandong Normal University partici-
pated in the experiment, none of them participated in
Experiment 1. Their ages ranged from 19 to 24 years
(M=20.62 years, SD=1.31). All of them were native
speakers of Chinese with normal or corrected-to-
normal vision and were naive to the purpose of the
experiment. None reported any neurological disorders.
They received monetary compensation for their partici-
pation. All participants gave their informed consent for
taking part in the experiment.

Apparatus

Readers’ eye movements were recorded with a desk-
mounted Eyelink 1000 + (SR Research, Ontario, Canada)
eye-tracker using a 1000 Hz sampling rate. Movements
of the right eye were tracked. The tracker was calibrated
using a 3-point calibration grid. The stimuli were pre-
sented on a monitor with 1024 x 768 resolution and a
frame rate of 120 Hz. The sentences were presented in
Simple Song 24 font in black on a white background.
The distance between the participant and the screen
was 60 cm and each character subtended approximately
0.95° of visual angle.

Materials

Experiment 2 used the same target words as Experiment
1. The target words were now embedded in single sen-
tences. A sentence frame was created for each pair of
compound words that was identical except for the
target word. The target words were positioned in the
middle part of the sentence to avoid the possible sen-
tence-initial and sentence-final effects (Warren et al,,
2009). An example sentence pair is presented in Table
4 with an English translation (the target word is
bolded for illustration).

To ensure the plausibility of the target words within
the sentence context, 20 participants, who did not par-
ticipate in the eye-tracking experiment, rated how well
each target word matched the given sentence frame
on a scale from 1 (very implausible) to 5 (very plausible).

Table 4. An example sentence pair for an A-BC and AB-C
structure compound word.

Word
type Target Sentence
A-BC B0 59 53 310 H XUt A A A1 1 BB BTk

Electric fan  The electric fan my uncle bought is the latest
model this year.
AB-C FLALHIL 5 5 IR AL AL A AR I BBk
Television The television set my uncle bought is the latest
set model this year.

All target words were rated as plausible within their
respective sentence frames. There was no significant
difference in plausibility ratings between A-BC (M=
4.72, SD=0.14) and AB-C (M=4.73, SD=0.15) com-
pounds, t (246) =0.61, p =.544.

To evaluate the predictability of the target words,
another 20 participants, who did not participate in the
eye-movement experiment, read the first part of the
experimental sentence up to but not including the
target word and were asked to predict the next word
in the sentence. The predictability of the items was
near zero, indicating that the target words were not pre-
dictable from their preceding contexts. There was no sig-
nificant difference in the predictability ratings between
A-BC (M=0.01, SD=0.09) and AB-C (M=0.00, SD=
0.00) compounds, t (246) = —1.000, p =.318.

Procedure

The participants were asked to read the sentences
silently for comprehension at their own reading speed,
and reading comprehension was assessed by true—
false statements. The participants were instructed to
press the blue key in the gamepad when the statement
was congruent with the meaning of the last read sen-
tence and to press the green key in the gamepad
when it was incongruent. The presented comprehension
questions were related to the 40 filler sentences. There
were 7 practice sentences before the experimental sen-
tences. To avoid repetition of the identical sentence
frames, the target sentences were divided into two
sets. Both sets contained 124 sentences (62 A-BC and
62 AB-C compound words), with each participant
reading only one set. Half of the participants was pre-
sented set A and the other half set B. The experiment
consisted of 171 sentences in total, including 124
target sentences, 40 filler sentences and 7 practice sen-
tences. The experiment lasted about 28 min.

Results

The accuracy in answering to the comprehension ques-
tions exceeded 80% for all participants (M =95%, SD =
4%), indicating that the participants understood the



sentences well. Fixation durations shorter than 80 ms or
longer than 1000 ms, as well as all values exceeding 2.5
standard deviations from the overall mean, were
excluded from the analyses (Zhou et al., 2018; Zhou &
Li, 2021). This resulted in 2.5% of the data being
removed prior to conducting the statistical analyses.

We report the analyses first for the whole-word
region (ABC) followed by two subregion analyses: one
for the first character region (A) and another for the
final two-character region (BC). The purpose of separ-
ately analysing the two subregions is to examine in
more detail the time course of the effects.

For the whole-word region, the following eye move-
ment measures were analysed: first fixation duration
(FFD; the duration of the first fixation made on the
word), single fixation duration (SFD; the time spent on
the word, when only one fixation was made), gaze dur-
ation (GD; the sum of all first-pass fixations on the word
before moving to another region), total fixation time (TT;
the sum of all fixations on the word including any
regressions to it), regression path duration (RPD; the
summed duration of fixations starting when entering
the word until exiting it to the right), initial skipping
probability (ISP; the probability that the word was
initially skipped), refixation probability (RP; the prob-
ability of making more than one fixation on the word
during the first-pass reading), initial landing position
(ILP; the location of the initial fixation from the word
beginning), and saccade length (SL; the length of the
incoming saccade to the word).

