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Abstract 

The word frequency effect, where high-frequency words are processed faster than low-frequency ones, has been 

extensively studied in alphabetic writing systems. The effect has also been observed in Chinese reading, a 

language that differs enormously from alphabetic languages, not only in appearance but also in the nature of the 

words. In the present study, we investigated the word and character frequency effects in Chinese natural reading 

by analysing reading data from an eye-tracking corpus in which participants read an entire novel (GECO-CN). 

The results show that as character frequency in Chinese increases, the facilitative word frequency effect tends to 

flatten or even reverse, and vice versa. These findings suggest that Chinese sentence processing is influenced by 

the frequencies of both words and their constituent characters, indicating the importance of considering 

character frequencies when studying the word frequency effect. In addition, these results also provide a 

plausible explanation for the inconsistent character effects found previously. 

Keywords: Frequency effects, Chinese reading, Eye-movements, word processing, character processing 

  



3 
 

The word frequency effect (FE) is the phenomenon where processing speed is affected by the 

frequency of word occurrence, with high-frequency (HF) words being processed faster than low-frequency (LF) 

words in both word recognition (Rayner & Duffy, 1986; Rayner & Raney, 1996) and production (Griffin & 

Bock, 1998; Sui et al., 2019). It is one of the most potent effects observed in language research to date 

(Brysbaert et al., 2018), explaining around 30%~40% of the variance in (alphabetic) language processing speed 

(Brysbaert et al., 2016). This effect is independent of other confounding factors, such as word length, number of 

phonemes, age of acquisition, and orthographic neighborhood (Brysbaert et al., 2016). However, our current 

understanding of FE is based primarily on findings of alphabetic languages, whose words are visually salient by 

spatial separation (e.g., Rayner & Duffy, 1986). Thus, a question is whether the same applies to nonalphabetic 

writing systems (i.e., Chinese), which differ qualitatively from alphabetic languages in both writing and 

pronunciation.  

Early efforts have examined the FE of Chinese words using categorical designs (sets of HF vs. LF 

word stimuli), showing a negative correlation between processing speed and word frequency, similar to findings 

in alphabetic languages (Ma et al., 2015). It should be noted, however, that Chinese words are composed of a 

limited number of orthographically independent characters, many of which are words themselves. Moreover, 

Chinese words are not as salient as characters in sentences due to the lack of interspace for demarcating word 

boundaries. Although character properties (e.g., frequency) appear to affect word recognition (e.g., Yan et al., 

2006), evidence indicates that word properties also influence Chinese reading (e.g., Li et al., 2014; Yang et al., 

2012). As a result, a process that segments visually consecutive words in a sentence is necessary in Chinese 

reading (Li & Pollatsek, 2020).  

Obviously, the peculiar characteristics of Chinese word composition and the necessity of segmenting 

text strings into words during sentence reading pose great challenges to the feasibility and reliability of studying 

the Chinese word FE separately from character effects. The absence of visually clear spaces between words in 

Chinese sentences complicates word processing, as a single character can either be a one-character word or part 

of a multi-character word with its adjacent characters. Consequently, the influence of character properties on 

word processing should be stronger in sentence reading than in isolated word conditions, where visually distinct 

word boundaries allow for the quick exclusion of other possible word combinations. This may even affect the 

word FE. Differentiating between and understanding Chinese character and word FEs can advance our specific 

knowledge of Chinese reading, inspire further research and interpretation, and refine models that have already 

been and are being developed to account for Chinese reading (e.g., Li & Pollatsek, 2020).  
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Notably, existing evidence for Chinese FEs in reading is mainly based on single words (Mattingly & 

Xu, 1994) and isolated controlled sentences manipulating the target word (e.g., low-constraint sentences which 

often have avoided word ambiguity; Cui et al., 2021; Ma et al., 2015). Yet, word identification performance 

under these conditions cannot adequately and fairly reflect the performance in reading coherent paragraphs of a 

certain length, which are the most common reading materials in everyday life (Dirix et al., 2019; Kuperman et 

al., 2013; Sui et al., 2023). This is important as text-level context generates semantic, grammatical, and lexical 

expectations that may influence the reading of subsequent words. Moreover, the difference in reading 

performance between experimentally controlled and natural reading conditions can be expected to be more 

severe in Chinese, where an additional process of segmenting text strings into words is needed, compared with 

in alphabetic language where word boundaries are visually and conventionally marked.  

This work, therefore, aims to clarify the issues of character and word FEs in natural reading by using 

frequencies as continuous variables. In the following section, we will first briefly summarize the Chinese 

writing system. Next, we will examine whether the process of segmenting text strings into words specific to 

Chinese sentence reading influences word recognition and, in turn, its recognition performance. Finally, we will 

discuss existing findings on Chinese word and character FEs. 

The Chinese writing system 

Chinese is a logographic language composed of box-shaped characters constructed by a number of 

strokes under certain rules. Character complexity varies based on the number of strokes, with more strokes 

resulting in greater visual complexity and longer recognition times (Liversedge et al., 2014). Chinese words are 

composed of a limited number of characters (about 6,000 characters, Li et al., 2022), which can form more than 

56,000 words (Li & Su, 2022). Most of these characters can form one-character words or parts of different 

words and appear in various positions. For example, the character 中 can be part of 264 commonly used words: 

1 one-character word (i.e., 中), 145 two-character words (109 of which have this character as the initial 

character, e.g., 中国, 初中), 64 three-character words (appearing at the beginning of 43 words, in the middle of 

18 words and at the end of 3 words), 50 four-character words, 2 five-character words, 1 six-character word, and 

1 seven-character word, based on Lexicon of Common Words in Contemporary Chinese Research Team (2008).  

Note that the average length of Chinese words is comparatively shorter than English ones, with 97.2% of written 

words being one- and two-character words (Li & Pollatsek, 2020). 

What further discerns Chinese and English words is the physical layout of words in sentences. Modern 

Chinese texts are written vertically from left to right, lacking physical cues between words (e.g., blank spaces). 
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In contrast, characters are spatially discrete from each other. The absence of delineated word boundaries makes 

the segmentation of words less apparent than characters. Moreover, the concept of words did not appear in 

Chinese until the twentieth century (Li et al., 2015). Even now, most dictionaries are character and not word 

dictionaries. The less well-defined word concepts and the lack of clear word boundaries have sometimes led 

Chinese readers to have divergent segmentation decisions on identical strings, resulting in disagreement on the 

number of characters that constitute a word (Liu et al., 2013).   

