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Our study employs distributional analysis (i.e., survival analysis) to examine how the frequency of target words influences saccade lengths into and out of these target words in Chinese reading. The results of survival analysis indicate the survival curves in the high- and low-frequency conditions diverge for a short saccade length, with more than 80% of the lengths of incoming and outgoing saccades being larger than the divergence points. These results as well as simulations using the novel Dynamic-adjustment Model of saccadic targeting (Liu et al., 2016) are consistent with previous mean-based results and provide more precise information to support this novel model. The implications for saccade target selection during the reading of Chinese are discussed.
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INTRODUCTION

What information influences saccades during reading? It is well-known that low-level cues (e.g., interword spaces) can guide eyes to somewhere near the center of words in spaced languages such as English (Rayner, 1979, 1998). Little is known, however, about whether and how high-level information (e.g., word frequency) modulates saccade landing positions or saccade lengths in reading. In unspaced languages, such as Chinese, which do not have explicit cues to demark word boundaries, it is particularly unclear what information can help readers select saccade targets. In this paper, we will adopt a novel method—the distribution analysis—to examine how high-level information such as word frequency impacts on saccade targeting during the reading of Chinese.

Although previous experiments tend to support that low-level information such as word length (or interword spaces) has the primary responsibility for where to fixate next (O'Regan, 1979, 1980; Rayner, 1979; Pollatsek and Rayner, 1982; Morris et al., 1990; Vitu, 1991; Rayner et al., 2001), some studies concentrating on the processing difficulties in fovea and parafovea provide new insights. For example, previous experiments found that the frequency of parafoveal words can influence the length of saccades entering these words in some unspaced languages, such as Chinese (Liu et al., 2015) and Uighur (Yan et al., 2014). Similarly, the same parafoveal word frequency effect also appears in some spaced languages, such as English (Rayner et al., 2006) and Finnish (Hyönä and Pollatsek, 1998, 2000). Moreover, the frequency of foveal words can also influence saccade length when exiting them. The saccades out of high-frequency words are longer than those out of low-frequency words in both unspaced languages (Wei et al., 2013; Li et al., 2014; Liu et al., 2016) and spaced languages (Rayner et al., 2004; White and Liversedge, 2006). The foveal word frequency effect is due to the foveal processing difficulty, which can influence parafoveal processing and then modulate the saccade length for these parafoveal words (see Liu et al., 2015).

In contrast with the aforementioned results, the dominant view is that high-level information influences saccades in another way. A considerable number of experiments present that word frequency only influences a few long saccades that try to skip the next words (Schotter et al., 2014) rather than the majority of saccades that try to land near the center of the next word (Dunn-Rankin, 1978; Rayner, 1979; Inhoff and Rayner, 1986; McConkie et al., 1988; Vitu et al., 1990; Rayner et al., 1996; Reingold et al., 2012). Generally, the skipping rate increases 4% with parafoveal words in the high-frequency condition compared to the low-frequency condition in spaced languages (e.g., Henderson and Ferreira, 1993; Inhoff and Topolski, 1994; Rayner and Fischer, 1996; Rayner and Raney, 1996; Rayner et al., 1996; see Table 1 for detailed comparisons in Brysbaert and Vitu, 1998) as well as unspaced languages (e.g., Yan et al., 2006; Liversedge et al., 2014). Similarly, some experiments indicate that other high-level information, such as word predictability, influences saccades in the same manner. Word predictability only impacts on word skipping for a few saccades (Ehrlich and Rayner, 1981; Rayner et al., 2004, 2011) rather than landing position on the next word for the majority of saccades (Rayner et al., 2001, 2004; but Lavigne et al., 2000). The skipping rate overall increases ~9% for parafoveal words in the high-predictability condition compared to the low-predictability condition in spaced languages (e.g., Ehrlich and Rayner, 1981; Vonk, 1984; Balota et al., 1985; Schustack et al., 1987; Inhoff and Topolski, 1994; Brysbaert and Vitu, 1995; Rayner and Well, 1996; see Table 2 for detailed comparisons in Brysbaert and Vitu, 1998), and at most increases 13% in unspaced languages (e.g., Rayner et al., 2005). These various perspectives regarding how high-level information affects saccade targeting may be due to previous researchers addressing the launch site in different ways. In a new study of Chinese reading, after controlling launch sites carefully, Liu et al. (2016) displayed a robust result that word frequency had an effect on saccade length and on landing position of saccades entering and exiting a word.