The fixation duration measures were log-transformed
before analysis. We analysed the above eye-movement
measures for all the areas of interest using linear
mixed models (LMM:s) for continuous variables and gen-
eralised linear mixed models (GLMMs) for dichotomous
variables (Baayen et al., 2008) using the Ime4 package
(version 1.1-30; Bates et al., 2015) in R (version 4.1.1; R
Core Team, 2021). The LMM and GLM models were
selected by comparing different random structures
with an analysis of variance (ANOVA) and by selecting
a parsimonious model which was not overparameterized
(Bates et al, 2015). The initial random structures
included intercepts for participants and items, all the
variables that were included as one-way fixed effects
in the model as a random slope for the participant,
and a correlation parameter. These models were com-
pared with models in which some or all random
effects had been removed, including the correlation par-
ameter. If ANOVA indicated a significant difference
between the models, we chose the model which was
preferred by at least 2 out of 3 goodness of fit measures
(AIC, BIC, Log likelihood). If there was no statistically sig-
nificant difference between the models, the model with
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fewer parameters was chosen. All continuous fixed vari-
ables were centred to the mean. In the final selected
LMMs and GLMMs, first-character frequency was
entered as a continuous variable and word type (AB-C
vs. A-BC) as a categorical variable as fixed effects, while
subjects and items were entered as crossed random
effects. We report regression coefficients (bs), SEs, t or z
values, and corresponding p values of the optimal model.

Whole-word region (ABC)

We start out with the analysis for the whole word (ABC).
The descriptive statistics of the dependent variables are
presented in Table 5 and the modelling results in Table
6. Launch site was added as a covariate to control for its
potential influence on the effects of interest. Launch site
was the distance between the location of the last
fixation prior to fixating the target word and the left
edge of the target word. It was used as a proxy for par-
afoveal processing with near launch sites enabling more
extensive parafoveal processing than far launch sites.
The extent of parafoveal processing may in turn affect
the effects of primary interest. Thus, launch site was
used as a covariate in all analyses. Trials with launch
sites over 6 characters (4.2%) were discarded, because
they may reflect eye-tracker error or atypical saccadic
behaviour.

We observed a significant effect of first-character fre-
quency for most dependent variables (FFD, GD, TT, ISP,
RP, ILP, SL) indicating that higher frequency of the first
character as a single word led to shorter gaze duration,
increased skipping probability, lower refixation prob-
ability, longer incoming saccade, and initial landing pos-
ition further into the word. Figure 1(A) illustrates the
first-character frequency effect in GD. A significant
main effect of word type was also found for gaze dur-
ation, refixation probability and total time, with A-BC
words showing shorter gaze durations and total
fixation times than AB-C words (see Figure 1(B)). None
of the two-way interactions between first-character fre-
quency and word type were significant. Finally, launch
site entered as covariate was significant in most
measures. Near launch sites were associated with more
word skipping, shorter incoming saccades, initial
landing position being further into the word, shorter
gaze durations (see Figure 1(C)), less refixations and
shorter total times.

Interestingly, when readers made a single fixation on
the target word, the effect of first-character frequency
was absent. It is noteworthy that the target words
were read with a single fixation in 75% of the trials. To
test the credibility of the null effect of first-character fre-
quency in SFD, we computed Bayes Factors using the
ImBF function from the Bayes Factor package in R
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Table 5. Means and standard errors (in parentheses) of the eye movement measures for the whole word (ABC region).

First-character frequency quartile

Measure Word type Q1 Q2 Q3 Q4 Mean

FFD A-BC 216 (2.02) 216 (1.94) 217 (1.96) 208 (1.96) 215 (0.99)
AB-C 221 (2.02) 215 (1.90) 219 (2.04) 214 (2.13) 217 (1.01)
Mean 219 (1.43) 216 (1.36) 218 (1.41) 211 (1.45)

SFD A-BC 212 (2.37) 214 (2.29) 217 (2.29) 206 (2.26) 212 (1.15)
AB-C 218 (2.43) 215 (2.33) 218 (2.44) 213 (2.48) 216 (1.21)
Mean 215 (1.70) 215 (1.63) 218 (1.67) 210 (1.68)

GD A-BC 283 (4.09) 272 (3.68) 275 (3.81) 259 (3.82) 272 (1.93)
AB-C 288 (4.09) 279 (3.83) 280 (3.85) 272 (3.88) 280 (1.96)
Mean 285 (2.89) 276 (2.66) 277 (2.71) 266 (2.73)

T A-BC 429 (6.69) 431 (6.80) 415 (6.56) 379 (6.44) 414 (3.33)
AB-C 450 (7.12) 425 (6.67) 417 (6.60) 422 (7.02) 429 (3.43)
Mean 440 (4.89) 428 (4.76) 416 (4.65) 401 (4.78)

RPD A-BC 373 (7.12) 352 (6.62) 341 (6.33) 332 (6.59) 250 (3.35)
AB-C 370 (6.77) 341 (6.11) 354 (6.65) 350 (6.86) 254 (3.30)
Mean 371 (4.91) 347 (4.51) 347 (4.60) 341 (4.76)

ISP A-BC 12 (.01) a2 ( .13 (.01) .15 (.01) (.005)
AB-C 11 (.01) a2 ( 13 (.07) .14 (.01) 2 (.005)
Mean 11 (.01) a2 ( .13 (.01) .15 (.01)

RP A-BC 25 (.01) 23 ( .23 (.01) .20 (.01) .23 (.01
AB-C 27 (.01) .25 (! .23 (.01) .23 (.01) .25 (.01
Mean 26 (.01) 24 ( .23 (.01) .22 (.01)

ILP A-BC 1.28 (.02) 1.32 (. 1.35 (.02) 1.41 (.03) 1.34 (.01)
AB-C 1.31 (.02) 1.34 (. 1.39 (.02) 1.39 (.03) 1.36 (.01)
Mean 1.29 (.02) 1.33 ( 1.37 (.02) 1.40 (.02)

SL A-BC 3.05 (.05) 3.05 (. 3.22 (.05) 3.25 (.05) 3.14 (.03)
AB-C 3.11 (.05) 297 (. 3.20 (.05) 3.26 (.05) 3.13 (.03)
Mean 3.08 (.03) 3.01 ( 3.21 (.04) 3.26 (.04)

Note: FFD =first fixation duration; SFD = single fixation duration; GD = gaze duration; TT = total time; RPD = regression path duration; ISP = initial skipping
probability; RP = refixation probability; ILP = initial landing position; SL = saccade length.