In addition, some studies have shown that disrupting word processing, such as inserting blank spaces 

within words or between characters (Bai et al., 2008), masking one of the characters that constitute a word using 

the moving window paradigm (Li et al., 2013), or separating a word and placing the characters on different lines 

(Li et al., 2012) can interfere with reading performance. In contrast, spacing between words elicited a similar 

(Bai et al., 2008) or a facilitative performance in reading times (Oralova & Kuperman, 2021; Zhang et al., 2013) 

or in ambiguous string conditions (Hsu & Huang, 2000) compared to conventional, unspaced characters. 

Collectively, these findings demonstrate that efficient sentence reading requires word identification (e.g., Li et 

al., 2014; Yang et al., 2012), which involves the processing of their constituent characters (e.g., Chen et al., 

2003; Hoosain, 1992). 

Segmentation into words during Chinese Reading 

As indicated earlier, Chinese words are considered as the critical units determining reading efficiency, 

and Chinese readers are accustomed to reading unspaced scripts (e.g., 是个上好的旧式柜，上面点缀着铜钉, 

which means “a fine old piece, all studded with brass nails” in English). Segmenting sentences that do not carry 

word boundary information into words is essential for word identification. However, this process is far more 

than segmenting the contiguous words with no explicitly marked boundaries into individual words, as Chinese 

characters can appear at various positions in words. That is, a character in text strings may act as a one-character 

word (e.g., 面, face) or form a word with its predecessor(s) (e.g., 上面, on top of) or successor(s) (e.g., 面点, 

pastry). Thus, a continuous text can sometimes be segmented into words in several ways (e.g., 上//面点//缀//着/

铜钉 or 上//面//点缀//着/铜钉 or 上面//点缀//着/铜钉). Evidence shows that readers’ performance is very 

likely to be affected by the properties of the possible words that constitute such overlapping ambiguous strings 

(e.g., 上面点, Huang et al., 2021). If the activated word candidates appear more frequently, yet are implausible 

to the sentence context, participants are more likely to spend a longer time fixating on the ambiguous part (Ma 
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et al., 2014). If the frequency of possible two-character words is similar, Chinese readers prefer to segment 

ambiguous strings into left-side style (i.e., AB-C; Huang, & Li, 2020). 

These results can be well explained by the segmentation of text strings into words hypothesis proposed 

by the Chinese Reading Model (CRM; Li & Pollatsek, 2020). This model demonstrates that all characters within 

the perceptual span (e.g., 上面点) are processed in parallel, activating all the words they can compose (e.g., 上

面 and 面点). Since some characters are themselves a word, single-character words are also activated (e.g., 上 

and 面). The activated words then compete with each other for selection (also see Ma et al., 2014; Li et al., 

2009). Multiple-character words (e.g., 上面) have advantages over the words that constitute them (e.g., 上 and 

面), as they receive feedforward activation from all their characters, whereas embedded words (e.g., 上 or 面) 

receive activations only from themselves. Additionally, the frequency of activated words affects competition. 

HF words are more likely to win the competition. Once a word unit wins the competition, the segmentation of 

text strings into words occurs concurrently with its recognition as a target word.  

Interestingly and notably, one could assume that character properties may cause multiple influences on 

the reading times of Chinese words based on the above hypothesis. That is, all activated characters activate and 

facilitate identifying their constituent words (including one-character words). The higher the frequency of a 

character, the stronger the activation of the candidate words, and the less time it takes to retrieve the words. Yet, 

the stronger the activation of a one-character word, the more it interferes with the target (multi-character) word 

and the longer it takes to process at this stage. Although these model assumptions are not yet appropriately 

empirically supported and need further verification and investigation, it could indicate that character FEs may 

affect word recognition due to the need for segmenting text strings into words in Chinese sentence reading.  

Word and character FEs in eye movements 

 Eye movement measures are employed to elucidate the underlying processes in word reading. The two 

basic components of eye movements are saccades and fixations (Rayner, 2009). The former refers to the action 

of quickly moving the eyes to a point, while the latter refers to the moment when the eyes concentrate on a 

point. Moreover, several timed measures can be calculated, based on the duration of fixations: a) first fixation 

duration (FFD), the duration of the first fixation on a word; b) single fixation duration (SFD), the duration when 

the word is fixated only once; c) gaze duration (GD), the duration of all fixations on a word before the next 

(right-side) word in a sentence is fixated; and d) total reading time (TRT), the duration of all fixations on the 

word. Measures such as FFD and GD belonging to first-pass time are generally considered “early” measures and 
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are supposed to reflect processes at the initial stages of word identification. In contrast, measures such as TRT 

that involve the second-pass time (including regressions to previous content while reading) are referred to as 

"late" measures (Boston et al., 2008). Additionally, there is a dichotomous measure that refers to the probability 

of skipping a word in the first-pass reading, the skipping probability. 

Chinese word properties seem to affect reading in similar ways with other highly different scripts when 

looking at eye movement measures. Evidence has shown that influential factors such as word frequency (Ma et 

al., 2015 in Chinese; Rayner et al., 1996; Slattery et al., 2007 in English), word length (Zang et al., 2018 in 

Chinese; Rayner et al., 2011 in English), and predictability (Rayner et al., 2005 in Chinese; Rayner et al., 2011 

in English) in Chinese have similar effects on both number and durations of fixations as in alphabetic language 

reading. Readers make shorter fixations on more frequent (Liu et al., 2016; Wei et al., 2013), shorter (Zang et 

al., 2018), and highly predictable words (Rayner et al., 2005). 

However, the unique features of Chinese script could have substantial influences on reading processes. 

As mentioned, Chinese words are composed of a limited number of characters. The frequency of a word may be 

low, but its constituent characters may be highly frequent. If HF components accelerate reading times for LF 

words, which should surely be more than they do for HF words, then the difference in reading times between HF 

and LF Chinese words may be reduced, or even negligible. A crucial question is whether the robust word FE 

found in alphabetic languages can also be observed in a completely disparate script. Below, we will elaborate on 

the empirical findings with regard to word and character frequency in Chinese reading. 

The word FE in Chinese reading 

Early efforts have investigated the word FE in Chinese sentence reading by means of eye-tracking 

(e.g., Liversedge et al., 2014; Zhou et al., 2018). These studies primarily examine the performance of target 

(content) words embedded in isolated low-constrained sentences. Target words are often categorized into ‘HF’ 

and ‘LF’, and controlled for some influential factors like length and complexity (the number of strokes in a 

character, e.g., Yu et al., 2021, but see Li et al., 2014). These studies found significantly shorter fixation 

durations for HF words (Cui et al., 2021; Liu et al., 2019; Ma et al., 2015; Li et al., 2014; Wei et al., 2013; Yu et 

al., 2021; Yan et al., 2006; Zhou et al., 2018), but there are a few notable deviations from these results 

(Liversedge et al., 2014).  

