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Abstract
While much previous work on reading in languages with alphabetic scripts has suggested that
reading is word-based, reading in Chinese has been argued to be less reliant on words. This is
primarily because in the Chinese writing system words are not spatially segmented, and characters
are themselves complex visual objects. Here, we present a systematic characterization of the
effects of a wide range of word and character properties on eye movements in Chinese reading,
using a set of mixed-effects regression models. The results reveal a rich pattern of effects of the
properties of the current, previous, and next words on a range of reading measures, which is
strikingly similar to the pattern of effects of word properties reported in spaced alphabetic
languages. This finding provides evidence that reading shares a word-based core and may be
fundamentally similar across languages with highly dissimilar scripts. We show that these findings
are robust to the inclusion of character properties in the regression models, and are equally reliable
when dependent measures are defined in terms of characters rather than words, providing strong
evidence that word properties have effects in Chinese reading above and beyond characters. This
systematic characterization of the effects of word and character properties in Chinese advances our
knowledge of the processes underlying reading and informs the future development of models of
reading. More generally, however, this work suggests that differences in script may not alter the
fundamental nature of reading.
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The past four decades of eye movement research has demonstrated that readers’ eye
movements are sensitive to a range of properties of the words being read. As a result,
dominant models of eye movement control in reading take words to be the basic units of
ongoing processing and of saccade targeting (Engbert, Longtin, & Kliegl, 2002; Engbert,
Nuthmann, Richter, & Kliegl, 2005; Reichle, Pollatsek, Fisher, & Rayner, 1998; Reichle,
Pollatsek, & Rayner, 2012; Reichle, Rayner, & Pollatsek, 2003; Reichle, Warren, &
McConnell, 2009; Reilly & Radach, 2006; but see S. N. Yang & McConkie, 2001).
However, the majority of this research has examined readers of alphabetic languages such as
English, in which words are salient perceptual tokens, separated from each other by spaces.
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In contrast, in Chinese orthography, words are not spatially segmented, and the characters
that compose them are themselves quite visually complex, leading a number of researchers
to suggest that characters are the more important unit of processing (e.g., Chen, 1996; Chen,
Song, Lau, Wong, & Tang, 2003; Hoosain, 1991, 1992).

Studies of eye movements of Chinese readers have shown that properties of both words and
characters have effects on eye movements (e.g., G. Yan, Tian, Bai, & Rayner, 2006),
suggesting that eye movements in Chinese are driven by a complex process generally
sensitive to linguistic properties at both word and character levels (see a recent 2013 Special
Issue of the Journal of Research in Reading for discussion of relevant issues). The present
work takes a step towards elucidating this process by systematically characterizing the ways
in which the eye movement record in Chinese is sensitive to word and character properties.
To do this, we employed mixed-effects regression modeling of an eye movement corpus of
Chinese text, simultaneously measuring the influence of a range of word and character
properties1. The results of this analysis revealed that, while character properties clearly play
a large role in determining Chinese readers’ eye movements, the pattern of effects of word
properties in Chinese is remarkably similar to that in languages written with alphabetic
scripts, suggesting that the underlying processes driving eye movements across very
different orthographies may in fact be highly analogous.

Eye movement studies in alphabetic languages have shown that a word’s linguistic
properties, such as its frequency and predictability, affect both the number and duration of
fixations it will receive. For example, low frequency words are fixated longer than high
frequency words (Inhoff & Rayner, 1986; Miellet, Sparrow, & Sereno, 2007; O’Regan &
Jacobs, 1992; Rayner, Ashby, Pollatsek, & Reichle, 2004; Rayner & Duffy, 1986; Rayner,
Reichle, Stroud, & Pollatsek, 2006; Rayner, Sereno, & Raney, 1996; Slattery, Pollatsek, &
Rayner, 2007; Vanyukov, Warren, Wheeler, & Reichle, 2012; White, 2008), and words that
are less predictable in context are fixated longer than more predictable words (Balota,
Pollatsek, & Rayner, 1985; Kliegl, Grabner, Rolfs, & Engbert, 2004; Kliegl, Nuthmann, &
Engbert, 2006; Miellet et al., 2007; Rayner et al., 2004; Rayner et al., 2006; Rayner,
Slattery, Drieghe, & Liversedge, 2011; Rayner & Well, 1996; Vainio, Hyönä, & Pajunen,
2009).

Furthermore, in alphabetic languages, it has also been demonstrated that fixation times on a
word are affected by the linguistic properties of at least some other nearby words. For
example, a difficult preceding word can lead to more and longer fixations on the next word;
this is referred to as a spill-over effect (Henderson & Ferreira, 1990; Kliegl et al., 2006;
Pollatsek, Reichle, Juhasz, Machacek, & Rayner, 2008; Rayner & Duffy, 1986). Moreover,
some studies have even found that fixation durations are affected by the properties of the
subsequent word, termed parafoveal-on-foveal effects (Drieghe, Brysbaert, & Desmet, 2005;
Inhoff, Starr, & Shindler, 2000; Kennedy & Pynte, 2005; Kliegl, Risse, & Laubrock, 2007;
Pynte, Kennedy, & Ducrot, 2004; M. Yan, Richter, Shu, & Kliegl, 2009; J. Yang, Wang,
Xu, & Rayner, 2009). However, these results have not always been replicated (Rayner,
Juhasz, & Brown, 2007; Schotter, Angele, & Rayner, 2012; Schotter, Blythe, et al., 2012;
White, 2008; White & Liversedge, 2004).

1The method of analysis we use in this work, a statistical analysis of a large eye movement corpus in which a number of measures are
analyzed for most words in the text, has yielded a few results that do not seem to be found in controlled experiments that analyze a
single target word. Most notably, some parafoveal-on-foveal effects (i.e., the influence of the word to the right of fixation on the
currently fixated word) appear to only have robust support from statistical corpus analyses. Unfortunately, the reasons for such
differences are still poorly understood (Kliegl, 2007; Rayner, Pollatsek, Drieghe, Slattery, & Reichle, 2007). Given this, we believe
that the results we report here should also be examined using controlled experiments.
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The fact that linguistic properties of words exert such influence over eye movement control
in reading has been taken as evidence that words are the basic units of ongoing processing in
reading. Further support for this notion comes from analyzing the eyes’ initial landing
positions on words. The data show that landing positions cluster at or just left of the center
of words, suggesting that words may be not only the basic units of perceptual encoding, but
also the functional targets of saccades (McConkie, Kerr, Reddix, & Zola, 1988; Rayner,
1979).

In Chinese, it is much less clear that such a word-based view of reading would apply as
Chinese orthography differs from alphabetic languages in many respects. One reason for this
is that the character system is very different. There are more than 5000 characters in Chinese
– orders of magnitude higher than the number of characters in alphabetic scripts – and the
information density in each Chinese character is much higher than in alphabetic scripts
(Hoosain, 1991). Whereas in alphabetic languages, all characters are visually simple and all
occur in text with high frequencies, Chinese characters exhibit substantial diversity in both
their frequency and their visual complexity, being composed of anywhere from 1 to more
than 20 strokes. It would be surprising if eye movements in reading were not a sensitive
index of this diversity, and indeed, effects of character complexity (H. Yang & McConkie,
1999) and frequency (Cui, Bai, Yan, Hyönä, Wang & Liversedge, 2013; G. Yan et al., 2006)
on eye movements in reading in Chinese have been reported, despite the lack of such effects
in alphabetic languages2.