Although increasing evidence supports the results that the frequency of parafoveal words influences saccade lengths and landing positions upon entering them, the conclusion is still obscure because the reported frequency effects are relatively small. For example, the length of saccades exiting high-frequency words are 0.5 letters longer than those exiting low-frequency words when reading spaced languages (Rayner et al., 2004). The saccades exiting high-frequency words are just 0.1–0.2 characters longer than those exiting low-frequency words in Chinese reading (Wei et al., 2013). One possible explanation of the small effect is that the frequency effect may appear to slightly elongate long saccades to skip the next words. The few increased skipping saccades only can lead to a small effect (referred as Slight-skipping Account). Another possible explanation is that the frequency gradually influences the majority forward saccades in a continuous manner instead of through discretized skipping (referred as Gradual-adjusting Account). In this circumstance, although the word frequency affects the majority of forward saccade lengths, it is still difficult to observe a large effect because the adjustment is subtle. The traditional mean-based method appears to be a central tendency but ignores the detailed difference from the data distribution. Therefore, it is less likely to differentiate both above accounts through the mean-based analysis.

In contrast of the small mean-based frequency effect on saccade length, both above accounts can predict different saccade length distributions. As supposed, the Slight-skipping Account stipulated that word frequency only appears in a few long saccades which try to skip next word, but the Gradual-adjusting Account stipulated that word frequency can appear in short saccades. Thereby, distributional analysis might be more suitable to explore word frequency effect on saccade lengths in current research. Fortunately, recent empirical efforts have employed distributional analyses such as survival analysis to examine eye-movement data (i.e., fixation duration; Staub, 2011; White et al., 2011a,b; Reingold et al., 2012; Sheridan and Reingold, 2012; White and Staub, 2012). This method provides a novel way to examine eye movement data and can reveal more precise information.

Survival analysis is one of the most robust methods to examine the distribution of data by calculating its survival rate. In the medical field, survival rate refers to the percentage of people in a treatment who are alive at a given time after diagnosis (e.g., percentage of cancer patients alive each year after being diagnosed with the disease). In the context of fixation duration, the percentage of survival at a given time t is the percentage of fixations with a duration >t. Reingold et al. (2012) used this method to examine the time course of word frequency effects on the first-fixation duration during reading. They calculated separate survival curves for high- and low-frequency words first and then examined when both survival curves began to diverge (called the divergence point). Consequently, the divergence point provides an estimate of the earliest effect of the word frequency variable and the proportion of fixations longer than this divergence point. Compared with fixation duration, in the context of saccade length, survival rates can be calculated as the percentage of saccades that have lengths greater than x using small incremental values of x. By calculating survival rates in this way, it is possible to observe where the survival curves begin to diverge in high- and low-frequency conditions and how many saccades are longer than the divergence point, further providing precise information to reveal how word frequency influences saccade targeting.

Therefore, the present study investigates how word frequency influences the distribution of saccade lengths and then distinguishes the aforementioned Slight-skipping Account and Gradual-adjusting Account based on how word frequency influences saccade length in Chinese reading. We will use the aforementioned survival analysis to examine survival curves for the distributions of saccade lengths that go into and out of the target words and then calculate the divergence point for the high- and low-frequency curves. If word frequency affects saccade length through contributing a higher skipping rate as the Slight-skipping Account stipulated, the word frequency effect only can be observed in a few long saccades that attempted to skip next words (the general skipping for two-character words and the word frequency effect on them are only ~10 and 4%, respectively; see Yan et al., 2006). In this situation, the survival curves between the high- and low-frequency conditions will diverge in a long saccade length (i.e., >2 characters, which is the minimal length to skip a 2-character word), and the proportion of saccades longer than the divergence point will be small (i.e., <<50% or proximity to the skipping rate as mentioned above). If word frequency affects the majority of forward saccades gradually as the Gradual-adjusting Account stipulated, however, the divergence point will appear in a short saccade length (i.e., <2 characters), and the proportion of saccades longer than the divergence point will be relatively large (i.e., >>50%). In current research, the data were derived from an eye-tracking experiment and a computational simulation using the Dynamic-adjustment Model of saccadic targeting in Chinese reading (Liu et al., 2016). The experiment by Liu et al. explored how foveal and parafoveal processing influence saccade lengths by manipulating target word frequency and preview validity. In their analysis, they adopted a mean-based method to examine the data and found the target word frequency influenced the length of saccades into and out of the target words; however, the frequency effect in their experiment was small. In this paper, we will reanalyze their data through distribution analysis to observe how word frequency impacts on saccade targeting during the reading of Chinese. To avoid any disruption that may be introduced by the display changes, we only adopt the data in valid preview condition.

METHODS

Participants

Thirty-six undergraduate students (23 males) recruited from universities in Beijing were paid 30 yuan to participant in the experiment. All participants were native speakers of Chinese. All of them had normal or corrected-to-normal vision, and all were naïve to the purpose of the experiment.