(Morey & Rouder, 2015). Following Abbott and Staub
(2015) and Yao et al. (2022), we used the default prior
for the effect size (Cauchy priors with scale value of
0.5) and ran 100,000 Monte Carlo iterations. In order to
use the ImBF function, we removed the random slopes
from the models. According to Wagenmakers et al.
(2018), Bayes Factors ranging between 033 ~ 1
provide anecdotal evidence to support the null hypoth-
esis, less than 0.33 suggests moderate evidence to
support the null hypothesis, and less than 0.1 indicates
strong evidence to support the null hypothesis. The
analysis revealed moderate evidence (BF=0.19)
against a main effect of first-character frequency in
SFD. Below, we provide an explanation for the null
effect based on the landing position analyses.

The following observations may be made of the
whole-word analyses. When the target word was
fixated, the effect of first-character frequency was
observed during the first fixation with the effect spilling
over to the probability of refixating the word and thus to
gaze duration and subsequently to total fixation time.
These effects are evidence for compositional processing.
Yet, in about 75% of the trials when the word was read
with a single fixation, the effect remained absent. Thus,
in the majority of cases three-character words seemed
to be read as holistic units.

Moreover, sometimes readers were able to read the
target word even without fixating on it at all. The

target words were skipped in 13% of the cases. This
would also suggest their holistic processing. On the
other hand, the finding that there was a small but signifi-
cant effect of first-character frequency in skipping rate
suggests that high-frequency first characters encour-
aged readers to skip over the entire words regardless
of compound word structure.

A main effect of word type was also observed. The A-
BC words were refixated a bit less often (a 2% increase)
than the AB-C words. This translated to shorter gaze dur-
ations for A-BC words. An analogous effect was also
obtained in single fixation duration and total fixation
time. Thus, the compound word structure exerted an
effect on both immediate and delayed processing. Yet,
the direction of the effect was opposite to what was pre-
dicted, as the less frequent structure (A-BC) was associ-
ated with shorter fixation times than the more
frequent structure (AB-C).

First-character frequency also affected saccade pro-
gramming: the incoming saccade was longer and it
landed further into the word when the initial character
was of higher frequency. Landing close to the word
centre is optimal for perceiving all three characters of
the target word, as by doing so, they are more within
foveal reach (the target words extended horizontally
about 3 degrees of visual angle). Thus, initially position-
ing the eyes close to the word centre may have facili-
tated target word processing. This may explain why



Table 6. (General) Linear mixed effect models for the eye

movement measures for the whole word. Statistically

significant effects appear in bold.

Measure Fixed effect b SE t/z p

FFD Word type -0.01 0.1 -144 150
First character frequency (log) —0.01 0.003 -2.20 .028
Launch site -0.01 0.003 -2.25 .025

Word type x First character 0.001 0.003 029 773
frequency (log)

SFD Word type —-0.02 0.01 -2.01 .044

First character frequency (log) —0.004 0.003 —-132 .186

Launch site —0.004 0.003 -—150 .133

Word type X First character 0.001 0.004 0.12 907
frequency (log)

GD Word type -0.03 0.01 -3.01 .003

First character frequency (log) —0.01 0.01 -2.69 .007

Launch site 0.03 0.005 6.77 <.001

Word type X First character 0.001 0.004 0.01 992
frequency (log)

1T Word type —0.04 0.01 -3.46 .001

First character frequency (log) —0.02 0.01 -2.59 .010

Launch site 0.06 0.005 12.09 <.001

Word type X First character —0.004 0.01 -0.61 541
frequency (log)

RPD Word type 002 003 051 608

First character frequency (log) —0.01 0.01 -1.80 .071

Launch site 0.06 0.005 12.82 <.001

Word type X First character —0.01 0.01 -1.05 292
frequency (log)

ISP Word type 1.04 0.08 0.58 .561

First character frequency (log)  1.14 0.05 3.11  .002

Launch site 0.50 0.02 -21.02 <.001

Word type X First character 0.98 0.04 -0.58 561
frequency (log)

RP Word type 0.89 0.05 -2.33 .020

First character frequency (log)  0.94 0.03 —-2.24 025

Launch site 1.27 0.03 10.06 <.001

Word type X First character 0.99 0.03 —-0.18 0.859
frequency (log)

ILP Word type -0.01 0.01 -044 659
First character frequency (log)  0.03 0.01 292 .003
Launch site -0.35 0.01 -55.91 <.001
Word type X First character 0.01 0.01 115 252
frequency (log)
SL Word type —-0.01 0.01 —-0.52 .603
First character frequency (log)  0.03  0.01 3.13 .002
Launch site 0.61 0.01 95.70 <.001
Word type X First character 0.01 0.01 125 210

frequency (log)