When reading one-character target words embedded in sentences, the word FE seems less consistent. In 

Liversedge et al. (2014), the main effect of word frequency was not significant in fixation durations (i.e., SFD, 

FFD, and GD) but did show up in the skipping probability. HF words are thus processed as quickly as LF words 
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but are skipped more often. The interaction between word frequency and character complexity was significant in 

SFD and FFD, but not in GD and the skipping probability, showing that words with LF and high character 

complexity are processed more slowly in early stages of word recognition.  

In contrast, Zang et al. (2016) observed the word FE in GD and the skipping probability, even using the 

same test material as Liversedge et al. (2014). Readers spent more time gazing at LF one-character words and 

skipped them less often. Zang et al. (2016) also found a significant interaction between word frequency and 

visual complexity, showing shorter fixations for HF, less complex words. Yet, the interaction was observed in 

GD but not in FFD and SFD, contrary to that of Liversedge et al. (2014). The discrepancy between the two 

studies may be due to low statistical power, with 2880 datapoints of young adults recruited in the former study 

compared to 5120 in the latter. 

When reading a multi-character word in a sentence, it has been consistently found across eye-tracking 

measures that HF words are recognized more quickly than LF words (in two-character words: Liu et al., 2016; 

Liu et al., 2019; Ma et al., 2015; Yan et al., 2006; Yu et al., 2021; in three-character words: Zhou et al., 2018; 

for all word lengths: Li et al., 2014; Yu et al., 2021). Although Wei et al. (2013) failed to find a reliable word FE 

for two-character words in FFD (i.e., only marginally significant in the item analysis and non-significant in the 

subject analysis), the authors do observe it in GD. 

In sum, the word FE appears to be robust in multi-character words in Chinese reading, with a pattern 

similar to that of alphabetic languages (e.g., Li et al., 2014). Yet, since word and character frequencies 

inevitably have certain collinearity, it remains to be determined whether the observed word FEs indeed rely on 

the frequency of the word, or if character frequency also plays a role. To study whether and how characters 

influence word recognition, a few studies have investigated two-character words which can tease apart the 

influence of character and word frequencies, in comparison with single character words, on word recognition. 

The character FE in Chinese reading 

Some existing research has investigated the effect of character frequency on eye movement behavior 

by studying two-character target words embedded in a single sentence (Yan et al., 2006; Yu et al., 2021), often 

using categorical designs based on word and/or character frequency (Cui et al., 2021; Cui et al., 2013; Ma et al., 

2015). In addition to word frequency, these studies also manipulated first (C1) and second character (C2) 

frequency (Yan et al., 2006; Cui et al., 2021) or C1 frequency only (controlling for C2 frequency; Yu et al., 

2021). Surprisingly, different results emerged among the few existing studies, with some observing a facilitative 

(Yan et al., 2006; also see Mattingly & Xu, 1994; Tse & Yap, 2018 in lexical-decision task) or an inhibitory C1 
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FE (Yu et al., 2021; Cui et al., 2021). Others found no influence of character frequency (Li et al., 2014; Ma et 

al., 2015; Cui et al., 2013).  

Yan et al. (2006) observed significantly shorter fixation times in words with frequent C1s in FFD, SFD, 

and GD but not in TRT. The frequency of the C2 did not have an effect (p > .05). The interaction between word 

and C1 frequency was significant in FFD but not in SFD, GD, and TRT, and between word and C2 frequency 

was significant in GD but a hint in FFD. The character FE was negligible for HF words but appeared to have a 

facilitative effect for LF words. Xiong et al. (2023) also observed C1 FEs in LF words but not in HF words in 

sentence reading (i.e., FFD, GD, and TRT) and lexical decision tasks. However, they found inhibitory rather 

than facilitative effects. Notably, they observed an overall facilitative C1 FE in the word naming task but not the 

interaction between word and character frequencies. In contrast, Cui et al. (2021) found an inhibitory character 

FE when analyzing LF two-character words, showing that the higher the frequency of the C1, the longer the 

fixation duration on the entire word. However, the C2 frequency did not affect the fixation duration on the word, 

consistent with what Yan et al. (2006) observed.  

Yu et al. (2021) also observed an inhibitory character FE when analyzing the carefully controlled target 

words (e.g., controlling for the mean frequency of words and their C2s and the mean character complexity 

between HF and LF C1s), with longer FFDs on words with HF C1s (experimental analysis). However, when 

analyzing all words in a sentence (except the first and last ones) from the same corpus and including the 

properties (e.g., frequency) of the current word, its preceding word, and its succeeding word (as well as 

character frequencies etc.) into one analysis (corpus-based)1, a facilitative character FE emerged. The authors 

explained that facilitative character FE could be due to uncontrolled collinearity. Moreover, the interaction 

between word and character frequencies of target words was not significant, contrary to the previous results 

(e.g., Yan et al., 2006). Yu et al., (2021) explained that the discrepancy between the reported character FEs 

could be due to the predictability of upcoming words. High-constraint sentences can narrow the number of 

lexical candidates to those compatible with the sentence context, thereby attenuating lexical competition and 

leading to the facilitative character FE (Yu et al., 2021). It should be noted, however, that the cloze 

 
1 Note that in such an analysis, the properties of each word are analysed twice or three times as the preceding, 

current, and succeeding words. For example, in the sentence “他/大学/的/时候/学习/并/积累/了/大量/的/烟酒/

方面/的/理论/知识/”, the word “时候” could be the next word of “的”, the current word itself, and the 

preceding word of “并”.  
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predictability in both their studies was negligibly low (M = 0.1%, estimated by 80 participants in Yu et al., 

2021, and M = 1.5%, estimated by 10 participants in Yan et al., 2006). 

Finally, some studies did not observe a reliable character FE (Cui et al., 2013; Li et al., 2014; Ma et al., 

2015). Notably, Cui et al. (2013) show that although the C1 of a word had no main effect on word fixation 

duration, fixations on HF C1s were shorter than those on LF ones when sharing the same C2. Furthermore Ma et 

al. (2015) found that the fixations of the pre-target word decrease with the increase of the C1 frequency of the 

target word. In summary, the existing controlled experiments show that the word FE is only reliable in multi-

character words, not in single-character words, whereas the character FE varies in two-character words.  

The present study 

Inspired by the existing evidence, the theoretical inferences, and the above reasons, this study aims to 

investigate the character and word FEs in Chinese reading. Firstly, we will clarify how character frequency 

affects word recognition in natural reading, introducing new empirical evidence to the existing literature. 

Secondly, we will investigate whether the character effect interacts with word frequency. Thirdly, we will 

examine whether there is a word FE, independent of character frequency, in Chinese natural reading. 

Investigating these questions can clarify existing inconsistencies in Chinese character FEs and contribute to 

refining both Chinese reading models and those aimed at explaining universal performance across writing 

systems. 