Materials and Design

In Liu et al. (2016), the experiment consisted of a 2 (target-word frequency: high vs. low) × 2 (target-word preview validity: valid vs. invalid) within-subjects design. The materials contained 160 sentence frames. Each frame embedded a high-frequency word (M = 121.5 per million; SD = 98.5) or a low-frequency word (M = 2.17 per million; SD = 1.53) in the same location properly (see Figure 1). All target words were two characters long. Ten native Chinese speakers who did not participate in the experiment rated the predictability of the target words. They read the text prior to the target word and wrote a word that would appear following the text. The predictability of each target word was <0.1. Another 20 native Chinese speakers rated the naturalness of the sentences on a 5-point scale (1 means “completely not natural,” 5 means “completely natural”). The naturalness score of each sentence was higher than 3, and the naturalness in high-frequency and low-frequency conditions were no different (p > 0.05). As indicated, although the original experiment by Liu et al. used the gaze-contingent boundary paradigm (Rayner, 1975) to manipulate the preview validity of the target words, our paper focuses on the natural reading condition (i.e., the sentences displayed naturally so that readers could extract target word information prior to fixating this target word). For each participant, 80 remaining trials for high- and low-frequency conditions were used in this paper. The participants read equal numbers of sentences in each condition according to the counter-balance design.
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FIGURE 1. Examples of the stimuli used in the experiment (target words are indicated by solid lines for illustrative purposes).



Apparatus

Stimuli were displayed on a 21-in. CRT monitor (SONY Multiscan G520) with a resolution of 1024 × 768 pixels and a 150-Hz refresh rate. All characters were rendered in Song 20 font. The presentation was controlled by an OpenGL-based Psychophysics Toolbox 3 (Brainard, 1997; Kleiner et al., 2007), which incorporates the EyeLink Toolbox extensions (Cornelissen et al., 2002) in Matlab (2013a). Using this configuration, display changes can be controlled precisely and require ~10 ms to complete. Eye movements were recorded using a SR-Research Eyelink 1000 eye tracker (upgraded to 2000 Hz; Kanata, ON, Canada) sampling at a 1000-Hz rate. Participants were seated 58 cm from the monitor. At this distance, one character subtended ~1° of the visual angle. A chin rest was used to minimize head movements. Viewing was binocular, but only the right eye was recorded.

Procedure

Participants were instructed to answer comprehension questions in the experiment. Calibration and validation were conducted before the experiment. The participants conducted 15 practice trials, which were not included in our analysis. Next, they completed the experiment trials. In each trial, a drift check appeared in the middle of the screen first. If the drift check passed, a fixation box (1° × 1°, the size of a character) appeared at the first character of the sentence. The sentence was displayed on the screen after they successfully fixated the box. The participants read the sentence silently and used the button box to terminate the sentence display. One-third of the trials then displayed a comprehension question. The participants pressed the button (Microsoft SideWinder Game Pad) to answer the question and then began the next trial. If the drift check indicated more than 0.4 degrees of error or the fixation box did not trigger, then recalibration and revalidation were conducted. Furthermore, the participant was recalibrated at regular intervals.

EMPIRICAL RESULTS

In this study, we explored how word frequency influences the saccade lengths entering and leaving target words through distribution analysis. We reported the following two corresponding eye-movement measures during first-pass reading: (1) incoming-saccade length, or the length of any saccade landing on the target word from a prior word, and (2) outgoing-saccade length, or the length of first progressive saccade that was launched from the target word and that resulted in a fixation to the right of the target word. First, we described the frequency distribution for incoming- and outgoing-saccade length distribution. To do this, we calculated the proportion of incoming- and outgoing-saccade lengths within each successive saccade-length bin (one-third of a character) over the range of 0–5 characters for each participant. These values were averaged across participants to generate the distributions, as shown in Figures 2A, 3A.
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FIGURE 2. Observed (A) vs. simulated (B) incoming-saccade length distributions as a function of target-word frequency, along with their corresponding survival curves by using the Confidence Interval DPA procedure (C,D) and the Individual Participant DPA procedure (E,F). The vertical solid lines mark the divergence point estimate and the dotted lines represent the 95% confidence interval or the standard deviation of individual participants in their respective panels.




[image: image]

FIGURE 3. Observed (A) vs. simulated (B) outgoing-saccade length distributions as a function of target-word frequency along with their corresponding survival curves using the Confidence Interval DPA procedure (C,D) and the Individual Participant DPA procedure (E,F). The vertical solid lines mark the divergence point estimate and the dotted lines represent the 95% confidence interval or the standard deviation of individual participants in their respective panels.



Then, we used survival analysis to explore the divergence point for the high- and low-frequency conditions. To do this, we first calculated the percentage of saccades with lengths larger than x (x was equal to 1 pixel or 1/28 character) for each bin of width x. This was performed for each participant and condition and then averaged across participants. The survival curves are shown in Figures 2C,E for incoming-saccade lengths and in Figures 3C,E for outgoing-saccade lengths. Then, we used a bootstrap re-sampling procedure (Efron and Tibshirani, 1994) to conduct the divergence point analysis (DPA). To warrant the reliability of these divergence points (e.g., whether these estimates are different across high- and low-frequency conditions), we used the Confidence Interval DPA to compute confidence intervals for divergence point estimates and the Individual Participant DPA for individual participants. Both procedures were modified from the original definition (Reingold et al., 2012), which was recommended to improve the reliability (and the two modified procedures performed better than the original procedure under conditions of low statistical power) by Reingold and Sheridan (2014). The Confidence Interval DPA and the Individual Participant DPA procedures can be considered supplementary as they contribute unique information about the reliability of these divergence point estimates (see Reingold and Sheridan, 2014 for detailed introduction).