Note: FFD = first fixation duration; SFD = single fixation duration; GD = gaze
duration; TT = total time; RPD = regression path duration; ISP = initial skip-
ping probability; RP = refixation probability; ILP = initial landing position;
SL = saccade length.
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there was no effect of first-character frequency for single
fixation trials, suggesting holistic processing. To test
whether the initial landing position (ILP) was indeed
more optimally located (i.e. close to the word centre)
for single-fixation trials, we compared their ILPs to
those of multiple-fixation trials by including fixation
count as an additional predictor in the model. We ran
the same model also for saccade length (SL). The
descriptive statistics are reported in Table 7 and the
modelling results in Table 8.

As expected, initial landing position was farther in the
word in trials read with a single fixation than trials that
were read with more than one fixation. The difference
in ILP was quite noticeable — about half a character —
which is almost 20% of the horizontal extent of the com-
pound word. Moreover, it is noticeable that the single
fixations landed on average exactly at the word centre
(i.e. 1.5 characters from the word beginning). Combined
with the finding that single-fixation trials demonstrated
no effect of first-character frequency, the ILP result
suggests that when the initial fixation lands at the
word centre, a three-character word may be recognised
holistically. It is noticeable that a comparable difference
observed in ILP between single-fixation and multiple-
fixation trials was also obtained for the incoming
saccade length (i.e. it was about 0.5 characters longer
in the single-fixation than multiple-fixation trials).

As the final set of analyses, we conducted separate
analyses for the A region (i.e. the character whose fre-
quency was manipulated) and the BC region. The motiv-
ation was to examine if we would find effects hidden in
the whole-word analyses. Specifically, we were inter-
ested to see whether within-word fixation time (gaze
duration and total fixation time) is allocated differently
as a function of word type (A-BC vs. AB-C). Moreover,
the subregion analyses may shed more light in the
timing of the first-character frequency effect. The prob-
ability of skipping a subregion was also analysed.
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Figure 1. (A) The main effect of first-character frequency in gaze duration (ms). (B) The main effect of word type in gaze duration (ms).
(C) The main effect of launch site (characters) in gaze duration (ms).
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Table 7. Means and standard errors (in parentheses) for initial
landing position (ILP) and saccade length (SL) separately for
single-fixation and multiple-fixation trials of the whole word
(ABC region).

Table 10. (General) Linear mixed effect models for gaze
duration (GD), total fixation time (TT) and initial skipping
probability (ISP) of the A region. Statistically significant effects
appear in bold.

Fixation count ILP SL Measure Fixed effect b SE t p
Single 1.49 (.01) 3.35 (.02) GD Word type -0.01  0.01 -058 562
Multiple 0.96 (.02) 2.83 (.02) First character frequency —0.02  0.005 —3.67 <.001
(log)
Launch site 0.003 0.01 0.49 624
Word type X First 0.004 0.01 0.74 461
Table 8. Linear mixed effect models for initial landing position character frequency
(ILP) and saccade length (SL) for the whole word when also - W“Oél) 0003 001 0 823
fixation count (single vs. multiple) was entered as a predictor. Firt cmﬁscter fequency 002 001 258 010
Statistically significant effects appear in bold. (log)
Measure Fixed effect b SE t p Launch site ) 0.002 0.01 0.27 787
ILP Word type —002 002 145 148 Word type x At 0001 001 008 939
First character frequency 0.02 0.01 2,22 .027 (log) q y
(log)
S ISP Word type 096 0.5 -090 370
Fixation count —-0.33 0.02 -14.51 <.001 .
Launch site 034 001 -54.23 <001 Flr(?(t) c)haracter frequency 1.07 0.03 2,12 .034
Word type X First character 0.02 0.01 1.72 .086 Laun?:h site 036  0.01 _38.81 <.001
frequency (log) ) E . . .
Word type x Fixation count ~ 0.04 003 113 260 W?r:‘:r;{’t’:r?r':rﬁenc 106 0.03 200 0.045
First character frequency 0.01 0.01 0.93 .350 (log) q y
(log) x Fixation count 9
Word type X First character  —0.02  0.02 -1.29 199
frequency (log) x Fixation
count . . .
SL Word type -002 002 -149 137 more than infrequent first characters. The interaction
F"“St c)ha'a“e' frequency 002 0.01 252 .012  petween word type and first-character frequency was
0g N . .
Fixation count 032 0.02 -14.60 <.001 non-significant for the fixation duration measures but
Launch site 0.62 0.01 9948 <.001 significant for the probability of skipping over the A
Word type X First character 0.01 0.01 1.65 099 . ificall h . . f h
frequency (log) region. Specifically, as shown in Figure 2, for the A-BC
Word type x Fixation count ~ 0.03  0.03 109 277 words the effect of initial character frequency was
First character frequency 0.01 0.01 0.58 .560

(log) x Fixation count

Word type X First character ~ —0.02  0.02 —0.93 354
frequency (log) x Fixation
count

First-character region (A)

The descriptive statistics of the measures for the first-
character region are presented in Table 9 and the mod-
elling results in Table 10. There was a significant effect of
first-character frequency for both fixation duration
measures showing that higher first-character frequency
resulted in shorter fixation times on the subregion.
Moreover, frequent first characters were skipped over

Table 9. Means and standard errors (in parentheses) of gaze duration (GD), total fixation time (TT

for the first character (A region).

strong (p <.001), while for the AB-C words the effect
remained significant (p=.034) but was smaller. For
both word types, higher first-character frequency led
to higher skipping probability. The main effect of word
type was non-significant.