Note that previous eye-tracking studies have primarily focused on target words embedded in isolated, 

controlled sentences, limited both in the number of stimuli and contextual sentence diversity. Such 

manipulations severely narrow the variations that occur naturally in written language and may not provide a 

comprehensive picture of the word and character FEs or their interaction with other word characteristics. This 

study, therefore, will explore FEs in natural text reading. In addition, existing research mainly consists of small-

scale controlled studies, often with arbitrary categorizations of the frequency variables. That is, HF and LE 

words are classified based on inconsistent and theoretically unsupported frequency means and ranges. However, 

categorizing continuous variables can minimize the probability that observed phenomena were due to stimulus 

selection or reduced statistical power, reliability, or inappropriate rejection of the null hypothesis (Balota et al., 

2004). Thus, this work will investigate frequencies as continuous variables, rather than using dichotomous 

frequency categories (also see Tse & Yap, 2018 for lexical-decision tasks).  

To assess continuous effects of character and word frequency in natural reading, we will employ data 

from the Chinese Ghent Eye-tracking Corpus (GECO-CN; Sui et al., 2023), a high-quality corpus with over a 

https://link.springer.com/article/10.3758/s13423-017-1233-8#ref-CR11
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million datapoints (9 hundred thousand datapoints in Chinese reading). It provides the statistical power to 

reliably detect (minimal) effects and interactions, and can help gain further insight into word and character FEs. 

Additionally, the corpus entails data from readers processing the content of a continuous narrative (i.e., a fiction 

novel). Furthermore, GECO-CN has a diverse range of word stimuli, and thus a wide range of word and 

character frequencies that can be investigated as continuous predictors. It can minimize the probability that 

observed phenomena were due to stimulus selection or reduced statistical power, reliability, or inappropriate 

rejection of the null hypothesis due to categorizing continuous variables (Balota et al., 2004).  

Method 

Participants, Materials, and procedure 

The GECO-CN (Sui et al., 2023) is an eye-tracking corpus in which Chinese-English bilinguals read an 

entire novel. A group of 30 native Chinese speakers with an average age of 25.3 years (SD = 2.60) read half of 

the book in their first language and the other half in their second language. They also took a series of language 

proficiency tests (e.g., HSK test [Chinese Proficiency Test, n.d.]) and answered comprehension questions after 

each chapter. For more details on the experimental procedure, materials, and participants of the database, we 

refer the reader to Sui et al., 2023. As the current work aims to document the FEs of Chinese word and character 

and the potential interaction between them, we only used eye movement data from Chinese reading, more 

specifically, of the two-character content words in the corpus. The Chinese version of the novel contains 59,403 

words, 36331 content words, and 4,835 unique content word types.  

Analysis 

Fixation durations shorter than 100 ms were not considered to reflect meaningful word processing and 

were therefore removed from the analysis (e.g., Sereno & Rayner, 2003). Names (e.g., Mary) (removing 4.82% 

of the data) or words that appear at the beginning or end of a line (removing 11.41% of the existing data) were 

excluded from the analysis to avoid potential contamination and wrap-up effects (e.g., Rayner et al., 1989). This 

left us with 212,135 data points. Reading times that differed by more than 2.5 standard deviations from the 

subject mean in each measure were excluded from the analysis (removing 0.93% ~1.54% of the data for the four 

measures). 

All analyses reported here were performed using R (Version 2021.09.1-372, developed by the R Core 

Team). We ran linear mixed-effects models (LMMs) using the lme4 package (Version 1.1–12). Since this 

experiment used natural materials without any carefully experimental controls, factors affecting word 

processing, besides character and word frequency, were also taken into account to avoid them obscuring the 

https://link.springer.com/article/10.3758/s13423-017-1233-8#ref-CR11
https://link.springer.com/article/10.3758/s13423-017-1233-8#ref-CR11
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results. The model includes word frequency and numbers of word repetitions of the current word (without 

including the properties of preceding and succeeding words to avoid repeatedly including a word property in the 

analysis) in Chinese sessions as word-level predictors, frequency, and complexity of each character being 

character-level predictors, and Chinese proficiency of participants2. The eye-tracking database and analysis code 

used in this study are freely available online3. 

All predictors are continuous variables and were centred. The word and character frequencies used in 

this work are Zipf frequencies, a standardized frequency measure independent of corpus size, in SUBTLEX-CH 

(Cai & Brysbaert, 2010). We obtained the number of strokes of each character from the Modern Chinese 

Dictionary 7th Edition (2016). Random effects of the model were participants and word tokens. The dependent 

variables were eye movement measures, including FFD, SFD, GD, and TRT. The dependent variable was Box-

Cox transformed to normalize the distribution. Such transformation does not change the functional relationship 

between the dependent and predictor variables. 

The model in each reading time measure starts with the same full model. The full model includes 

interactions between word frequency and C1 and C2 frequency, as well as complexity and language proficiency. 

Furthermore, the interaction between C1 and C2 frequency and the main effect of word repetition (as a 

covariate) were included. We first strive to maximize the random factor structure (Barr et al., 2013) and 

compare the incremental model with the full model using restricted maximum likelihood (REML). If the model 

fails to converge or is not significantly different from the full model, the previous model will be used. 

Ultimately, the random factor structure in all reading time measures is unchanged.  

We then discover the optimal model by performing stepwise selection to remove non-significant 

predictor terms. The maximum likelihood is used to select the optimal model, while the REML is used for the 

final optimal model. In addition, to estimating multicollinearity of coefficients in regression models, the 

Variance Inflation Factor (VIF) was calculated for each model, using car package. A VIF greater than 10 is 

considered a problem with severe multicollinearity (Fox & Weisberg, 2010; cited from Dirix & Duyck, 2017), 

whereas a VIF greater than 5 is considered a moderate influence. The largest VIF in the analyses reported below 

is 1.958, indicating there are no multicollinearity issues (see Table 1). 

 
2 Full model: Word_Frequency * (C1_Frequency + C2_Frequency + Language_Proficiency + C1_ Complexity + C2_ 

Complexity) + C1_Frequency * C2_Frequency + Word_Repetitions + ( 1 | Subjects ) + ( 1 |Word_ID) 
3 The data and materials used in this work are from the published eye-movement corpus GECO-CN (Sui et al., 2022): 

https://doi.org/10.3758/s13428-022-01931-3; Link to R-codes: https://osf.io/c87pa. 
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Results 

First fixation duration 

The repetition and C2 complexity effects were significant (see Table 1). Words with fewer occurrences 

or more complex C2s take longer to process. The word and C2 FEs were also significant, showing higher word 

frequency or lower C2 frequency for shorter FFDs at the reference levels (i.e., intercept). Their significant 

interaction indicated that the pattern and magnitude of word FEs change with increasing C2 frequency and vice 

versa (see Fig 1.A). HF words have shorter FFD than LF words when the C2 frequency is less than 6.19 (Zipf 

frequencies; also see Table 2) but do not differ significantly when greater than this value (see Fig 1.A). 