To run the Confidence Interval DPA procedure, 1000 iterations of random resampling of saccades for each participant and condition were used. Thus, the divergence point estimate was defined as the first 1-pixel bin in a run of five consecutive bins in which the survival rate in the high-frequency condition was at least 1.5% greater than the survival rate in the low-frequency condition for each iteration. Then, the 95% confidence interval was defined by the 25th and 975th values in the ranked divergence point estimates from the smallest to the largest values across the 1000 iterations. The median of the 1000 sorted divergence point values was defined as the divergence point estimate for the sample.

To run the Individual Participant DPA procedure, 1000 iterations of random resampling of saccades for each participant were performed separately. For each of the 1000 bootstrap iterations, 1200 saccades for a given participant were randomly sampled with replacement from the respective pool of saccades corresponding to the high- and low-frequency condition. Both sets of 1200 saccades were sorted from the shortest to the longest length value and then paired, ultimately creating two 1200 survival percent bins. For each of the 1200 survival percent bins, the difference between the high- and low-frequency condition was computed. Finally, the average length of the pair of saccades corresponding to the first survival percent bin in a run of 100 consecutive bins with the positive values of the difference was defined as the divergence point value. The median value across the successful iterations (with a divergence point value) was then defined as the divergence point estimate for that individual. Participants for whom a divergence point value was obtained in more than 50% of iterations were included in the computation of group divergence point estimates.

For the incoming-saccades, as shown in Figures 2C,E, the high- and low-frequency survival curves diverged in a short saccade length, regardless of the DPA procedures being used (the average number of saccades per subject is 16.56 and 20.06 in the high- and low-frequency condition, respectively). Specifically, the Confidence Interval DPA procedure yielded a divergence point estimate (M = 1.64 characters, with 95% confidence interval from 1.32 to 1.93 characters). A total of 12.74% of saccades in the high-frequency condition were shorter than the divergence point compared to 14.19% of saccades in the low-frequency condition. Similarly, the Individual Participant DPA procedure produced an average divergence point estimate across individual participants (M = 1.70 characters, SD = 0.44). In this procedure, 13.32% of saccades in the high-frequency condition and 15.88% of saccades in the low-frequency condition were shorter than the divergence point.

For the outgoing-saccades, as shown in Figures 3C,E, the high- and low-frequency survival curves also diverged in a short saccade length, regardless of the DPA procedures being used (the average number of saccades per subject is 24.22 and 24.58 in the high- and low-frequency condition, respectively). The Confidence Interval DPA procedure yielded a divergence point estimate (M = 1.25 characters, with 95% confidence interval from 1.07 to 1.39 characters). A total of 2.86% of saccades in the high-frequency condition were shorter than the divergence point compared to 4.52% of saccades in the low-frequency condition. Similarly, the Individual Participant DPA procedure produced an average divergence point estimate across individual participants (M = 1.72 characters, SD = 0.69). Altogether, 12.80% of saccades in the high-frequency condition were shorter than the divergence point compared to 18.20% of saccades in the low-frequency condition.

COMPUTER SIMULATIONS

In the empirical results, we found that the divergence points for the incoming and outgoing saccades appeared early (or in a short saccade length) and the proportion of saccades longer than the divergence points are large (>>50%), regardless of which DPA procedure we adopted. These empirical results collectively support that the word frequency can appear early in a short saccade length, as the Gradual-adjusting Account suggested, rather than later in a long saccade length by the skipping way as the Slight-skipping Account suggested. To further examine our results, we run simulations using the Dynamic-adjustment Model of saccade targeting in Chinese reading (Liu et al., 2016). The Dynamic-adjustment Model hypothesized that readers dynamically determine the target position when they decide where to move their eyes in Chinese reading, with the length of a saccade being adjusted to maximize the efficiency of foveal and parafoveal processing. The model aims to provide a qualitative interpretation of saccade target selection rather than a complete word processing and eye-movement control model during Chinese reading. To instantiate and simplify the model, Liu et al. assumed saccade length was a linear function of the parafoveal preview, which was a random deviate sampled from a gamma distribution having a shape parameter, α, and a scale parameter, β (see Equation 1).