The results of the A region departed from those of the
whole-word region in two respects. First, the main effect
of word type was not significant. Second, the effect of
first-character frequency in skipping rate was stronger
for A-BC than AB-C words. That is, frequent first charac-
ters were skipped over more than infrequent first charac-
ters particularly when they functioned as single
constituents in the three-character compound words.

) and initial skipping probability (ISP)

First-character frequency quartile

Measure Word type Q1 Q3 Q4 Mean

GD A-BC 216 (3.01) 215 (3.16) 211 (3.06) 203 (3.12) 212 (1.55)
AB-C 219 (2.94) 215 (2.95) 213 (3.19) 205 (3.19) 213 (1.53)
Mean 217 2.11) 215 (2.16) 212 (2.21) 204 (2.23)

1T A-BC 258 (4.53) 252 (4.51) 241 (4.24) 239 (4.51) 248 (2.23)
AB-C 254 (4.26) 258 (4.75) 245 (4.53) 243 (4.67) 251 (2.28)
Mean 256 (3.11) 255 (3.37) 243 (3.09) 241 (3.25)

ISP A-BC 1(.01) 64 (.01) .65 (.01) .68 (.01) .65 (.01
AB-C 4 (.01) 64 (.01) .67 (.01) 66 (.01) .65 (.01
Mean 2 (.01) 64 (.01) .66 (.01) 67 (.01)
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Figure 2. Initial skipping probability (%) of the first character (A
region) as a function of word type and first-character frequency
(log).

In the whole-word analysis, the effect of first-character
frequency in skipping rate appeared as a main effect.

BC region

The descriptive statistics of the measures for the BC
region are presented in Table 11 and the modelling
results in Table 12. The effect of first-character frequency
did not feature in the fixation time measures. On the
other hand, they demonstrated a main effect of word
type with the BC region receiving less fixation time on
A-BC words than AB-C words (see Figure 3).

Moreover, the main effect of first-character frequency
was significant in skipping probability, with higher fre-
quency leading to a higher skipping probability. The
main effect was modulated by an interaction with
word type. Specifically, as shown in Figure 4, for the
AB-C words the effect of initial character frequency
was strong (p <.001), while for the A-BC words the
effect remained significant (p =.034) but was smaller.
For both word types, higher first-character frequency
led to higher skipping probability.

Summary of the subregion analyses
The results of the subregion analyses may be summar-
ised as follows. First, for the A region, fixation durations

Table 11. Means and standard errors (in parentheses) of gaze duration (GD), total fixation time (TT

(ISP) for the BC region.
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Table 12. (General) Linear mixed effect models for gaze
duration (GD), total fixation time (TT) and initial skipping
probability (ISP) of the BC region. Statistically significant
effects appear in bold.

Measure Fixed effect b SE t p
GD Word type -0.03 0.01 -3.27  .001
First character frequency ~ —0.002  0.004 —-0.28 783
(log)
Launch site 0.03 0.003 7.38 <.001
Word type X First —0.001 0.004 -1.03 305
character frequency
(log)
1T Word type -0.05 0.01 —-4.06 <.001
First character frequency  —0.01  0.01 —0.96 337
(log)
Launch site 0.04 0.01 8.56 <.001
Word type x First —0.01 0.01 -1.16 247
character frequency
(log)
ISP Word type 1.14 0.06 2.40 017
First character frequency 1.13  0.04 3.90 <.001
(log)
Launch site 041 0.01 -33.92 <.001
Word type X First 094 0.03 -1.97 0.049
character frequency
(log)

were shorter and skipping rates higher when the first
character (A) was frequent than infrequent. In other
words, when a fixation lands on a frequent character
of a three-character word, gaze duration and total
fixation time will be shorter and the region is skipped
more often. Second, fixation time on the BC region
was shorter and its skipping rate greater when it
formed a compound word constituent (A-BC) than
when it did not (AB-C). The main effect of word structure
emerged in the analysis of the BC region but not in that
of the A region, suggesting that it needed some time to
emerge. Finally, word structure was also involved in an
interaction with first-character frequency in skipping
rate for the BC region: the effect of first-character fre-
quency was greater for AB-C than A-BC words. An oppo-
site pattern was observed in skipping rate for the A
region. Thus, the frequency of first character affects skip-
ping earlier for A-BC than AB-C words. In the former case,
it formed an independent constituent, whereas in the
latter case it was a part of an embedded compound
word.