These differences in character orthography are necessarily also reflected by differences in
word orthography. As characters in Chinese each contribute more information than
characters in alphabetic scripts, words are much shorter, the vast majority being composed
of just one or two characters. In one published source (Lexicon of common words in
contemporary Chinese, 2008), 6% of word types are single-character words, 72% are 2-
character words, 12% are 3-character words, 10% are 4-character words, and less than 0.3%
are longer than 4 characters. A more critical difference between Chinese and alphabetic
scripts in this regard is that there are no physical cues between words (i.e., spaces) in
Chinese text to mark word boundaries. Rather, text written in Chinese is formed by strings
of equally spaced box-shaped characters. Chinese readers thus have to depend on lexical
knowledge to segment characters into words (Li, Rayner, & Cave, 2009), and so characters
– not words – are the perceptually salient tokens in a line of text.

These facts have led a number of researchers to suggest that characters are more important
than words for Chinese readers. Chen and colleagues (Chen, 1996; Chen & Zhou, 1999)
argued that characters function as the perceptual encoding units for Chinese readers, because
individual characters have such high complexity, exhibit character superiority effects, and
are the physically segmented units of Chinese text. Additionally, Chen et al. (2003)
described a regression analysis of an eye movement corpus of Chinese text assessing the
contributions of both character and word properties, similar in spirit to that presented here.
They argued that their analysis showed evidence that – at least for adult readers – character
properties play a larger role in determining eye movements than word properties. However,
these results are not conclusive because the word properties they analyzed in their model did
not include two of the word properties with the largest effects on eye movements: word
frequency and predictability. Similarly, Feng (2008) argued that the fact that reading appears
to be word-based in alphabetic languages with spaces is just a reflection of the fact that the

2Note that although we compare Chinese characters and English characters, we do not argue that they are linguistically similar. We
compare them just because they are both salient units, since there are small spaces between characters in both writing systems. Many
Chinese characters carry some semantic information, and as such it may be argued that Chinese characters are analogous to
morphemes in English.
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spaces between words in the orthography provide a useful cue that readers learn to take
advantage of. He suggested that if his hypothesis is correct, the implications for Chinese
reading are that we should not expect reading to be similarly word-based, since Chinese
orthography does not provide such cues.

Finally, apart from the properties of the orthography itself, there are also a number of
reasons to believe that the concept of the word is less salient in Chinese than the character: it
is characters rather than words that are the basic units in Chinese dictionaries, and native
speakers often have some disagreement on the locations of word boundaries in text
(Hoosain, 1991, 1992; Liu, Li, Lin, & Li, 2013). A number of Chinese linguists even argue
that the concept of a word is mostly borrowed from Indo-European languages, and the
concept may not be applicable in Chinese (H. J. Wang, 2007; J. Wang, 2009; Xu, 1994,
2005). These arguments and experimental results suggesting that characters are more
important than words in Chinese suggest that the processes underlying reading behavior may
be qualitatively different because of these differences in orthography.

Perhaps some of the most striking evidence that reading in Chinese is different from reading
in languages with alphabetic orthographies comes from studying the eyes’ initial landing
position within words, the preferred viewing location (Rayner, 1979). In languages with
alphabetic scripts, the strongest evidence that word centers are the targets of saccades are
analyses showing that initial fixations cluster just left of the center of words (McConkie et
al., 1988; Rayner, 1979). In Chinese, there is disagreement about whether readers adopt a
word-based targeting strategy. While some studies reported flat preferred viewing location
curves (Tsai & McConkie, 2003; H. Yang & McConkie, 1999), M. Yan, Kliegl, Richter,
Nuthmann, and Shu (2010) presented evidence that initial fixations similarly clustered
around the center of words in Chinese when only one fixation was made on a word, but
peaked toward the beginning when there were multiple fixations. However, Li, Liu, and
Rayner (2011) presented simulation results showing that even a simple model that assumes
that saccades travel constant distances could generate the same kinds of initial fixation
distributions as observed by M. Yan et al. Thus, Li et al. concluded that saccade targeting in
Chinese may not be word-based, as it appears to be in other languages. Moreover, Zang,
Liang, Bai, Yan, and Liversedge (in press) examined how inter-word spaces influence the
eye movement behavior of both adults and children by inserting spaces between Chinese
words. They found that initial fixations tended to land near the word center more in the
spaced condition than in the unspaced condition, suggesting that inserting spaces between
words does affect target selection in Chinese reading. There are some suggestions in the
literature, however, that saccade targeting may be at least somewhat sensitive to word
properties. Specifically, word skipping rates in Chinese have been shown to vary with a
word’s frequency (G. Yan et al., 2006; H. Yang & McConkie, 1999) and predictability
(Rayner, Li, Juhasz, & Yan, 2005).

While the literature cited above argues that reading in Chinese may be qualitatively
different, and specifically less word-based, than reading in languages with alphabetic scripts,
there is evidence that words do have psychological reality in Chinese. First, similar to
findings in languages with alphabetic scripts (Reicher, 1969; Wheeler, 1970), Chinese
characters are identified more accurately in a word than in a string of characters that do not
constitute a word (Cheng, 1981). Second, Li et al. (2009) found a word boundary effect,
wherein character recognition accuracy dropped at the word boundary when Chinese readers
were briefly presented Chinese characters consisting of either two 2-character words or a 4-
character word. Third, Li and Logan (2008) demonstrated that Chinese characters belonging
to a word could be perceived as an object and affect attentional deployment.
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Additionally, there is some evidence for word-level processing in reading. Bai, Yan,
Liversedge, Zang, and Rayner (2008) found that while inserting spaces between words did
not facilitate or interfere with reading, inserting spaces between characters did interfere with
reading. Later studies showed that inserting spaces between words could help beginning
readers of Chinese to read more efficiently and to learn new words (Blythe et al., 2012; Shen
et al., 2012). Moreover, other studies found that reading speed was slowed down when
Chinese readers could not view two characters belonging to a word simultaneously
compared when they could do so (Li, Gu, Liu, & Rayner, in press; Li, Zhao, & Pollatsek,
2012). Other eye movement studies demonstrated that the frequency and predictability of a
Chinese word affect eye movements on it during reading: high-frequency words are fixated
for less time than low-frequency words (G. Yan et al., 2006; H. Yang & McConkie, 1999)
and more predictable words are fixated for less time than less predictable words (Rayner et
al., 2005). In addition, Rayner, Li, and Pollatsek (2007) extended the word-based E-Z
Reader model of eye movement control in English reading to Chinese. The model accounted
for fixation durations and word skipping rates (Rayner et al., 2005) during Chinese reading
quite well, suggesting that word properties are an important factor in eye movement control
for Chinese readers.