[image: image]

The precise amount of preview could also be modulated by foveal and/or parafoveal processing difficulties (e.g., word's frequency), as specified by Equation (2), where the free parameters η1 and η0 could scale α. It should be noted that to simplify the simulation of the model, we run the simulations for incoming and outgoing saccades separately. Specifically, the frequency of target word was inputted to Equation (2) to represent the parafoveal- and foveal-processing difficulties when simulating incoming and outgoing saccades, respectively. To further simplify the simulation, the weak effect of saccade launch-site distance on preview was also ignored.
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Finally, as assumed by Liu et al., saccade length was modulated by preview through a free parameter λ (as specified by Equation (3). The best fitting parameter values and the procedure used to search them are described in the Appendix).
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The simulation results are displayed in the right panels of Figures 2, 3 to facilitate comparison with empirical results. As seen from both figures, the survival analysis results from the simulations showed a qualitatively similar pattern with the empirical survival analysis results. More importantly, similar to the divergence points found in the empirical datasets, the divergence points found in the simulated dataset also appeared early (or in a short saccade length), and the proportion of saccades longer than the divergence points were still large. Specifically, for the incoming saccades (the average number of saccades per subject is 26.61 and 26.11 in the high- and low-frequency condition, respectively), the Confidence Interval DPA procedure yielded a divergence point estimate (M = 1.36 characters, with 95% confidence interval from 1.07 to 1.50 characters). A total of 1.89% of saccades in the high-frequency condition were shorter than the divergence point compared to 3.67% of saccades in the low-frequency condition. Similarly, the Individual Participant DPA procedure produced an average divergence point estimate across individual participants (M = 1.60 characters, SD = 0.41). A total of 7.14% of saccades in the high-frequency condition were shorter than the divergence point compared to 12.12% of saccades in the low-frequency condition.

Finally, for the outgoing saccades (the average number of saccades per subject is 38.11 and 36.47 in the high- and low-frequency condition, respectively), the Confidence Interval DPA procedure yielded a divergence point estimate (M = 1.21 characters, with 95% confidence interval from 1.11 to 1.29 characters). A total of 0.43% of saccades in the high-frequency condition were shorter than the divergence point compared to 2.44% of saccades in the low-frequency condition. Again, the individual participant DPA procedure produced an average divergence point estimate across individual participants (M = 1.56 characters, SD = 0.42). A total of 9.32% of saccades in the high-frequency condition were shorter than the divergence point compared to 4.65% of saccades in the low-frequency condition.

GENERAL DISCUSSION

In this paper, we used survival-curve analysis to examine how the frequency of target words influences the saccades entering and exiting it. To check the reliability of the results, we used the Confidence Interval DPA and Individual Participant DPA procedures to analyze the data from one empirical experiment and simulations based on the Dynamic-adjustment Model. We found word frequency effect diverged early in the distribution of saccade lengths, regardless of the DPA procedures or data being used. For incoming saccades, the word-frequency effect first appeared at 1.36–1.70 character spaces from the launching of saccades, with 86.68–98.11% of saccades entering high-frequency words and 84.12–96.23% of saccades entering low-frequency words being larger than the divergence points, respectively. For outgoing saccades, the word-frequency effect first appeared at 1.21–1.72 character spaces from the launching of saccades, with 87.20–99.57% of saccades leaving high-frequency words and 82.80–97.56% of saccades leaving low-frequency words being larger than the divergence points, respectively. As an extension of previous work (e.g., Liu et al., 2016), the current analyses provide additional evidence to support that the frequency of target words can influence saccades into and out of these target words gradually (i.e., the Gradual-adjusting Account) rather than influencing a few long saccades to skip the next word (i.e., the Slight-skipping Account) in Chinese reading. Further, the consistent results between the empirical and simulated data also support the Dynamic-adjustment Model.

It should be noted that the survival analysis results are also consistent with the documented results that the lexical and sub-lexical properties of upcoming words can affect saccade targeting during the reading of alphabetic language. For example, saccades tend to be located at the beginning of the upcoming word if they contain orthographic irregularities or unfamiliar spelling patterns (Radach et al., 2004; Plummer and Rayner, 2012). Similarly, the initial fixation locations on Finnish compound words are influenced by the frequency of the first morphemic constituent of the word (Hyönä and Pollatsek, 1998, 2000). These findings collectively indicate that lexical and sub-lexical information in the fovea and parafovea affect saccade lengths.

More importantly, the survival analysis results from the empirical data were consistent with the simulated data, providing more evidence to support the Dynamic-adjustment model, which assumed that the amount of parafoveal processing can modulate saccade length in Chinese reading (Yan et al., 2010; Liu et al., 2016, in press). As presented in this article, Liu et al. (2016) has instantiated this theory in a computational model by assuming that saccade length is linearly related to the extent of preview. It is interesting that this simple model can explain saccade behaviors with the highest quantitative fitness and fewest parameters. For instance, the model can fit the relationship between the pre-target launch site and the landing site related to target words, the probabilities of refixating pre-target words, the fixation on or skipping of target words, and the word frequency effect on the incoming saccade length as well as the corresponding landing positions (for detailed information, see Figures 2–5 in Liu et al., 2016). In a new endeavor, Liu et al. (in press) have incorporated the launch-site and launch-word frequency effect into this novel model. This model can also fit the aforementioned saccade patterns (i.e., the relationship between launch site and landing site, the probabilities of fixating various words) with the highest quantitative accuracy. In addition to these previous results, our findings that early divergence points and a large proportion of saccades are longer than the divergence points provide new evidence to support the Dynamic-adjustment Model. To the best of our knowledge, the Dynamic-adjustment Model is the first formal model that can fit these empirical patterns with the highest quantitative accuracy and easiest theoretical assumption (e.g., fewest parameters) during Chinese reading.