Likewise, the character FE exhibits a facilitative pattern (reading times decrease with increasing character 

frequency) when word frequency is below 2.25 but an inhibitory pattern when above 4.23. The FE disappears 

when word frequency is between these values.  
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Table 1 Analyses of Fixation-Duration Measures 

F
ir

st
 F

ix
a
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n
 

D
u

ra
ti

o
n

 
Predictors Estimate Std. Error t value   p value VIF 

(Intercept) 4.648868 0.012514 371.483  <.001*** 

Word Frequency -0.003585 0.001084 -3.306  <.001*** 1.685 

Second-Character Frequency 0.005209 0.001508 3.454  <.001*** 1.873 

Second-Character Strokes 0.001829 0.000281 6.516  <.001*** 1.182 

Repetition -0.000126 0.000045 -2.824    .005** 1.350 

Word Frequency:Second-Character Frequency 0.004129 0.001112 3.713  <.001*** 1.217 

                

S
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g
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D
u
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o
n

 (Intercept) 4.6485423 0.01265 367.473  <.001*** 

Word Frequency -0.004719 0.0011455 -4.119  <.001*** 1.491 

Second-Character Frequency 0.0052607 0.0016748 3.141    .002** 1.838 

Second-Character Strokes 0.0018508 0.0003127 5.919  <.001*** 1.174 

Word Frequency:Second-Character Frequency 0.0037987 0.0012122 3.134    .002** 1.139 

                

G
a

ze
 D

u
ra

ti
o

n
 (Intercept) 2.700000 0.003767 716.619  <.001*** 

Word Frequency -0.001530 0.000375 -4.076  <.001*** 1.932 

First-Character Frequency -0.001115 0.000444 -2.511    .012* 1.509 

Second-Character Frequency 0.002270 0.000499 4.553  <.001*** 1.958 

Second-Character Strokes 0.000520 0.000091 5.731  <.001*** 1.181 

Repetition -0.000040 0.000014 -2.806    .005** 1.351 

Word Frequency:Second-Character Frequency 0.001793 0.000360 4.985  <.001*** 1.217 

                

T
o
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T
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(Intercept) 2.158000 0.002300 938.315  <.001*** 

Word Frequency -0.000880 0.000229 -3.840  <.001*** 1.751 

First-Character Frequency -0.000863 0.000285 -3.029    .002** 1.507 

Second-Character Frequency 0.001493 0.000318 4.696  <.001*** 1.933 

Second-Character Strokes 0.000230 0.000058 3.968  <.001*** 1.175 

Word Frequency:Second-Character Frequency 0.001111 0.000224 4.973   <.001*** 1.141 

*p < .05. **p < .01. ***p < .001 (p values were calculated using lmerTest package) 
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Figure 1. Plots of the effect of second-character frequency on word frequency in predicted first fixation duration 

(A), single fixation duration (B), gaze duration (C), and total reading times (D). The grey shadow is the 

confidence interval. 
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Table 2 Tests for Linear Regression 
F
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  Word Frequency     Second Character Frequency  

 Facilitative Inhibitory   Facilitative Inhibitory 

Second Character Frequency 6.1933 7.5754  Word Frequency 2.2461 4.2348 

Chisq 3.8458 2.6837  Chisq 3.8474 3.8658 

Pr(>Chisq) 0.0499 0.1014  Pr(>Chisq) 0.0498 0.0493 

               

S
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D
u
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  Word Frequency 
 

 Second Character Frequency  

 Facilitative Inhibitory   Facilitative Inhibitory 

Second Character Frequency 6.4607 7.5754  Word Frequency 1.4744 4.2554 

Chisq 3.8535 0.6643  Chisq 3.6883 3.8439 

Pr(>Chisq) 0.0496 0.4150  Pr(>Chisq) 0.0548 0.0499 

               

G
a

ze
 

D
u

ra
ti

o
n

  Word Frequency 
 

 Second Character Frequency  

 Facilitative Inhibitory   Facilitative Inhibitory 

Second Character Frequency 6.2837 7.4507  Word Frequency 2.7251 4.0753 

Chisq 3.8595 3.8665  Chisq 3.8445 3.8448 

Pr(>Chisq) 0.0495 0.0493  Pr(>Chisq) 0.0499 0.0499 

               

T
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 Word Frequency 
 

 Second Character Frequency  

 Facilitative Inhibitory   Facilitative Inhibitory 

Second Character Frequency 6.2387 7.3107  Word Frequency 2.5883 4.0234 

Chisq 3.8604 3.8477  Chisq 3.8610 3.8570 

Pr(>Chisq) 0.0494 0.0498   Pr(>Chisq) 0.0494 0.0495 

*p < .05. 

 

Single Fixation Duration 

The SFD pattern was similar to that of FFD (see Table 1). Except for the repetition, the word and its C2 

FEs, their interaction, and the C2 complexity effect were still present. Words with fewer strokes have shorter 

SFD, while the word or C2 FEs depends on the other. The word FE shows a negative pattern when the C2 is less 

than 6.46 and disappears when above it (see Table 2 and Fig 1.B). Similarly, an inhibitory character FE occurs 

when word frequency exceeds 4.26, but it disappears when below this threshold. While character frequency is 

visually facilitative trended when word frequency is low, it is not significant.  

Gaze Duration 

At the word level, frequency and repetition effects were significant (see Table 1). Repetition has an 

expected facilitative effect on GD. At the character level, C1 frequency, C2 frequency, and C2 complexity 

effects were significant. Words with higher C1 frequency or fewer C2 strokes were processed faster. The effect 

of word frequency on GD was influenced by C2 frequency, as their interaction was significant. GD decreased as 

word frequency increased when the C2 frequency was below 6.28, unaffected when between 6.28 and 7.45, and 

increased when above 7.45 (see Table 2 and Fig 1.C). Likewise, words with an HF C2 took less time to read 
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than those with LF characters when the word frequency was below 2.73 but more time when it exceeded 4.08. 

The character effect disappeared when word frequency was between 2.73 and 4.08.  

Total Reading Time 

The effects of word frequency, C2 frequency, their interactions, and C2 complexity were significant, 

consistent with the aforementioned measures (see Table 1) and exhibited similar effect patterns. Similar to those 

found in GD, there was a statistically significant facilitative C1 FE. Additionally, facilitative, flattening, and 

inhibitory word FEs were observed when the C2 frequency was below 6.24, between 6.24 and 7.31, and above 

7.31, respectively (see Table 2 and Fig 1.D). Also, the character FE appears only when word frequency is below 

2.73 and above 4.08, showing facilitative and inhibitory trends, respectively. 

Discussion 

This study investigated the impact of word and character frequencies on eye movements in natural 

Chinese reading. Our first goal was to understand the effect of character frequency on visual word processing. 

The results showed that (first- and second-) character properties affect word processing. The C1 frequency has a 

facilitative effect on word processing, while the C2 frequency has an overall inhibitory effect. Our second goal 

was to investigate potential interactions between character and word frequencies. We found an interaction 

between word and C2 frequencies, with the direction of C2 FE varying with word frequency and vice versa. Our 

third goal was to study whether the word FE was present in natural reading after accounting for character 

frequency. Evidence shows that the overall facilitative word FE persists. In the next section, we address the 

word- and character-level results in detail and discuss their theoretical relevance for Chinese reading.  

Character FE  

First character 

Our first key finding was the effect of C1 frequency on word processing times. Word fixation duration 

decreased as the C1 frequency increased. The common facilitative FE we found seems consistent with Yan et al. 

(2006) but contrary to what was reported by Cui et al. (2021) and Yu et al. (2021). Although previous studies 

obtained inconsistent FE patterns of C1, when only analyzing the target word, they all observed it in FFD but 

not in TRT. Contrary to previous experiments, we found the C1 frequency effects in GD and TRT but not in 

FFD and SFD, demonstrating that the C1 frequency affects the early and late stages of the word recognition 

process. 

One possible reason for not having detected the C1 FE in FFD and SFD could arise from parafoveal 

processing. As illustrated, segmenting continuous text into words is necessary for reading in Chinese. To decide 
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on word boundaries, readers may benefit from the parafoveal processing on the un-fixated character to the right 

of the fixation point (Yang et al., 2009). The C1 of a word is likely to have been processed to some extent in the 

last fixation, affecting its influence on the current fixation. This postulation is supported by previous findings in 

which the lexical properties of the subsequent word affect the current word processing (Li et al., 2014). It is also 

supported by additional analyses in the present study, which incorporated the frequencies of pre- and post-target 

characters or words. The results show that the frequency of post-target characters or words significantly affects 

current word processing, whereas the frequency of pre-target characters or words does not (see Table S.1 and 

Table S.2 in the Supplementary materials). This could explain the absence of a) the C1 FE in FFD and SFD; b) 

the C1 complexity effect and the interactions between word frequencies and C1 frequency or complexity 

throughout the time course of word processing in this work (see Table 1).  

What differentiates previous work from the current study regarding C1 processing is that we studied 

natural reading in context. Some previous studies presented target words embedded in low-constraint sentences, 

which often avoid using ambiguous words (Cui et al., 2021; Cui et al., 2013), or sometimes with certain rules of 

preceding and following verbs and commas (Yan et al., 2006). Such experimental manipulations may reduce the 

need for parafoveal processing by easing the segmentation of text strings into words, either through the use of 

punctuation marks, which can serve as explicit word boundaries and the exclusion of ambiguous words. As a 

result, readers may rely less on parafoveal processing for this process than in natural reading, which we studied 

here.  

Indeed, in our study sentences are neither controlled nor manipulated, allowing readers to read as they 

would in daily life. Therefore, it is not surprising that the C1 effect appeared in FFD in controlled studies but not 

in ours. This finding is also in line with studies that report a low degree of correspondence between paradigms 

in psycholinguistics (with lowest correspondence on early eye-tracking measures; see Dirix et al., 2019; 

Kuperman et al., 2013). The C1 FE found in our work may not reflect the complete character processing due to 

the parafoveal processing discussed above, which might (at least partially) explain the difference with previous 

findings where the C1 may have been full processed (e.g., Cui et al., 2021). Below, we will discuss possible 

reasons for the different results between the previous work and ours that can be ruled out.  

One could argue that the facilitative character FE found in our own and Yan et al. (2006)’s work is an 

artifact of predictability, as Yu et al. (2021) suggested. Indeed, word anticipation could reduce competition 

between the target word and the candidate words (including one- and multiple-character words) whose 

meanings are implausible in the sentence context, resulting in target word reading facilitation. However, since 
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no empirical evidence nor theoretical assumptions have suggested that predictability affects C1 but not C2, we 

expected a facilitatory effect of the C2 frequency as well. Yet, we observed facilitative as well as absent and 

reversed FEs of C2, which will be discussed in detail below. It is apparent that the predictability explanation 

account for some of our results (i.e., facilitative C1 and C2 FEs), but not all (i.e., absent and inhibitory FEs of 

C2).  

Second character 

 The second remarkable finding of this work is the reliable C2 FE in all reading time measures. 

Previous studies only found a FE of the C1 (e.g., Yan et al., 2006; Cui et al., 2021). This work, however, is the 

first to observe the significant main effect of the C2, demonstrating that its frequency affects both the early- and 

late-stages of the word recognition process. In addition to the possible reasons for the parafoveal processing 

discussed above, it is worth noting that Yu et al. (2021) only manipulated the frequency of the C1 and controlled 

that of the C2, making an estimation of the C2 FE impossible. In Yan et al. (2006), the authors did not detect a 

main effect of the C2 frequency but observed a significant interaction between the C2 and word frequency, 

consistent with the current findings. 

Before proceeding, it is important to clarify two things: (a) whether the underlying processes differ for 

C1 and C2 reading; (b) whether the two characters in a word influence each other. If one of (a) and (b) is 

fulfilled, it would be inappropriate to compare the FE of C2 either to the C1 or to studies where the C1 has been 

fully processed. Cui et al. (2021) suggested that since HF C1s appear more often as the initial character of words 

than LF C1s, by definition, and have larger morphological family sizes, they are less predictive of the C2 in 

two-character words. Thus, the fixation duration on the C2 should be longer, consistent with what they found.  

From this, they explained that the inhibitory C1 FE they found in LF words was a carry-over effect due 

to morphological family size. Hence, according to Cui et al. (2021), the processing of the C2 is affected by the 

frequency of the C1 and may have a different underlying process than the C1. However, if C2 processing is 

largely constrained by the characteristics of the C1, the properties of the C2 should have minimal effects on 

word reading. That is, if two different C1s have similar morphological family sizes, the processing time of the 

accompanying C2s, regardless of their frequency and complexity, should be similar.  

However, the interaction between the C1 and C2 frequencies was not reliable in the current and 

previous work. Instead, the current study demonstrated reliable C2 FEs in all time measures, arguing against the 

above inference. Additionally, Yu et al. (2021) argued on the basis of a post hoc analysis that, although 

statistical power was small, the morphological family size might not be responsible for the inhibitory character 
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FE they observed. Collectively, the frequency of the C1 seems unlikely to influence the C2 processing or to be 

different from its process.  