In summary, there is substantial reason to believe that reading in Chinese is characterized by
qualitatively different underlying processes than reading in languages with alphabetic
scripts. Specifically, it is clear that individual characters play a larger role in Chinese
reading, and exert their own influence on eye movements, and in addition, there are
arguments and evidence that words – while clearly having some effect on eye movements in
reading – may play less of a role, and perhaps a qualitatively different role, than in
languages with alphabetic scripts.

The purpose of the current study
In order to deepen our insight into the processes underlying reading in Chinese, we present
here a systematic characterization of the effects of a wide range of both word and character
properties on eye movements in Chinese reading, using a set of mixed-effects regression
models. Specifically, the word properties we assessed include the length, frequency, and
predictability of the current, previous, and following word, and the character properties we
assessed include the frequency and complexity of a range of characters around the point of
fixation. Including both word and character properties within a single mixed-effects
regression model allows us to determine the effects of word properties above and beyond the
character properties included in the model, and vice versa.

This work has a number of goals. First and primarily, as such models have already been
reported for effects of word properties on eye movements in alphabetic languages (e.g.,
Kliegl et al., 2006), this allows us to evaluate the qualitative effects of word properties on
eye movements in Chinese, and to determine whether the pattern is similar to that reported
for alphabetic languages. To the extent that the pattern of effects of word properties is
similar, it would provide evidence that the processes underlying reading are the same even
across disparate orthographies, and that words play a prominent role in reading, even when
not explicitly marked in the text. While previous work has already shown that word
frequency and predictability have effects on eye movements, here we also investigate the
influence of the preceding and following words (which have never been studied in Chinese),
providing a broader investigation of the ways in which reading may be similar across
languages.

Additionally, in order to provide a more stringent test for the effects of word properties on
reading in Chinese, we go beyond previous work, which has typically only analyzed the
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effects of word properties on word-based eye movement measures (such as the total duration
of fixations a word receives), to also analyze the effect of word properties on character-
based eye movement measures. To the extent that word properties still influence eye
movements in the same way even when the measure of interest is defined in terms of
characters, this provides some of the strongest evidence to date that word properties do have
effects on Chinese reading above and beyond character properties, and that these effects are
similar to those in other languages.

Finally, by providing a systematic analysis of a range of character and word properties on
eye movements in reading, we take our results to provide benchmark data for the
development and evaluation of computational models in Chinese reading. Our knowledge of
the processes underlying reading in alphabetic languages has in recent years been
substantially refined by a range of successful computational models (e.g., Engbert et al.,
2002; Engbert et al., 2005; Reichle et al., 1998, 2003, 2012; Richter, Engbert, & Kliegl,
2006). It is important to investigate how current eye movement models can be modified to
account for Chinese reading or whether new models are needed. We trust that the data
reported in the current work will contribute to this development.

Methodology of the current study
In examining the effects of a range of linguistic variables on eye movements in reading with
a set of regression models, the present work fits into a long tradition of multiple regression
analyses in eye movement research, beginning with Just and Carpenter (1980), who applied
a regression model to the mean gaze durations (the sum of all first-pass fixations on a word
before moving the eyes to another word) on each word in a series of texts, and found that
they were affected by factors such as encoding and lexical access, case role assignment, and
inter-clause integration. Later work has used repeated measures regression (Lorch & Myers,
1990) to analyze corpora of eye movement data in reading (Juhasz & Rayner, 2003; Kliegl
et al., 2006) and documented effects of a large range of variables. More recently, researchers
have begun to use mixed-effects regression models (Baayen, Davidson, & Bates, 2008;
Pinheiro & Bates, 2000), which can provide a more powerful method of analysis. The
present work follows this last class of approaches, using generalized linear mixed effects
regression models to analyze the effects of a range of factors on eye movement reading
measures (Baayen et al., 2008; Engbert et al., 2005; Faraway, 2006; Kliegl, 2007; Kliegl,
Masson, & Richter, 2010; Rayner et al., 2011).

Specifically, in this study, we collected eye movement data when Chinese readers read
Chinese sentences, and we used generalized linear mixed-effects models to explore how
different word properties and character properties affect eye movement control in Chinese
reading. In addition to these fixed effects, the models included subject and word token as
crossed random effects.3 The word properties included in the model were (log-transformed)
frequency, (log-transformed) predictability, and length in characters. The character
properties included complexity (number of strokes in a character), and (log-transformed)
frequency. We also examined the distance between the character of interest and the nearest

3Fitting mixed-effects regression models without random slopes can be anti-conservative in the presence of differences in effect sizes
between levels of grouping variables (i.e., between subject or items; Barr, Levy, Scheepers, & Tily, 2013). However, with models as
large as those we are fitting, it is not practical to fit random slopes for each predictor variable of interest. For this reason, we also
analyzed the data with by-participant regression (Lorch & Myers, 1990). This method is in general less powerful than mixed-effects
regression (Baayen et al., 2008), but is robust to differences in effect size across participants. The results of these additional analyses
are given in Appendix 2. They revealed that every significant effect in our main analyses (mixed-effects regression) was also
significant under by-participant regression, with just two exceptions: the effects of the predictability of word n−1 and word n+1 on
character fixation durations, which we mark in the results with a footnote. This suggests that the rest of the results reported in our
main analysis are robust to possible differences in effect size across participants, despite our main analyses not including random
slopes.
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fixated character to the left in some of the analyses. In some models with character
measures, we also include the relative character position within a word. To perform the
analyses, we used the lme4 package in the R system for statistical computing (Bates, 2010;
Bates & Maechler, 2010).

We used mixed-effects regression models to analyze the effects of word and character
properties on five eye movement measures. The first analysis examines gaze durations on
words. Because of concern that using such a word-based measure may bias results to
showing evidence of word properties rather than character properties, we performed a
similar analysis on the first fixation durations4 on characters (hereafter fixation duration on
characters), testing for effects of words n−1, n, n+1, and character properties. We next
analyzed measures of fixation locations: word and character fixation probability, our third
and fourth analyses. The final model used saccade length as the independent variable,
yielding insight into how the properties of the fixated word affect the planning of the next
saccade.

Significance testing in the models was performed as follows. For binary dependent variables
such as whether a word was skipped, we report the Wald z, obtained from dividing the
coefficient estimate by its standard error, and its associated p value. For continuous
dependent variables such as gaze duration, we report Student’s t, also obtained by dividing
the coefficient estimate by its standard error. Because there is no consensus on the
appropriate number of degrees of freedom for this t distribution for mixed-effects models,
however, we do not report degrees of freedom nor a p value. Instead, since the t statistic will
be approximately normally distributed for datasets of this size, we count as significant cases
in which |t|>1.96 (see Baayen et al., 2008).

To test whether including an independent variable significantly improves the predictability
of the model to real data, we also performed likelihood ratio tests (LRTs). The LRT statistic
is the difference in the deviance between the whole model and the constrained model when
one of the independent variables is removed. An LRT statistic approximately follows a χv

2

distribution, where the degrees of freedom, is determined by the difference in the number of
free parameters between the two models. When the p value of the test is smaller than a
specific value (.05 or .01), we can reject the null hypothesis that the more complex model
fits the data better by chance. For binary predictor variables, the p value derived from an
LRT will match that derived from Wald z as described above.