Lastly, we used the survival analysis technique to provide more precise evidence to support the word frequency effect on forward saccades gradually, further supporting the Dynamic-adjustment Model. Combined with prior results (e.g., Liu et al., 2016), these findings have established the “benchmarks” for any future computational models of eye-movement control during the reading of Chinese. To understand these complex eye movement controls, it is obvious that more empirical and modeling work should be conducted to examine how local processing in the fovea and parafovea dynamically influence eye movements.

ETHICS STATEMENT

The empirical data from a published paper (Liu et al., 2016).

AUTHOR CONTRIBUTIONS

Y. Liu and RH designed research; Y. Liu, RH and Y. Li performed research; Y. Liu, analyzed data; and Y. Liu, RH, and DG, wrote the paper.

FUNDING

This research was supported by grants from the National Natural Science Foundation of China (31500890 & 31371028) to the first and last authors.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpsyg.2017.00116/full#supplementary-material

REFERENCES

 Balota, D. A., Pollatsek, A., and Rayner, K. (1985). The interaction of contextual constraints and parafoveal visual information in reading. Cogn. Psychol. 17, 364–390. doi: 10.1016/0010-0285(85)90013-1

 Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433–436. doi: 10.1163/156856897X00357

 Brysbaert, M., and Vitu, F. (1995). “Word skipping: its implications for theories of eye movements in reading,” in Paper Presented at the Eighth European Conference on Eye Movements. (Derby).

 Brysbaert, M., and Vitu, F. (1998). “Word skipping: implications for theories of eye movement control in reading,” in Eye Guidance in Reading and Scene Perception, ed G. Underwood (Oxford: Elsevier), 125–148.

 Cornelissen, F. W., Peters, E. M., and Palmer, J. (2002). The eyelink toolbox: eye tracking with MATLAB and the psychophysics toolbox. Behav. Res. Methods Instrum. Comp. 34, 613–617. doi: 10.3758/BF03195489

 Dunn-Rankin, P. (1978). The visual characteristics of words. Sci. Am. 238, 122–130. doi: 10.1038/scientificamerican0178-122

 Efron, B., and Tibshirani, R. J. (1994). An Introduction to the Bootstrap. Boca Raton, FL: CRC Press.

 Ehrlich, S. F., and Rayner, K. (1981). Contextual effects on word perception and eye movements during reading. J. Verb. Learn. Verb. Behav. 20, 641–655. doi: 10.1016/S0022-5371(81)90220-6

 Henderson, J. M., and Ferreira, F. (1993). Eye movement control during reading: fixation measures reflect foveal but not parafoveal processing difficulty. Can. J. Exp. Psychol. 47, 201–221. doi: 10.1037/h0078814

 Hyönä, J., and Pollatsek, A. (1998). Reading Finnish compound words: eye fixations are affected by component morphemes. J. Exp. Psychol. Hum. Percept. Perform. 24, 1612–1627.

 Hyönä, J., and Pollatsek, A. (2000). “Processing of finnish compound words in reading,” in Reading as a Perceptual Process, eds A. Kennedy, R. Radach, D. Heller, and J. Pynte (Oxford: Elsevier), 65–87.

 Inhoff, A. W., and Rayner, K. (1986). Parafoveal word processing during eye fixations in reading: effects of word frequency. Percept. Psychophys. 40, 431–439. doi: 10.3758/BF03208203

 Inhoff, A. W., and Topolski, R. (1994). Use of phonological codes during eye fixations in reading and in online and delayed naming tasks. J. Mem. Lang. 33, 689–713. doi: 10.1006/jmla.1994.1033

 Kleiner, M., Brainard, D., and Pelli, D. (2007). What's new in Psychtoolbox-3. Perception 36:14. doi: 10.1068/v070821

 Lavigne, F., Vitu, F., and d'Ydewalle, G. (2000). The influence of semantic context on initial eye landing sites in words. Acta Psychol. 104, 191–214. doi: 10.1016/S0001-6918(00)00020-2

 Li, X., Bicknell, K., Liu, P., Wei, W., and Rayner, K. (2014). Reading is fundamentally similar across disparate writing systems: a systematic characterization of how words and characters influence eye movements in Chinese reading. J. Exp. Psychol. Gen. 143, 895–913. doi: 10.1037/a0033580

 Liu, Y., Huang, R., Gao, D.-G., and Reichle, E. D. (in press). Further tests of a dynamic-adjustment account of saccade targeting during the reading of Chinese. Cogn. Sci.