) and initial skipping probability

First-character frequency quartile

Measure Word type Q1 Q3 Q4 Mean

GD A-BC 238 (3.24) 238 (3.09) 233 (2.93) 229 (3.10) 235 (1.55)
AB-C 241 (3.11) 238 (3.05) 244 (3.17) 242 (3.25) 241 (1.57)
Mean 239 (2.24) 238 (2.17) 239 (2.16) 236 (2.25)

1T A-BC 328 (5.57) 334 (5.38) 325 (5.23) 298 (5.13) 322 (2.68)
AB-C 348 (5.73) 328 (5.08) 329 (5.28) 332 (5.52) 334 (2.70)
Mean 338 (4.00) 331 (3.70) 327 (3.71) 315 (3.79)

ISP A-BC 0 (.01) .29 (.01) 9 (.01) .31 (.01) .29 (.01
AB-C 5 (.01) .27 (01) 8 (.01) .30 (.01) 27 (.0
Mean 8 (.01) .28 (.01) 8 (.01) .31 (.01)
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Figure 3. The main effect of word type in gaze duration (ms) of
the BC region.
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Figure 4. Initial skipping probability of the BC region as a func-
tion of word type and first-character frequency (log).

Discussion

In Experiment 2, reading of three-character Chinese
compound words was investigated in a sentence
context. Eye-tracking was used to tap into their proces-
sing. The frequency of the first character as a single-char-
acter word was manipulated in a continuous fashion
using four frequency quartiles. Two types of three-char-
acter compound words were used as the target words:
A-BC and AB-C words. In Chinese, three-character com-
pound words are not uncommon, comprising 12% of
all words. Of them, approximately 70% conform to the
AB-C structure and 30% to the A-BC structure.

Several eye-movement measures for the three-char-
acter target words were employed as the primary indi-
cators of compound word processing. Moreover, the
processing time-course was further examined by con-
ducting separate analyses for the subregions of A and
BC. The target word analyses revealed reliable effects
of first-character frequency. Fixation time on the word
was the shorter the more frequent the first character
was. This was true for first fixation duration, gaze

duration and total fixation time. However, in contrast
to what was predicted, the effect of first-character fre-
quency was no greater for A-BC than AB-C words
despite the fact that the first character served as an inde-
pendent constituent in the former but not in the latter
type of words.

Interestingly, the effect of first-character frequency
did not emerge in single fixation time. This is important,
as in about 75% of the trials the target words were read
with a single fixation, whose duration was not affected
by first-character frequency. In other words, this null
effect, confirmed by a Bayes Factors analysis, is inter-
preted as evidence for holistic processing. Yet, it
should be noted that in single fixation duration a main
effect of word type emerged with shorter fixation
times for A-BC than AB-C words. The effect of word
type in turn may be taken as evidence against holistic
processing. Yet, opposite to what was predicted, words
conforming to the less common structure (A-BC) were
read with shorter single fixations, gaze durations and
total fixation times than words conforming to the
more common structure (AB-C).

To sum up, the word-level analyses provided support
both for the use of the decomposition and whole-word
route. When readers refixated the word, gaze duration
and probability of refixation were affected by first-char-
acter frequency. On the other hand, when participants
were able to read the three-constituent compound
words with a single fixation, no effect of first-character
frequency was observed. Thus, these data suggest that
both the decomposition route and the holistic route
are in operation in reading three-characters Chinese
compound words. The pattern of results is in line with
dual route models (e.g. Pollatsek et al., 2000; Schreuder
& Baayen, 1995) that assume both routes to be simul-
taneously active with the faster route winning the race.

The subregion analyses provided evidence for compo-
sitional processing. First, the effects of first-character fre-
quency may be regarded as such. The frequency of the
first component of three-character words exerted an
immediate effect (apparent in skipping rate and gaze dur-
ation for the A region) on compound word processing.
Second, gaze duration was shorter and skipping rate
greater for the BC region when it formed a compound
word constituent than when it did not. Third, the effect
of first-character frequency was greater in skipping rate
for the A region when the A region formed a constituent
(A-BC) than when it did not (AB-C). For the BC region, an
opposite pattern was observed in skipping (a greater first-
character frequency effect for AB-C than A-BC words),
indicating a bit delayed effect for AB-C words.

We also analysed the landing positions of initial
fixations on the three-character compound words. The



observed results are in line with those of Yan et al.
(2010), Li et al. (2011) and Zang et al. (2013), who also
found Chinese readers to fixate in the word centre in
single-fixation cases and toward the word beginning in
multiple-fixation cases when reading compound
words. To account for the results, Yan et al. suggested
the notion of flexible target selection, according to
which successful word segmentation based on parafo-
veal information results in targeting the saccade to the
word centre, while segmentation failure leads to pro-
gramming a saccade toward the word beginning. An
alternative account, coined the dynamic-adjustment
hypothesis (Liu et al., 2017, 2025), states that saccade
length in Chinese reading is determined dynamically
based on the degree of parafoveal processing: more
extensive parafoveal processing leads to longer sac-
cades. Thus, it can accommodate the first-character fre-
quency effect observed in incoming saccade length.
However, unlike the flexible target selection account,
the dynamic-adjustment hypothesis does not assume
default targets for the saccades, i.e. either the word
beginning or centre depending on the success parafo-
veal word segmentation.

It is noteworthy that, unlike Luo et al. (2023) and Yan
et al. (2025), we found no effect of word-internal struc-
ture on saccade programming. In the Luo et al. study,
the initial fixation landed further into A-BC than AB-C
words. On the other hand, in their follow-up study
(Yan et al., 2025), an opposite effect was observed by
parafoveally previewing the word structure by coloured
previews. The experimental design of Luo et al. was
closer to ours. Yet, there is no obvious reason why we
could not replicate the word structure effect in initial
landing position. One possibility is that our first-charac-
ter frequency manipulation may have obscured the
effect. Luo et al. did not manipulate it, but used identical
first characters in matched word pairs (as we also did).