We also report the increase of Akaike information criterion (AIC) when an independent
variable is removed from the full model. AIC is a measure of the relative goodness of fit of a
statistical model (Akaike, 1974). It offers a relative measure of the information lost when a
given model is used to describe reality. Since it considers both the goodness of fit and the
number of free parameters, it is widely used to compare the nested models. When comparing
models, a model with a smaller AIC value is usually considered better since it has less
information loss. Hence the increase of AIC provides a relative measure on how much
information an independent variable contributed to the variance of the dependent variable.

Methods
Participants

Forty-six native Chinese speakers, who were undergraduate students at universities in
Beijing near the Institute of Psychology, Chinese Academy of Sciences, were paid 30 RMB

4Readers only made more than one fixation on 1.7% of the characters.
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(about 5 US Dollars) to participate in the experiment. All of them had normal or corrected-
to-normal vision, and all were naive regarding the purpose of the experiment.

Apparatus
Eye movements were recorded by an SR EyeLink II tracker, which has a resolution of
approximately 30′ of arc. Participants read the sentences (which were printed horizontally
from left to right) on a 19-in. CRT monitor connected to a DELL PC. They wore a
lightweight helmet that is part of the eye-tracking system. The eye-tracking system samples
at 250 Hz and provides eye movement data for further analysis via another PC. Although the
Eyelink II system is able to compensate for head movements, the participants rested their
heads on a chinrest to minimize head movements during the experimental trials. Viewing
was binocular, but eye movement data were collected only from the right eye. The
participants were seated 70 cm from the video monitor; at this distance, one character
subtended 0.8° of visual angle.

Materials
The materials consisted of 80 sentences, which were obtained from an online corpus5. We
slightly modified some of the sentences to make the sentence more concise. The sentences
were 20 to 36 characters long (M = 29 characters, and SD = 3.7 characters) and were shown
in a single line on the display. More information about, and analysis of, the materials is
given in Appendix 1.

Procedure
When participants arrived for the experiment, they were given instructions for the
experiment and a description of the apparatus. The eye tracker was calibrated at the
beginning of the experiment and the calibration was validated as needed. For calibration and
validation, participants looked at a dot that was presented at various locations in a 3 × 3 grid
in a random order. Then each participant read 10 sentences for practice and the 80
experimental sentences in a different random order. The participants were told to read
silently, and that they would periodically be asked to answer questions about the sentences.
These questions were asked after one third of the 90 sentences that were read; the
participants were correct over 90% of the time.

Each trial started with a fixation box (1° × 1° in size) at the location of the first character of
the sentence. The sentence was shown after participants successfully fixated on the box.
After reading a sentence, the participant pressed a response button to start the next trial.

Data analysis
Across all of the trials, approximately 3% of the data were lost due to a track loss. Sentences
were parsed into words using a popular Chinese word parsing software package
(ICTCLAS2010). Since the software’s performance was not perfect, we also asked 10
subjects to evaluate the parsing results and to recommend modification of the parsing
results. The final word boundaries were determined when at least 6 out of 10 subjects
agreed. As a result, 1633 words were recognized in the sentences.

Words that involved the first two characters and the last two characters in a sentence were
removed from analysis, as were all of the punctuation marks and the words involving two
characters to the left and to the right of punctuation. All of the names (of people or places)

5http://ccl.pku.edu.cn:8080/ccl_corpus/index.jsp?dir=xiandai. Center for Chinese Linguistics PKU.
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were excluded from the analyses. In total, 1592 characters and 963 words were included in
the analyses.

Blinks and fixations shorter than 40 ms (66 fixations) or longer than 1000 ms (59 fixations)
were removed from analyses. In total, 42,766 fixations were analyzed. For the word-based
dependent measures of gaze duration and word fixation probability, we analyzed only words
that are shorter than 3 characters (representing over 92% of words in our corpus), in order to
make a more homogenous dataset of character properties.

Results
Overall analyses

Average fixation duration was 244 ms, with a standard deviation of 27 ms. The distribution
is shown in Figure 1.

Character fixation probability was 42.8%, with a standard deviation of 8.5%. Regression
rate was .12, with a standard deviation of .07. Average saccade length was 3.15 characters,
with a standard deviation of .93. The distribution of forward saccade length is shown in
Figure 2. Average regressive saccade length was 2.98 characters (SD = .94). The distribution
is shown in Figure 2.

Gaze duration on words
In the first model, the dependent variable was gaze duration on words, and the independent
variables included word and character properties. The word properties were the (log-
transformed) frequency, (log-transformed) predictability, and the length of words n−1, n,
and n+1; the character properties were the complexity and (log-transformed) frequency of
the characters before and after the word, and the average complexity and (log-transformed)
frequency of the characters within the word. The results of the analysis are presented in
Table 1. We only discuss significant effects in the following discussions (ts>1.96 for
continuous dependent measures or ps<.05 for binary dependent measures). Interested
readers can refer to the statistics reported in the tables for more detailed information.

Effects of word properties—There were spillover effects from word n−1 on word n for
frequency and predictability, and inverse spillover effects for word length: gaze durations on
word n decreased when word n−1 was more frequent, more predictable, or longer. The
effects of frequency and predictability are similar to those found in English reading (e.g.,
Pollatsek et al., 2008; Rayner et al., 2004; Rayner et al., 2006; White, 2008) and German
reading (e.g., Kliegl et al., 2004; Kliegl et al., 2006). The inverse spillover effect for length
has also been reported for German (Kliegl et al., 2006), and may be related to skipping of
word n−1. If word n−1 is short, it will be more likely to be skipped, so fixations are longer
on word n when it is fixated (Rayner, 2009; Rayner et al., 2011).

There were normal effects of word n frequency, predictability, and length. Gaze duration on
word n decreased with the increase of word frequency and predictability of word n, and with
the decrease of the length of word n. These effects are similar to those found in English
reading (Pollatsek et al., 2008; Rayner, 2009; Rayner et al., 2004; Rayner et al., 2011;
Slattery et al., 2007; White, 2008), and previously reported in Chinese reading (Li, Liu, &
Rayner, 2011; Rayner et al., 2005; G. Yan et al., 2006). These effects reflect that the
properties of word n affect gaze duration on word n. Gaze duration was longer when word n
was more difficult.

There was also a parafoveal-on-foveal effect of predictability. Gaze duration on word n
decreased with the increase of the predictability of word n+1. This effect is similar to that

Li et al. Page 9

J Exp Psychol Gen. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reported in German (Kliegl, 2007; Kliegl et al., 2006). The distance of the last fixation to the
left of word n affected gaze duration on word n: the longer the saccade, the longer the gaze
duration.

In summary, the effects of word properties on gaze durations in Chinese reading appear to
be completely analogous to those found in alphabetic languages. This includes not just the
effects of word n on gaze durations, as has previously been reported, but also extends to
effects of the two adjacent words. Notably, this pattern of results holds despite the fact that
this word gaze duration model also includes character properties, meaning that the results
cannot be easily explained as effects of character properties that happen to be correlated
with the word properties. (A separate analysis not reported here in which only the word
properties were included in the model revealed exactly the same qualitative pattern of
effects, providing further evidence that these effects are not being driven by correlations
between word and character properties.) Moreover, when the word properties were removed
from the full model, the fit was significantly poorer than the full model [χ2 (9) = 208.74, p
< .001], suggesting that word properties do affect gaze duration on words in Chinese reading
in the same ways as in languages with alphabetic scripts.

In Table 1, we also report the results of the LRT statistic and the increase of AIC when
removing one of the variables from the model. The results are generally consistent with the
results reported above. Hence, we put these values in the tables as a reference for interested
readers, but will not discuss them further. In the table, we also report the mean values of the
dependent variable at three ranges of values for each independent variable without further
discussion.

Effects of character properties—At the same time, the model also revealed effects of
character properties on eye movements. Gaze durations were significantly longer when the
character preceding the word or the characters within the word were more complex. None of
the effects of other character properties were significant. While the complexity of characters
in the current word has previously been demonstrated to affect duration measures on the
word (e.g., H. Yang & McConkie, 1999), this is the first demonstration that the complexity
of characters in word n−1 also affects gaze duration on word n. It is somewhat surprising
that we did not see a reliable effect of character frequency here, as previous results have
shown an effect of character frequency independent of word frequency (G. Yan et al., 2006).
However, because there is a substantial correlation of these two variables in our naturalistic
stimuli, it is possible that the analysis did not have the power to establish this effect. Finally,
note that the model with character properties predicts the data significantly better than
models without character properties [χ2 (6) = 46.46, p < .001].

Fixation durations on characters
Above, we showed that gaze durations on a word are affected by its properties and the
properties of the surrounding words. It may be argued, however, that word properties played
such a prominent role in the model because gaze duration is a measure defined in terms of a
word. Because of this possibility, we also examined first fixation durations on individual
characters. In this model, we included the same word properties as used previously (the
frequency, predictability, and length of words n−1, n, and n+1), but defined the character
properties in relation to the point of fixation, including the complexities and frequencies of
characters n−1, n, n+1, and n+2 (where character n is the character of interest). The
properties of these four characters were selected since they fall within the perceptual span,
the range of characters known to have robust effects on eye movements in Chinese reading
(Inhoff & Liu, 1998). We also included two other factors in the analyses: previous saccade
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length and the position of the character within a word. The results of the analysis are
presented in Table 2.

Effects of word properties—The results of this analysis showed a nearly identical
qualitative pattern of results to the word gaze duration analysis. The only difference between
the two is the effect of the length of the currently fixated word.6 Specifically, in the word
gaze duration model, longer words received longer gaze durations, but in the character-
based analysis, fixations on characters had shorter durations when the word was longer.
Given that longer words are more likely to receive multiple fixations, this may be a result
analogous to that known in other languages, in which each of two fixations on a word when
it is fixated twice will be shorter than a single fixation made on the word (Kliegl et al., 2006;
Schilling, Rayner, & Chumbley, 1998).

Effects of character properties—The pattern of effects of character properties on
individual fixations was quite different from that for word gaze durations. Presumably, this
is at least partially related to the fact that character properties are defined differently:
whereas previously, we examined the effect of properties of the character before the word,
the character after the word, and the average properties of characters within the word, next
we examined the effects of the properties of the fixated character, the character to its left,
and the two characters to its right. First, fixation duration on character n decreased as the
frequency of character n−1 increased, a sort of spill-over effect completely analogous to the
effect of the frequency of word n−1. Second, fixation duration was also affected by the
complexity of character n, but not by the frequency of character n; fixation duration
increased as the complexity of character n increased. Third, none of the other properties of
any characters to the right of the fixation affected the fixation duration on character n except
the frequency of character n+2; fixation duration on character n increases as the frequency
of character n+2 increased.

It is interesting that fixation duration on character n was not affected by character frequency
of characters n and n+1, but by the frequency of characters n−1 and n+2. The explanation
for this pattern of results is unclear, but one possible explanation relates to the notion that
character frequencies may be less relevant for the fixated word, but more relevant for non-
fixated words, for which all of the characters may not be visible (cf. Li et al., 2009).

Fixation duration was also affected by incoming saccade length; the longer the saccade, the
longer the fixation duration on character n. The position of a character in a word also
affected the fixation duration on character n. Fixation durations on the character were longer
when the fixation was on a character at the beginning of a word than at the end of a word.

Fixation probability on words
Given that evidence from initial fixation locations within words in Chinese does not suggest
a word-based targeting mechanism (Li et al., 2011), one possibility is that the properties of
Chinese words influence primarily the when component of eye movement control, and have
less influence on the where component. To investigate this possibility, we performed two
analyses analogous to those described above on fixation location measures: word and
character fixation probability. The first of these is a model of fixation probability on words,
which includes as independent variables the frequency, predictability, and length of word n
−1, word n, and word n+1, the complexity and (log-transformed) frequency of the characters

6In addition, follow-up analyses performed with by-participants regression failed to recover the effects of the predictability of words n
−1 and n+1, indicating that these effects may not be robust to differences between participants (see footnote 1). Under this analysis,
each effect is still estimated as being in the same direction, but the effects fail to reach significance, with p-values of .10 and .15
respectively.
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before and after the word, and the average complexity and (log-transformed) frequency of
the characters within the word, and the distance from the current word to the nearest last
fixation.

Fixation probability was affected by word properties. The properties of word n−1 affected
fixation probabilities on word n. Fixation probability on word n decreased with increasing
predictability and length of word n−1. Fixation probability on word n also decreased with
increasing predictability of word n, and with decreasing length of word n. Interestingly,
there were stable parafoveal-on-foveal effects for each property of word n+1 we
investigated. Fixation probability on word n was lower for more predictable and longer word
n+1, but higher for more frequent word n+1. (Each of these effects was qualitatively
identical in a separate model that did not include character properties.)

Fixation probability was also affected by the complexity of the characters belonging to the
word and its surrounding characters. Words with more complex characters within the word
or directly preceding it were more likely to be fixated, and words with a more complex
character directly following were less likely to be fixated. This suggests that the more
complex the character is, the word it constitutes is more likely to be fixated. The fact that
there is a significant effect of the character immediately following the word suggests some
word-level parallelism in Chinese reading, however, it is unclear why this effect would be in
the opposite direction of that for the character immediately preceding the word. No
significant effects of character frequency were found. Finally, and unsurprisingly, words
were less likely to be fixated the closer the previous fixation was to the word.

Character fixation probability
Character fixation probability is a good index of landing position, so it is important to
explore how word properties and character properties affect it. In this model, character
fixation probability was the dependent variable, and the frequency, predictability, and length
of words n−1, n, and n+1, the complexities and frequency of character n−1, n, n+1, and n+2,
the distance to the nearest fixations to the left of the character, and the character position
within word were independent variables.

There was a spillover effect of word length and word predictability. The fixation probability
of character n decreased with an increase of the predictability of word n−1, and decreased
with the increase of the length of word n−1. The properties of the word containing the
character of interest also affected its fixation probability. Fixation probability decreased with
the increase of the word’s frequency, predictability, and its length. The effects of frequency
and predictability may be interpreted as reflecting the fact that more frequent and predictable
words are themselves less likely to be fixated (see previous analysis). The effect of word
length is more interesting, and completely analogous to that reported above for fixation
durations on characters. It may suggest that characters belonging to a word are processed as
a unit in Chinese, as it means that longer words receive fewer fixations per character than
shorter ones. There was also evidence of a parafoveal-on-foveal effect. The fixation
probability on character n decreased with increasing predictability and (marginally)
frequency of word n+1.

Character fixation probability was also affected by character properties. Specifically,
fixation probability decreased with increasing frequency and decreasing complexity of
character n−1. When character n−1 is easier to process (when character frequency is high or
character complexity is low), it will be more likely to be processed in parafoveal vision, and
hence will be less likely to be fixated. As a result, character n−1 will be more likely to be
skipped, and so the eyes will land at character n, and hence character n will be more likely to
be fixated. The complexity of character n affected the probability of being fixated, more
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strokes meaning more likely fixations, but character frequency did not. It is possible that
characters with fewer strokes can be recognized via parafoveal vision so that they are fixated
less often, or possibly that readers direct their eyes to locations of especially high visual
complexity for efficient foveal processing.

In this analysis, none of the other properties of the words or characters to the right of the
character affected the fixation probability except the predictability of word n+1. The more
predictable word n+1 was, the less likely character n was to be fixated. Fixation probability
was also affected by the distance between the previously fixated character and the target
character. The longer the distance, the more likely a character was to be fixated. The effect
of character position within a word did not reach significance, suggesting that it did not
affect the probability of a character being fixated. This is consistent with previous work (Li
et al., 2011).

To summarize, character fixation probabilities were mainly affected by the properties of the
target character and the properties of the words and characters to the left of the target
character, as well as by the predictability of the following word. The fixation probabilities
were determined by both the properties of words and those of the characters.

Saccade length
Our final analysis is of forward saccade length, which measures how long a saccade travels
after leaving a fixated position of interest. By being based on properties of the character at
the beginning of the saccade rather than the end, forward saccade length reflects information
about where to move the eyes from a different perspective than the previous fixation
probability analysis.

The results of this model can be stated simply: readers made longer saccades when the
current word, the next word, and the next two characters were easier to process (in
predictability and frequency for words, and in frequency and complexity for characters), and
also when the current word was longer. Specifically, saccade length increased with the
increase of the frequency and the increase of the length of word n, which are consistent with
the results of a recent experiment (Wei, Li, & Pollatsek, 2013). Saccade length also
increased with the increase of the frequency and the predictability of word n+1. Saccade
length was also affected by the properties of the characters to the right of fixation; saccade
length increased with the increase of the frequencies of characters n+1 and n+2, and
increased with the decrease of the complexity of characters n+1 and n+2. All these effects of
predictability, frequency, and complexity suggest that easier words and characters are more
likely to be skipped, and demonstrate that at least some processing of these items occurs on
the previous fixation. Finally, saccade lengths were also affected by the length of last
saccade; the saccade was longer if the last saccade length was long. These results provide
further support for the notion that the saccade targeting system in Chinese is sensitive to
both word and character properties.

Discussion
Chinese orthography is quite different from most alphabetic scripts: words are not spatially
segmented and the individual characters composing words can be very complex. Because of
this, it has been suggested that reading in Chinese may operate in a qualitatively different
fashion from reading in alphabetic languages, in which words play a dominant role. In this
study, we sought to advance our knowledge of reading in Chinese by systematically
characterizing the ways in which both word and character properties affect the eye
movement record in Chinese. To do this, we fit a series of generalized linear mixed-effects
models to a large corpus of Chinese reading eye movements. The results of these analyses
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provided evidence for a wide range of effects of both word and character properties on both
word- and character-defined measures.

At the outset of this article, we described three goals of this work. The first goal was to
assess how word properties such as length, frequency, and predictability affect eye
movement behavior in Chinese, and to compare the pattern of results to those found in
alphabetic languages. Specifically, we examined how the properties of the current, previous,
and following words affect eye movements in Chinese, parallel to the investigation of these
properties performed on German by Kliegl et al. (2006). In an analysis of word gaze
durations in a corpus of eye movements in Chinese reading, we showed effects of the length,
frequency, and predictability of words n−1, n, and n+1 that replicate those found by Kliegl
et al. (2006) for German. Specifically, we found standard effects of all three properties of
word n, spillover effects of the frequency and predictability of word n−1, inverse spillover
effects of the length of word n−1, and parafoveal-on-foveal effects of the predictability of
word n+1. This pattern of effects is identical to that obtained by Kliegl et al. (2006), except
that we failed to detect effects of the frequency or length of word n+1 (and found only
effects due to its predictability). Our analysis of word fixation probabilities generally echoed
these findings, with standard effects of the properties of word n, spillover effects from word
n−1, and parafoveal-on-foveal effects of word n+1. Because of the major role that word
properties are known to play in alphabetic languages, this demonstration that the properties
of the previous, current, and following words affect eye movements in Chinese reading in
such a similar way as in alphabetic languages like German provides evidence for a word-
based core of reading that is shared across languages with highly dissimilar scripts. That is,
it appears the clearly larger role of character processing in Chinese does not alter the
fundamental nature of reading, but rather that word-based processes completely analogous
to those in languages with alphabetic scripts underlie Chinese reading.

The second goal we set out for this work was to provide one of the strongest tests to date of
whether word properties have effects on Chinese reading above and beyond character
properties. We tested for this in two ways. First, we included a range of character properties
in our regression models, and second, we performed analyses on dependent measures
defined in terms of words as well as in terms of characters. The general pattern of effects of
word properties on word-based measures such as gaze duration and word fixation
probability was very reliable. They were significant and remained qualitatively similar
whether or not character properties were included in the model. Further, when we performed
analogous analyses on character-based dependent measures (character fixation duration and
character fixation probability), the pattern of effects of word properties looked nearly
identical to the results obtained for word-based dependent measures. Finally, effects of word
properties were also apparent when analyzing the length of forward saccades: saccades were
longer when words n and n+1 were more frequent, more predictable, and longer. In
summary, the pattern of effects of the properties of words n−1, n, and n+1 appears to be
highly robust in our dataset, remaining significant with and without character properties
included in the model and even for character-defined dependent measures. Crucially, in all
cases, this pattern highly resembles that found in languages with spaced alphabetic scripts,
providing further evidence for underlying similarity between reading processes across
languages with highly dissimilar scripts.

The final goal we set out for this work was to document the full pattern of effects of both
word and character properties on a range of eye movement measures in Chinese reading, in
order to provide “benchmark phenomena” (Reichle et al., 2003) on which to evaluate future
models of reading in Chinese. In addition to the effects of word properties already described,
which look similar to those found in other languages, our analyses documented a range of
effects of character properties on eye movements in reading. We saw evidence for character
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complexity – a low-level visual property of characters – both increasing fixation durations
and affecting saccade targeting by attracting fixations. Additionally, our analyses
demonstrated that higher character frequency led to shorter fixations and also affected
saccade targeting. For both types of character properties, we saw evidence of properties of
non-fixated characters affecting eye movements, yielding a complex pattern worthy of
further study.7 Our analyses also revealed effects of previous saccade length that replicate
those found in languages with alphabetic scripts (e.g., Kliegl et al., 2006). Finally, while we
replicated the findings of other studies that Chinese readers are no more likely to fixate any
specific position within a word (e.g., Li et al., 2011), we did find that fixation position
within a word does affect fixation duration and outgoing saccade length, suggesting that
within-word position is relevant for Chinese readers. Taken together, these findings provide
a rich set of data suitable for the development of future models of eye movement control in
Chinese reading.

Implications for modeling in eye movement control in Chinese reading
Given the foregoing summary of our results, we describe in this section their implications
for building computational models of eye movements in Chinese reading. On the one hand,
the fact that effects of word properties on eye movements in reading appear nearly identical
between Chinese and alphabetic reading suggests that models of eye movement control
originally developed for alphabetic languages, many of them word-based, may serve as
useful starting points for modeling Chinese reading. This result is harmonious with those of
Rayner, et al. (2007), who fit the E-Z Reader model to Chinese reading data and showed that
it can capture a number of aspects of Chinese reading. On the other hand, our results also
catalogued a number of effects that cannot be explained by current models of reading in
alphabetic languages. We distinguish these effects into those that affect the durations of
fixations on the currently fixated word or character and those that affect saccade targeting
decisions about where to move the eyes forward, and we describe each of these next. It is
also clear from the fact that words in Chinese are not delimited by spaces, and thus require
online word segmentation, that some architectural change is required when applying existing
models of reading to Chinese. We discuss the architectural possibilities below.

How do Chinese readers decide how long to continue fixating a word or character? Across
our duration analyses, we showed that durations were longer when the current character was
more complex, when the characters in the current word had higher average complexity, and
when the character preceding the current word was more complex. We also saw effects of
the frequency of characters on the edge of the Chinese perceptual span. While we did not
find evidence in our analyses for the frequency of characters within the current word having
an effect on durations above and beyond word frequency, these have also been reported for
Chinese in controlled experiments (G. Yan et al., 2006). It is possible that all of these effects
on durations could be reproduced by existing word-based processing models such as E-Z
Reader (Reichle et al., 1998) and SWIFT (Engbert et al., 2005) by changing the word
processing functions used by the models. Specifically, these models currently assume that
the time taken to process a word is a function only of its frequency, predictability, and the
eccentricity of its letters from the position of fixation (if we ignore the influences of adjacent

7To investigate the possibility of interactions between word and character properties, we performed follow-up analyses in which we
added six interactions between word and character properties to each of our five regression models. Specifically, we added
interactions between the three properties of the current word (length, frequency, and predictability), and the frequency and complexity
of the current character (for character defined measures) or of the characters of the current word (for word defined measures). Of these
30 predictors we tested, only 3 were found to be significant, all of which were on the two word-based models: there was a significant
negative interaction between word length and mean character frequency on gaze duration and word fixation probability, and a
significant negative interaction between word predictability and mean character frequency on word fixation probability. Crucially,
including these interactions in the models did not change the pattern of main effects.
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words). Word processing functions for Chinese would need to be extended to allow for an
interaction with character-level processing independent of words to reproduce character
frequency effects and interaction with the visual system to reproduce effects of character
visual complexity. Such an extension of a model like E-Z Reader or SWIFT should be able
to reproduce all the effects of the characters in the current word, but it remains to be seen if
it would be able to reproduce effects of characters in adjacent words. To the extent that these
models cannot, it may indicate that processing in Chinese at the character level is more
parallel than in other languages (perhaps demanded by the necessity of online word
segmentation), and may require a different model architecture.

How do character properties in Chinese affect decisions about where to move the eyes
forward? In terms of decisions about which words to fixate, it seems that reading in Chinese
operates very similarly to that in other languages, as word properties affect word and
character fixation probabilities in similar ways. While current models of reading in
alphabetic languages can account for these effects, there are a number of results that are
more problematic for these models. The fact that character properties within a word affect its
fixation probability may also be able to be understood in terms of models such as E-Z
Reader and SWIFT by changing the word processing functions, as described above. It is
possible that such a modification of word processing functions would be all that is required
to capture these effects, but it is also possible that character properties such as complexity
influence saccade targeting in a way not mediated by word processing. The absence of a
preferred viewing location in Chinese (Li et al., 2011; Tsai & McConkie, 2003; H. Yang &
McConkie, 1999), which was also true in our dataset, provides some evidence that saccade
targeting may operate in a very different manner in Chinese. In order to capture this effect, a
model of reading in Chinese would require a very different architecture that was not solely
word-based, which is also required to segment words.

To summarize, the future is promising for modeling Chinese reading data. Our results
indicate that the underlying reading architecture may be quite similar across scripts and
languages, meaning that computational models of eye movements in reading developed for
alphabetic languages may serve as useful starting points in developing models of reading in
Chinese. To capture the range of effects we have documented in this analysis, however, such
models would need to be augmented, at minimum, in two ways. First, the simple word
processing functions used in these models would need to be replaced by models of word
processing that involve processing at the character and visual levels. (Note that this first step
is also required for modeling reading in alphabetic languages in order to reproduce effects
such as those of visual neighborhood size.) Second, the word targeting mechanism must be
changed to be sensitive to the fact that words to the right of fixation are not spatially
segmented, and the model must include a model of word segmentation. Future research will
determine whether these modifications are sufficient to capture the range of effects we show
here, or whether, as mentioned above, a model of reading in Chinese may require more
architectural changes.

As mentioned above, one architectural change demanded of any model of reading in
Chinese is the need to segment and process words simultaneously. One possible way to
implement such an architecture is given by the model of Li et al. (2009). In that model,
character processing continues on all characters in the perceptual span simultaneously, but
multiple word units compete for a single winner for lexical access, suggesting that only one
word is being processed (at the word level) at a given time. Word identification then entails
segmentation of the identified word, and the reference character (and thus word processing)
is advanced. Such an architecture could naturally combine with a serial word-based model
of eye movements in reading such as E-Z Reader. Another architectural possibility is that
suggested by Bicknell and Levy (2010). In that model, reading is not taken to be explicitly

Li et al. Page 16

J Exp Psychol Gen. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



word-based, but rather, readers work to identify all the text about which they have received
useful visual information via Bayesian inference, combining the visual information with
probabilistic knowledge of the statistics of the language. Many signatures of word-based
reading still appear in the model’s reading behavior, however, because words are important
units in the statistical structure of language. Such an architecture works without modification
for a script without spaces, such as in Chinese. In that case, the model’s Bayesian inference
component would solve the identification problem simultaneously with the segmentation
problem. Future work is required to establish whether either of these architectures would
provide a useful characterization of reading in Chinese.

Conclusion
In conclusion, we presented evidence based on a range of analyses that word-based
processes underlie reading behavior in Chinese, in a way highly analogous to languages with
alphabetic scripts. Specifically, we showed that the effects of the properties of the current,
previous, and next words are strikingly similar between Chinese and alphabetic languages
on a range of eye movement measures. Despite the fact that words are not spatially
segmented in Chinese, and that characters are themselves complex visual objects, our results
suggest that reading appears just as reliant on words in Chinese as in other languages. In
addition, we documented a rich pattern of effects of character properties, which demonstrate
the need for developing new models of reading in Chinese. This first attempt at systematic
characterization of the effects of word and character properties in Chinese in and of itself
advances our knowledge of the processes underlying reading in Chinese, and we hope it will
inform the future development of models of reading in the language, and eventually to
understanding how reading behavior varies with script and articulating language-universal
models of reading.
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Appendix 1: Material analyses
The 80 experimental sentences comprised 1305 words. Among these words, 565 were 1-
character in length, 622 were 2-characters long, 56 were 3-characters long, and 62 were 4-
characters long. Some of the words were used more than once. Only 779 different words
were used (154 1-character words, 515 2-character words, 53 3-character words, and 57 4-
character words).

When we analyzed the eye movement data, the following words were excluded: 1) any
words including the first two characters and the last two characters in a sentence; 2) Arab
digits; and 3) names of people or places. As a result, 953 words were included in the
analyses (460 1-character words, 420 2-character words, 27 3-character words, and 46 4-
character words). As noted above, some of the words were used more than once. For these
included words, there were 556 different words (126 1-character words, 361 2-character
words, 26 3-character words, and 41 4-character words).

The properties of the words and characters are shown in Table A1. 48% of the words were
1-character words, 44% were 2-character words, 3% were 3-character words, and 5% were
4-character words. As in English, word frequency decreased as a function of word length
(F(3,552) = 55.02, p < 0.001, SEM = 2,119,030).

Number of stokes were different across the four different word lengths (F(3,552) = 5.93, p <
0.001, MSE = 5.66). There were fewer number of strokes for 1-character words than longer
words. There was a hint that character frequency was higher for 1-character words than
characters of longer words (F(3,552) = 2.17, p = .09, MSE = 4,245,240). Character
frequency of 1-character words was higher than longer words. The properties of words were
not independent from the properties of characters constituting the words. Word frequency
was negatively correlated with the mean number strokes of the characters of a word (−.16),
which was significantly less than zero (p < .001). Word frequency was positively correlated
with mean character frequency (.64), which was significantly larger than 0 (p < .001). The
number of strokes was negatively correlated with mean number of character frequency (−.
37), which was significantly smaller than 0 (p < .001).

Table A1

Properties of the words and characters included in the eye movement analyses

Word length

1 2 3 4

number of occurrences 460 420 27 46

number of different words 128 361 26 41

word frequency 1979 114 14 2

stroke number

char 1 6.62 7.67 8.08 6.95

char 2 7.61 6.62 6.76

char 3 7.38 6.90

char 4 8.17

character frequency

char 1 2374 1821 1861 2064

char 2 2007 1734 1607

char 3 2951 1595

char 4 1172
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Appendix 2. Results of by-participant multiple regressions
Table A2

Multiple regression results for eye movement measures on words

Gaze duration Fixation probability

coef t(45) p coef t(45) p

(Intercept) 176.12 14.09 <.001 −7.95 −17.27 <.001

word n−1

frequency −2.43 −2.96 .005 0.03 1.46 .151

predictability −3.91 −5.84 <.001 −0.43 −12.53 <.001

length −11.46 −5.38 <.001 −0.29 −5.30 <.001

word n

frequency −6.19 −5.80 <.001 0.05 1.70 .095

predictability −3.87 −5.22 <.001 −0.24 −13.84 <.001

length 7.20 2.20 .033 1.26 13.86 <.001

word n+1

frequency 0.72 1.02 .315 0.09 5.13 <.001

predictability −2.92 −3.26 .002 −0.21 −11.61 <.001

length 1.76 1.09 .283 −0.15 −3.13 .003

character before word
frequency −0.47 −.53 .597 0.05 2.45 .018

complexity 1.15 3.54 <.001 0.07 8.71 <.001

average of character of word n
frequency 1.25 1.04 .305 0.01 .20 .844

complexity 3.21 8.54 <.001 0.08 9.06 <.001

character after word
frequency −0.02 −.03 .982 −0.03 −1.78 .081

complexity 0.16 .51 .609 −0.03 −3.47 .001

Nearest fixation distance 18.61 15.40 <.001 4.30 5.56 <.001

Table A3

Multiple regression results for eye movement measures on characters

Fixation duration Fixation probability Saccade length

coef t(45) P coef t(45) p coef t(45) p

(Intercept) 269.59 32.36 <.001 −1.02 −4.41 <.001 1.94 11.26 <.001

word n−1

frequency −2.08 −5.80 <.001 −0.02 −3.06 .004 0.01 .59 .556

predictability −0.70 −1.53 .132 −0.05 −5.18 <.001 −0.00 −.24 .810

length −9.55 −6.56 <.001 −1.17 −7.18 <.001 0.01 .26 .799

word n

frequency −3.52 −8.50 <.001 −0.05 −6.02 <.001 0.03 4.12 <.001

predictability −3.63 −6.73 <.001 −0.06 −6.94 <.001 0.02 2.13 .039

length −7.66 −6.20 <.001 −0.14 −7.08 <.001 0.10 5.33 <.001

word n+1

frequency −0.09 −.24 .810 −0.01 −2.05 .046 0.02 2.61 .012

predictability −0.98 −1.68 .099. −0.02 −2.82 .007 0.03 2.25 .029

length 1.22 .944 .350 −0.04 −1.93 .060 0.05 2.71 .009
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Fixation duration Fixation probability Saccade length

coef t(45) P coef t(45) p coef t(45) p

character n−1
frequency −1.44 −3.52 <.001 −0.04 −6.45 <.001 −0.01 −1.63 .109

complexity −0.10 −.454 .652 0.02 5.81 <.001 0.00 .039 .696

character n
frequency 0.18 .303 .763 0.01 1.34 .188 0.00 .12 .905

complexity 1.60 6.78 <.001 0.03 9.46 <.001 −0.00 −1.15 .256

character n+1
frequency −0.17 −.44 .661 −0.00 −.41 .681 0.01 1.91 .062

complexity 0.06 .28 .778 −0.00 −.49 .628 −0.03 −5.17 <.001

character n+2
frequency 1.64 4.70 <.001 0.00 .83 .413 0.05 6.13 <.001

complexity 01.8 .90 .370 −0.00 −.63 .531 −0.02 −3.19 .003

nearest fixation distance in word
position

4.63 4.66 <.001 0.50 5.29 <.001 0.14 8.40 <.001

−4.34 −4.34 <.001 −0.01 −.68 .501 0.08 2.84 .007
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Figure 1.
Distribution of fixation durations.
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Figure 2.
Distribution of saccade length. Top panel: forward saccade length distribution. Bottom
panel: regression saccade length distribution.
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8These two effects may not be robust to between-subject differences in effect sizes. See footnote 2.
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