 Liu, Y., Reichle, E. D., and Li, X. (2015). Parafoveal processing affects outgoing saccade length during the reading of Chinese. J. Exp. Psychol. Learn. Mem. Cogn. 41, 1229–1236. doi: 10.1037/xlm0000057

 Liu, Y., Reichle, E. D., and Li, X. (2016). The effect of word frequency and parafoveal preview on saccade length during the reading of chinese. J. Exp. Psychol. Hum. Percept. Perform. 42, 1008–1025. doi: 10.1037/xhp0000190

 Liversedge, S. P., Zang, C., Zhang, M., Bai, X., Yan, G., and Drieghe, D. (2014). The effect of visual complexity and word frequency on eye movements during Chinese reading. Vis. Cogn. 22, 441–457. doi: 10.1080/13506285.2014.889260

 McConkie, G. W., Kerr, P. W., Reddix, M. D., and Zola, D. (1988). Eye movement control during reading: I. the location of initial fixations on words. Vis. Res. 28, 1107–1118. doi: 10.1016/0042-6989(88)90137-X

 Morris, R. K., Rayner, K., and Pollatsek, A. (1990). Eye movement guidance in reading: the role of parafoveal letter and space information. J. Exp. Psychol. Hum. Percept. Perform. 16, 268–281. doi: 10.1037/0096-1523.16.2.268

 O'Regan, J. K. (1979). Eye guidance in reading: evidence for the linguistic control hypothesis. Percept. Psychophys. 25, 501–509. doi: 10.3758/BF03213829

 O'Regan, J. K. (1980). The control of saccade size and fixation duration in reading: the limits of linguistic control. Percept. Psychophys. 28, 112–117. doi: 10.3758/BF03204335

 Plummer, P., and Rayner, K. (2012). Effects of parafoveal word length and orthographic features on initial fixation landing positions in reading. Atten. Percept. Psychophys. 74, 950–963. doi: 10.3758/s13414-012-0286-z

 Pollatsek, A., and Rayner, K. (1982). Eye movement control in reading: the role of word boundaries. J. Exp. Psychol. Hum. Percept. Perform. 8, 817–833. doi: 10.1037/0096-1523.8.6.817

 Radach, R., Inhoff, A. W., and Heller, D. (2004). Orthographic regularity gradually modulates saccade amplitudes in reading. Euro. J. Cogn. Psychol. 16, 27–51. doi: 10.1080/09541440340000222

 Rayner, K. (1975). The perceptual span and peripheral cues in reading. Cogn. Psychol. 7, 65–81. doi: 10.1016/0010-0285(75)90005-5

 Rayner, K. (1979). Eye guidance in reading: fixation locations within words. Perception 8, 21–30. doi: 10.1068/p080021

 Rayner, K. (1998). Eye movements in reading and information processing: 20 years of research. Psychol. Bull. 124, 372–422. doi: 10.1037/0033-2909.124.3.372

 Rayner, K., Ashby, J., Pollatsek, A., and Reichle, E. D. (2004). The effects of word frequency and predictability on eye fixations in reading: implications for the E-Z Reader model. J. Exp. Psychol. Hum. Percept. Perform. 30, 720–732. doi: 10.1037/0096-1523.30.4.720

 Rayner, K., Binder, K. S., Ashby, J., and Pollatsek, A. (2001). Eye movement control in reading: word predictability has little influence on initial landing positions in words. Vis. Res. 41, 943–954. doi: 10.1016/S0042-6989(00)00310-2

 Rayner, K., and Fischer, M. H. (1996). Mindless reading revisited: eye movements during reading and scanning are different. Percept. Psychophys. 58, 734–747. doi: 10.3758/BF03213106

 Rayner, K., Li, X., Juhasz, B. J., and Yan, G. (2005). The effect of word predictability on the eye movements of Chinese readers. Psychon. Bull. Rev. 12, 1089–1093. doi: 10.3758/BF03206448

 Rayner, K., and Raney, G. E. (1996). Eye movement control in reading and visual search: effects of word frequency. Psychon. Bull. Rev. 3, 245–248. doi: 10.3758/BF03212426

 Rayner, K., Reichle, E. D., Stroud, M. J., Williams, C. C., and Pollatsek, A. (2006). The effect of word frequency, word predictability, and font difficulty on the eye movements of young and older readers. Psychol. Aging 21, 448–465. doi: 10.1037/0882-7974.21.3.448

 Rayner, K., Sereno, S. C., and Raney, G. E. (1996). Eye movement control in reading: a comparison of two types of models. J. Exp. Psychol. Hum. Percept. Perform. 22, 1188–1200.