In addition to affecting the foveal processing, first-
character frequency also influenced parafoveal proces-
sing. This became evident in three findings. First, it
influenced the rate of skipping the first character. It is
evidence for parafoveal processing, as the incoming
saccade is programmed while fixating a text region to
the left of the target word. Moreover, the initial
landing position and the incoming saccade length
were influenced by first-character frequency: The more
frequent the first character, the longer the incoming
saccade was and the further into the word it landed.
All these effects are evidence for parafoveal processing
of the first character of three-character compound
words. They demonstrate that frequent first characters
are parafoveally processed to a greater extent than infre-
quent first characters. These findings are in line with the
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dynamic-adjustment hypothesis (Liu et al., 2017, 2025),
according to which Chinese readers dynamically adjust
saccade length based on the parafoveal processing
difficulty.

General discussion

The present study examined whether the decompo-
sition route is in operation when recognising three-char-
acter Chinese compound words conforming either to a
A-BC or AB-C structure. An effect of first-character fre-
quency was used as an index of compositional proces-
sing (Taft & Forster, 1976); first-character frequency
was manipulated in a continuous manner. Moreover, it
was hypothesised that, if present, the effect may be
more robust for A-BC than AB-C words, as the first char-
acter functions as an independent constituent in the
former but not in the latter type of words. A possible
main effect of word type was also considered evidence
for compositional processing and against holistic proces-
sing. Based on their relative frequency, the more frequent
AB-C structure was assumed to lead to faster processing.
On the other hand, if the processing is holistic in nature,
the word-internal structure should not exert an effect as
long as the words are equated for whole-word frequency,
as they were in the present study.

Two experiments were conducted. In Experiment 1,
the lexical decision task was used combined with iso-
lated word presentation. In Experiment 2, the three-
character target words were embedded in single sen-
tences; the participants read them for comprehension
while their eye movements were registered.

Experiment 1 established an effect of first-character
frequency but no word structure effect. The former
effect is consistent with the decomposition account,
while the latter result may be considered evidence for
holistic processing. Yet, the absence of an effect is
weak evidence at best. The pattern of results is in line
with that obtained by Miwa et al. (2017) for Japanese
three-character compound words. On the other hand,
the present results were inconsistent with the study of
Yin et al. (2022), who found lexical decision latencies
to be shorter for the more common structure.

Experiment 2 was carried out to find out whether the
pattern of results could be replicated in continuous
reading. The two tasks differ from each other in an
important way. In lexical decision, the words are pre-
sented one at a time in isolation. Thus, there is no
need to segment them out from other words. On the
other hand, this is exactly the case in continuous text
reading.

Despite the task differences, a reliable effect of first-
character frequency was replicated in Experiment 2. It
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showed up both in fixation time and skipping rate. Thus,
it is concluded that the decomposition route is in oper-
ation in recognising three-character words in Chinese.
On the other hand, unlike Experiment 1, Experiment 2
also established an effect of word structure. Yet, the
effect was in the unpredicted direction with the less
common structure (A-BC) being associated with
shorter fixation time than the more common structure
(AB-C). The subregion analyses revealed that the struc-
ture effect emerged as a slightly delayed effect in that
it was absent for the A region but present for the BC
region (yet, still taking place during the first-pass
reading). Moreover, the BC region was read with
shorter fixation time when it formed an embedded com-
pound word in A-BC words than when the last two char-
acters belonged to two different constituents in AB-C
words. This finding reflects an effect of word-internal
structure, which may be considered evidence for com-
positional processing.

A possible interpretation for the unexpected word
structure effect in Experiment 2 is that it may be easier
to parse the word-internal structure when the first char-
acter functions as an independent constituent, as is the
case with A-BC words. Parafoveally perceiving the first
character may also have benefitted the subsequent
foveal processing of A-BC more than AB-C words. Evi-
dence for this was obtained by the separate analysis
conducted for the A region. The first-character frequency
exerted a greater effect in skipping over the A region for
A-BC than AB-C words. Curiously, the pattern in skipping
rate was reversed in the analysis of the BC region,
suggesting that the effect of first-character frequency
was more delayed for AB-C words.

Prior research on the effects of the structure of three-
character Chinese compound words has resulted in
mixed findings. As noted above, Yin et al. (2022)
obtained shorter lexical decision latencies for the more
common AB-C words, whereas Miwa et al. (2017) and
Experiment 1 of the present study found no word type
effect, nor did Luo et al. (2023) in an eye-tracking
reading study. By adding the results of Experiment 2, it
appears that all three possible outcomes have been
observed. Thus, possible effects of word-internal struc-
ture in three-character Chinese compound words are
yet to be firmly established.

Experiment 2 also provided evidence for holistic pro-
cessing of three-character compound words. First, the
target words were skipped in 13% of the trials, which
means that occasionally readers were able to recognise
them even without directly fixating on them. Second,
most of the time (in 75% of the trials) the three-character
words were read with only one single fixation. Third, the
mean landing position of the single-fixation trials was

exactly at the word centre (i.e. 1.5 characters from the
word beginning). It suggests that the fixation located
at the word centre was optimal for recognising the
three-character word with just one fixation. Combined
with the finding that single-fixation trials demonstrated
no effect of first-character frequency, it provides further
evidence for holistic processing.

In sum, the present study has obtained evidence for
both compositional and holistic processing of three-
character Chinese compound words. What factors
would facilitate the reading of three-character words
with a single fixation leading to holistic processing? At
least two factors may play a role here. First, Experiment
2 identified one factor — initial landing position in the
word. It was located notably further into the word in
single-fixation than multiple-fixation trials. This is turn
suggests that when a fixation is located in the middle
of the word (as was the case in single-fixation trials),
known to be the optimal position for word recognition
at least in reading different alphabetic scripts (e.g.
Hyona & Bertram, 2011; Nuthmann et al.,, 2005; Rayner
et al,, 1996; Vitu et al,, 2001), it is more likely that all
three characters can be perceived in a single fixation
made on the word.

Second, the visual density of the Chinese writing
system is likely a key factor in the holistic recognition
of compound words. In running text, compound words
often fit in the fovea when fixated. This in turn
increases the chances of holistic processing (Bertram
& Hyona, 2003). Yet, holistic processing may be poss-
ible even when the entire word does not fit in the
foveal vision. This became apparent in a study by
Hyona et al. (2024), who found that even when parts
of a Chinese compound word fell into the parafoveal
vision (e.g. large-font two-character compound words
with a visual angle of 4°), holistic processing still per-
sisted. In the present study, the horizontal extent of
the three-character compound words was beyond
foveal reach (in Experiment 1 about 4.5° of visual
angle; in Experiment 2 about 3° of visual angle). Yet,
evidence for holistic processing was obtained. There-
fore, the spatial extent of compound words does not
seem to be a significant factor determining the proces-
sing mode of compound words in Chinese reading, at
least when it is fixated optimally. This conclusion is
also supported by Wang et al. (2023), who used lexica-
lised compound words as materials and found no evi-
dence of a plausibility effect for either two-character
(2° of visual angle) or four-character compound
words (4° of visual angle), suggesting that even four-
character compound words can be processed holisti-
cally. Yet, it should be noticed that visual acuity does
not drop to zero in the parafovea, but declines linearly



the further the stimulus appears from the centre of
fixation.

Finally, we briefly discuss the results in the light of
two models of Chinese reading, the Chinese Reading
Model (CRM; Li & Pollatsek, 2020) and the Chinese E-Z
Reader model (CEZR; Liu et al., 2025; Yu et al., 2021).
CRM mainly focuses on modelling word segmentation
within continuous arrays of characters for the purpose
of word segmentation and identification during continu-
ous reading. It has been tested on its capacity to simu-
late eye movements including words segmentation
from overlapping (i.e. ambiguous) character strings. As
Chinese readers move their eyes from left to right,
CRM predicts left dominance in segmentation of words
with ambiguous boundaries. Applied to the present
context, Chinese readers are assumed to have a ten-
dency to regard the first two characters to be a com-
pound word. Thus, CRM assumes a preference to parse
three-character compound words conforming to an
AB-C rather than A-BC structure. As noted above, the
results of Experiment 2 observed an opposite effect.
On the other hand, to date, the CEZR has not been
tested on ambiguous character strings (see Liu et al.,
2025, p. 521), so it is unclear what — if anything — the
model would predict about possible AB-C versus A-BC
structural differences. As noted earlier, the existing evi-
dence for word structure effects is contradictory. Thus,
it may be premature to assess model fits with respect
to word structure effects before the exact nature of
the effect is more firmly established.

With regard to effects of first-character frequency in
reading three-character compound words, the architec-
ture of CEZR is equipped to account for character fre-
quency effects in reading multiple-character
compound words. The model makes predictions about
the time course and accuracy of word identification in
Chinese sentence reading, including character fre-
quency effects in reading two-character compound
words. On the other hand, because the CRM focuses
on word segmentation, it can readily model word fre-
quency effects. The segmented word takes precedence
in processing, suppressing the activation of the individ-
ual characters constituting it. Thus, it does not readily
model character frequency effects in reading multiple-
character words.

Conclusion

The present study investigated the recognition of three-
character Chinese compound words in two experiments.
In Experiment 1, the target words were presented in iso-
lation in a lexical decision task, while in Experiment 2
they were embedded in sentence context and the
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participants were asked to read the sentences for com-
prehension as their eye movements were registered.
The study provided evidence for the dual-route model
of compound word processing in that both the
decomposition and the holistic route are in operation
when reading three-character Chinese compound
words. Both experiments established a character fre-
quency effect, which is interpreted to support compo-
sitional processing. Evidence for holistic processing
was obtained in Experiment 2 from single-fixation
trials, where the fixation was positioned in the word
centre optimal for simultaneously recognising all three
characters comprising the word. On the other hand, evi-
dence for compositional processing was evident in mul-
tiple-fixation trials, for which the initial fixation was
located toward the word beginning. The landing pos-
ition results are in line with the flexible target selection
and the dynamic adjustment account of saccade pro-
gramming during Chinese reading. Finally, word-internal
structure exerted no effect in Experiment 1, whereas in
Experiment 2 an effect was observed in fixation time
with A-BC words being read with shorter fixation times
than AB-C words. At present, the available evidence for
word structure effects in recognising trimorphemic
Chinese compound words is mixed with all three poss-
ible effects (no effect, AB-C < A-BC, AB-C > A-BC) being
observed. Thus, it is left for the future studies to deter-
mine, which possibility would hold true.
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