Interestingly, our findings regarding the fully processed C2 frequency seem to be consistent with 

previous results that contradict each other (e.g., Yan et al., 2006; Yu et al., 2021). The facilitative character FE 

of shorter fixation duration for HF characters observed in LF words (see Table 2) was consistent with Yan et al. 

(2006). In contrast, the inhibitory pattern found in HF words was similar to that of Yu et al. (2021) and Cui et al. 

(2021), showing that higher character frequency was related to longer word fixation duration. The character FE 

was absent in medium-frequency words, congruent with the findings of Yan et al. (2006) and Cui et al. (2021) in 

their HF condition. It may explain why some studies failed to obtain the character FE (e.g., Li et al., 2014).  

One potential concern is that the observed overall inhibitory FE for C2 may be due to the repeated 

occurrence of the same C1 paired with different C2s (e.g., “命令” (order) vs. “命运” (destiny)). To examine 

this, an additional factor was incorporated into models to assess whether a C2 had previously appeared with the 

same C1. The results show that the overall inhibitory FE on C2 remained unchanged even after controlling for 

this factor, ruling out this possibility (see Table S.3 in the Supplementary materials). Another concern is that the 

observed effects could be an artifact of predictability, given that the study used natural materials, which are 

arguably more influenced by predictability than experimentally designed materials. To address this concern, 

additional analyses were conducted by incorporating the predictability derived using the same method as in 

Boeve and Bogaerts (submitted). The results show that the observed character FEs persisted even after 

accounting for predictability, thereby arguing against this possibility (see Table S.4 in the Supplementary 

materials). 

In sum, the variation of the character FE found in this work reiterates the importance of having a wide 

range of test stimuli and using them as continuous factors. Otherwise, the obtained results may reflect only part 

of the effect and lead to unnecessary contradiction and confusion, as shown by previous evidence. So far, there 

are some explanations for the character FE. Cui et al. (2021) indicated that the inhibitory character FE was due 

to the morphological family size, which we have discussed above, and argued against it being the main reason 

for the character FE. The Chinese E-Z Reader (CEZR) proposed by Yu et al. (2021) involves an interesting 

alternative, independent of morphological or neighborhood family size. We will explore in detail whether CEZR 

and CRM (Li & Pollatsek, 2020) can explain the current results after discussing the word FE. 
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Word frequency effect 

Consistent with previous studies on Chinese (Wei et al., 2013) and alphabetic language reading (Cop et 

al., 2015; Rayner & Duffy, 1986), this work also observed a significant facilitatory main effect of word 

frequency across all measures. HF words had shorter fixation durations than LF words at the reference level. 

Furthermore, the word FE was found to be modulated by character frequency: the facilitative word FE decreases 

and even reverses as the character frequency increases. These findings suggest that word frequency affects word 

recognition and C2 frequency throughout the processing stage. 

The facilitative word FE appears when the C2 frequency is less than 6.2 (the highest character 

frequency in Cai & Brysbaert (2010) is about 7.64). It is apparent that this pattern is the most frequently 

observed in Chinese reading (e.g., Cui et al., 2021; Wei et al., 2013). In addition, the fixation duration on words 

with HF characters is often shorter than those with LF characters (see Figure 1). Thus, experiments that 

categorize the continuous frequency variables are likely to find the facilitative word FEs only, which is also the 

case in literature (e.g., Ma et al., 2015; Yan et al., 2006). It also reiterates the importance of studying continuous 

variables to detect the full picture of the effect. When the C2 frequency exceeds about 6.2, the word FE is no 

longer significant due to the strong influence of C2 frequency. It could clarify the previously found seemingly 

counterintuitive results, where weak or absent word FE may be due to the influence of the character frequency 

rather than low statistical power or design flaws (e.g., Liversedge et al., 2014; Wang et al., 2018).  

At extremely high C2 frequency (> 7.3), there was a tendency for an inhibitory word FE, which only 

occurred in GD and TRT (see Figure 1 and Table 2). Indeed, such an effect is expected because word FE should 

change as C2 frequency increases in a similar way to how word frequency affects character FE. Yet, the number 

of stimuli under this condition is limited even in this very large-size database. Further investigation is needed to 

verify the stability and reproducibility of the inhibitory word FE. Notably, various patterns of the word and 

character FEs are unlikely to be fully noticed in isolated word recognition. The predetermined word length in 

the isolated word condition allows for the quick exclusion of word candidates of different lengths (e.g., one-

character words), thereby limiting the influence of character frequency on word retrieval. It may explain the 

observation of only facilitative word and character FEs in the lexical-decision task (Tse & Yap, 2018), 

suggesting that experimentally controlled tasks may not reflect the natural reading process fairly (also see Dirix 

et al., 2019; Kuperman & Van Dyke, 2013). 

Our findings regarding the word FE have several theoretical implications. First, it strengthens the 

argument that words are indeed an important processing unit in Chinese reading, although their word boundaries 
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are less explicit than in characters (Li et al., 2014). Their properties influence eye-movement measures during 

reading. Second, the interaction between word and character frequencies indicates that the word FE observed in 

Chinese sentence reading is influenced by the character frequencies of its constituents, exhibiting facilitative, 

absent, or even inhibitory patterns. Moreover, their interaction allowed us to learn the extent of their influence 

on each other. Given the word FE is only affected by relatively HF characters, one can infer that the influence of 

word frequency is greater than that of character frequency. 

One might argue that, in some cases, the Chinese word processes might qualitatively differ depending 

on their word frequency. In fact, Cui et al. (2021) indicated that HF words could be processed as a holistic unit, 

and character property only plays a role in LF words. This suggestion could explain the absence of character FE 

in HF words found previously (Yan et al., 2006; Cui et al., 2021), it cannot account for the reversed character 

FE we found. Therefore, word processing is unlikely to vary with word frequency. One could also argue that 

word processing may differ between isolated word conditions and natural reading. Indeed, clear word 

boundaries in isolated word conditions could facilitate word recognition and prevent misinterpreting a part of a 

word (i.e., free morpheme) as an individual word or a part of another word. Such misinterpretations could 

adversely affect word recognition (Juhasz et al., 2005). As a result, any competition between a word and its 

components is likely to be quickly suppressed, limiting component interference in word recognition. In contrast, 

the competition among candidate words during natural reading is likely more intense due to the absence of clear 

word boundaries. Thus, Chinese characters may play a larger and more complex role in word processing in 

natural reading, where the segmentation of text strings into words is required than in the isolated word 

condition.  

Additionally, bilingualism may be argued to affect the exploration of FEs in Chinese reading. 

However, previous research has shown that word FEs are affected by language proficiency rather than 

bilingualism, indicating no notable distinction between monolinguals and bilinguals in native language 

processing (Cop et al., 2015). Furthermore, no empirical or theoretical supports suggests that bilingualism 

influences character FEs. Additionally, since English is a compulsory course in China starting no later than 

junior high school, recruiting young adults who only speak Mandarin is a considerable challenge, even in China. 

Therefore, there is no reason to assume that the current results are qualitatively different from previous related 

findings. Nonetheless, future research is needed to investigate these issues. 
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Implications for Chinese reading models and research 

A reputable Chinese reading model should be able to explain existing results. To do so, it should posit 

a role for character processing and incorporate its influence on word frequency into word processing. However, 

some existing models are designed for character identification (e.g., split-fovea model, Hsiao & Shillcock, 2004, 

2005) and cannot explain the widely observed word FE (e.g., Li et al., 2014; Yu et al., 2021). Conversely, some 

are designed to illustrate word processing without character processes engaged (e.g., extended E-Z Reader 

model, Rayner et al., 2007). These are clearly at odds with the observed character FE (Yan et al., 2006). There 

are also models based on word identification and including the role of characters, namely the CRM (Li & 

Pollatsek, 2020) and the CEZR (Yu et al., 2021). While they can explain the word and character FEs found 

previously well, they fail to explain the novel results we observed.  

In CEZR (Yu et al., 2021), word processing is related to how words are segmented. If the processing 

time of the first unidentified character exceeds a certain threshold, as may be the case with a LF C1 in a two-

character word, the word-identification system initially infers it as a single-character word with a shorter 

fixation. In contrast, if the processing time does not exceed the threshold and is less than the time to process the 

combination of C1 and C2, for instance in HF C1 words, the word-identification system infers it as a two-

character word with longer fixation. Although these hypotheses may seem counterintuitive, they can explain the 

obtained inhibitory character FE. The authors argued that their model predicts a facilitative character FE for 

non-target words (i.e., all words in the sentence except the target) while the character FE for carefully controlled 

target words is inhibitory. The failure to observe the facilitative character effect in the analysis of target words is 

due to the strong collinearity of words and character frequencies. CEZR (Yu et al., 2021) appears to be able to 

explain the standard word FE as well as both facilitative and inhibitory character FEs obtained in this work. 

However, it does not fully account for the conditions under which different character FEs occur. In addition, it 

seems unable to explain the C2 FE we found, as it states the role of the C1 but does not specify if and how the 

C2 impacts word recognition. Therefore, it is even less able to explain the interaction between the C2 and the 

word frequencies this study observed. 

In contrast, CRM (Li & Pollatsek, 2020) is able to account for the effects of the C2 properties. Note 

that C1 in this study may be affected by parafoveal processing from the last fixation, and thus only C2 is 

discussed below. However, since CRM (Li & Pollatsek, 2020) does not elucidate the role of character frequency 

on word frequency, it is unable to fully explain the interactions reported here unless further assumptions are 

proposed. As discussed, the model assumes that character frequency affects word recognition in a hybrid 
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manner. HF characters can greatly facilitate the retrieval of the words they constitute, but also induce more 

protracted interference as single-character words in lexical competition (also see Li et al., 2022). The amount of 

word processing time is affected by the magnitude of the character impact at different stages.  

If one further hypothesizes that character frequency interacts with word frequency at the word retrieval 

stage, as an extension of CRM (Li & Pollatsek, 2020), then our results can be well explained. That is, when 

word frequency is low, word retrieval is difficult and time-consuming. It can benefit more from its HF 

components. The amount of facilitation from the HF character could be more influential than the prolonged time 

of the interference it causes. Its counteracted effect may be greater than that of LF characters, therefore 

demonstrating a facilitative character FE in LF words, as found in this work. Conversely, as the word frequency 

increases, the word is easier to access from memory and therefore benefits less from HF characters. The 

facilitation of HF characters may not differ much from that of LF characters, yet it still causes more interference 

in lexical competition. Its interference may affect word processing more than its facilitation, with a greater 

residual effect than for LF characters. Thus, the fixation durations of words with LF characters are shorter than 

those with HF characters, consistent with the inhibitory character frequency we found in HF words. Whereas in 

medium-frequency word, the counteracted effect of facilitation and interference of HF characters may be 

quantitatively similar to those of LF characters. Thus, the processing times of HF and LF characters are not 

statistically different, explaining the absent character FE this study found. 

Likewise, LF characters cause limited facilitation and interference. Therefore, words with higher 

frequency are processed faster than those with lower frequency. Conversely, HF characters cause high 

interference but greatly facilitate word retrieval for LF words compared to HF ones. After counteracting the 

influence between facilitation and interference, the word FE could illustrate a flattened or even a reversed trend. 

These assumptions could explain the facilitative and absent word FEs we found and provide a theoretical 

hypothesis for the inhibitory trends when the frequencies of its characters are fairly high. In sum, the present 

study showed that both character and word frequency influence word reading, and influence each other, already 

in early stages of word recognition, until late stages.  

An alternative inference that somewhat differs from the CRM (Li & Pollatsek, 2020) might also 

account for the current findings. While the LF multiple-character word retrieval is time-consuming, HF 

characters can quickly access one-character words. One-character words that are not plausible in the sentence 

context can be quickly excluded, resulting in reconsidering multiple-character words. That is, the segmentation 

of text strings into words may occur more than once. Thus, the LF multiple-character words with HF characters 
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should be processed faster than those with LF ones. In contrast, HF multiple-character words can be quickly 

retrieved and compete with single-character words activated by HF characters but not with LF single-character 

words. Therefore, HF multiple-character words with HF characters are expected to be processed slower than 

those with LF characters. Future research needs to verify how exactly word and character frequencies are 

engaged in Chinese reading, as they are undoubtedly vital for understanding Chinese reading.  

Nevertheless, the novel findings in this work can be an important new “benchmark” with significant 

implications for assessing theoretical assumptions of Chinese reading. Future model developments should be 

able to simulate the findings reported here, derived from a large corpus of natural reading. Future research on 

Chinese reading and aiming to seek computational models or mechanisms should pay more attention to natural 

reading behavior, given the unique features of the Chinese writing system. Furthermore, future studies should be 

cautious in categorizing continuous variables to ensure a comprehensive understanding of their effects.  

Conclusion 

This work, we believe, is the first to test the continuous effect of Chinese word and character 

frequencies across the entire ranges in text reading. In the present study, the word FE exhibited facilitative and 

flattening patterns with the change of character frequency, demonstrating that word frequency interacts with 

character frequency. Additionally, the current study observed all the seemingly contradictory character FEs 

(e.g., facilitative, flattening, and inhibitory) found in previous research (e.g., Li et al., 2014; Yan et al., 2006), 

indicating the different appearance of the character FE is due to the variation in word frequency. Finally, our 

findings emphasize the importance of using natural reading material to explore effects as continuous variables in 

statistically powerful research to reveal the full picture of effects.  
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