 Rayner, K., Slattery, T. J., Drieghe, D., and Liversedge, S. P. (2011). Eye movements and word skipping during reading: effects of word length and predictability. J. Exp. Psychol. Hum. Percept. Perform. 37, 514–528. doi: 10.1037/a0020990

 Rayner, K., and Well, A. D. (1996). Effects of contextual constraint on eye movements in reading: a further examination. Psychon. Bull. Rev. 3, 504–509. doi: 10.3758/BF03214555

 Reingold, E. M., Reichle, E. D., Glaholt, M. G., and Sheridan, H. (2012). Direct lexical control of eye movements in reading: evidence from survival analysis of fixation durations. Cogn. Psychol. 65, 177–206. doi: 10.1016/j.cogpsych.2012.03.001

 Reingold, E. M., and Sheridan, H. (2014). Estimating the divergence point: a novel distributional analysis procedure for determining the onset of the influence of experimental variables. Front. Psychol. 5:1432 doi: 10.3389/fpsyg.2014.01432

 Schotter, E. R., Bicknell, K., Howard, I., Levy, R., and Rayner, K. (2014). Task effects reveal cognitive flexibility responding to frequency and predictability: evidence from eye movements in reading and proofreading. Cognition 131, 1–27. doi: 10.1016/j.cognition.2013.11.018

 Schustack, M., Ehrlich, S. F., and Rayner, K. (1987). The complexity of contextual facilitation in reading: local and global influences. J. Mem. Lang. 26, 322–340. doi: 10.1016/0749-596X(87)90117-3

 Sheridan, H., and Reingold, E. M. (2012). The time course of predictability effects in reading: evidence from a survival analysis of fixation durations. Vis. Cogn. 20, 733–745. doi: 10.1080/13506285.2012.693548

 Staub, A. (2011). The effect of lexical predictability on distributions of eye fixation durations. Psychon. Bull. Rev. 18, 371–376. doi: 10.3758/s13423-010-0046-9

 Vitu, F. (1991). The influence of parafoveal preprocessing and linguistic context on the optimal landing position effect. Percept. Psychophys. 50, 58–75. doi: 10.3758/BF03212205

 Vitu, F., O'Regan, J. K., and Mittau, M. (1990). Optimal landing position in reading isolated words and continuous text. Percept. Psychophys. 47, 583–600. doi: 10.3758/BF03203111

 Vonk, W. (1984). “Eye movements during comprehension of pronouns,” in, Theoretical and Applied Aspects of Eye Movement Research, eds A. G. Gale and F. Johnson (Amsterdam: North-Holland), 203–212.

 Wei, W., Li, X., and Pollatsek, A. (2013). Word properties of a fixated region affect outgoing saccade length in Chinese reading. Vis. Res. 80, 1–6. doi: 10.1016/j.visres.2012.11.015

 White, S. J., and Liversedge, S. P. (2006). Foveal processing difficulty does not modulate non-foveal orthographic influences on fixation positions. Vis. Res. 46, 426–437. doi: 10.1016/j.visres.2005.07.006

 White, S. J., and Staub, A. (2012). The distribution of fixation durations during reading: effects of stimulus quality. J. Exp. Psychol. Hum. Percept.Perform. 38, 603–617. doi: 10.1037/a0025338

 White, S. J., Staub, A., Drieghe, D., and Liversedge, S. P. (2011a). “Word frequency effects during reading: Binocular fixations and the distribution of fixation durations,” in Paper Presented at the 16th European Conference on Eye Movements. (Marseille).

 White, S. J., Warren, T., Staub, A., and Reichle, E. D. (2011b). “The distribution of fixation durations during reading: effects of stimulus quality and sentence wrap-up,” in Paper Presented at the 16th European Conference on Eye Movements. (Marseille).

 Yan, G., Tian, H., Bai, X., and Rayner, K. (2006). The effect of word and character frequency on the eye movements of chinese readers. Br. J. Psychol. 97, 259–268. doi: 10.1348/000712605X70066

 Yan, M., Kliegl, R., Richter, E. M., Nuthmann, A., and Shu, H. (2010). Flexible saccade-target selection in Chinese reading. Q. J. Exp. Psychol. 63, 705–725. doi: 10.1080/17470210903114858

 Yan, M., Zhou, W., Shu, H., Yusupu, R., Miao, D., Krügel, A., et al. (2014). Eye movements guided by morphological structure: evidence from the Uighur language. Cognition 132, 181–215. doi: 10.1016/j.cognition.2014.03.008

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Liu, Huang, Li and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/math_2.gif
a =plfrequency +70  (2)





OPS/images/math_3.gif
length = 2 preview
- AGamma(a, )
Gamma(pFrequency +70,28) (3






OPS/images/fpsyg-08-00116-g003.gif
Simlation

H






OPS/images/math_1.gif





OPS/images/fpsyg-08-00116-g001.gif
High Frequency: 144 WS MRESBIE L7 22 7 % WMl .
(The Chinese sadentshavelsrned a Chrstmas song from the i tscher)

Low Frequency: /[0%22k IRIRPTZM 8% 2 T Wi

(‘The Chinese students have learned a Christmas song from the British vis






OPS/images/fpsyg-08-00116-g002.gif
Eompinical Simulation

x R r— Y [ —
et






OPS/images/cover.jpg
’ frontiers
in Psychology

The Word Frequency Effect on
Saccade Targeting during Chinese
Reading: Evidence from a Survival

Analysis of Saccade Length









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychology





