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Abstract Eye movements of Chinese readers were recorded for sentences in
which high- and low-frequency target words were presented normally or with
reduced stimulus quality in two experiments. We found stimulus quality and word
frequency produced strong additive effects on fixation durations for target words.
The results demonstrate that stimulus quality and word frequency affect different
stages of processing (e.g., visual processing and lexical processing). These results
are consistent with the findings of previous single-word lexical decision studies,
which showed that stimulus quality manipulation primarily affects the early pre-
attentive stage of visual processing, whereas word frequency affects lexical pro-
cesses. We discuss these findings in terms of the role of stimulus quality in word
recognition and in relation to the E-Z Reader model of eye movement control.

Keywords Eye movements - Stimulus quality - Word frequency -
Lexical processing - Chinese reading

Introduction

In order to infer the structure of information processing stages during reading, many
studies have examined the joint effects of stimulus quality (whether a printed word
is degraded) and word frequency on word recognition in single-word response tasks
such as lexical decision and naming (e.g., Balota & Abrams, 1995; Bangert,
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Abrams, & Balota, 2012; Becker & Killion, 1977; O’Malley & Besner, 2008;
O’Malley, Reynolds, & Besner, 2007; Plourde & Besner, 1997; Scaltritti, Balota, &
Peressotti, 2013; Stanners, Jastrzembski, & Westbrook, 1975; Yap & Balota, 2007;
Yap, Balota, Tse, & Besner, 2008). However, few studies have investigated the joint
effects of these two variables in the context of natural reading. An important
question is whether stimulus quality affects an early stage of lexical processing or
the pre-attentive stage of visual processing that forms part of the influential E-Z
Reader model (Reichle, Pollatsek, & Rayner, 2012; Reichle, Warren, & McConnell,
2009; Sheridan & Reingold, 2013; White & Staub, 2012). To test this question
directly, the present study explored the joint effects of stimulus quality and word
frequency on eye movements for target words during natural reading.

According to Sternberg’s additive factors logic (Sternberg, 1969), two variables
that have additive effects affect different stages of processing, whereas two
variables that have interactive effects may affect at least one common stage of
processing (but see McClelland, 1979, for an alternative explanation of additive
effects). Many single-word recognition studies have investigated the influence of
stimulus quality and word frequency on RT and the distribution of RT responses,
and interpreted these results based on the additive factors logic.

However, this research has not produced consistent results with regard to the effects
of stimulus quality and word frequency on word recognition. In studies using semantic
categorization and pronunciation tasks, several researchers have reported an interactive
effect of these two variables on RT (e.g., O’Malley et al., 2007; Yap & Balota, 2007,
Experiment 2 & 3), which suggests that the two variables influence a common stage of
lexical processing. In contrast, in the lexical decision task, numerous experiments have
shown additive effects of these two variables on RT or the distribution of RT responses
(Balota & Abrams, 1995; Becker & Killion, 1977, Experiment 3 & 4; O’Malley et al.,
2007; Plourde & Besner, 1997; Stanners et al., 1975; Yap & Balota, 2007, Experiment
1). The indication, therefore, is that stimulus quality and word frequency affected
different stages of processing (e.g., feature level and letter level) in this task. In order to
reconcile these findings, Scaltritti et al. (2013) proposed that the joint effects of these
two variables vary as a function of the experimental task or the type of stimuli, and that
the patterns of additive or interactive effects that are typically observed support the
notion of an adaptive and flexible lexical processor.

Most previous studies used single words as stimuli in lexical decision, semantic
categorization or pronunciation tasks. These tasks are very different from normal
reading. Hence, how the two variables influence lexical processing during normal
sentence reading remains unclear. The present study therefore investigates the joint
effects of these two variables in natural reading using measures of eye movements,
as these provide an excellent online indication of the cognitive processes that
underlie reading (Rayner, 1998). The findings from this research will reveal the
influence of these variables on different stages of processing during reading, and are
likely to have important implications for models of eye movement control in
reading, such as the E-Z Reader model (Pollatsek, Reichle, & Rayner, 2006;
Reichle, Pollatsek, Fisher, & Rayner, 1998; Reichle et al., 2009, 2012).

A central assumption of the E-Z Reader is that lexical processing determines
when the eyes move forward from a word. The model postulates two separate stages
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of lexical processing, namely, L1 (the familiarity check) and L2 (the completion of
lexical access). In addition, the model includes an early pre-attentive stage of visual
processing during which visual features on the printed page are propagated from the
retina to the brain. The E-Z Reader model has successfully accounted for a broad
range of empirical findings in English, and has been successfully extended to
account for eye movement control while reading in Chinese (Rayner, Li, &
Pollatsek, 2007). Thus, the present study tests the influence of stimulus quality and
word frequency on different stages of the processing of words when reading in
Chinese reading within the framework of the E-Z Reader model.

Several recent studies have investigated the effect of stimulus quality on eye
movement behavior by manipulating the contrast of a single target word within a
sentence (Drieghe, 2008; Jordan, McGowan, & Paterson, 2012; Reingold & Rayner,
2006; Wang & Inhoff, 2010; White & Staub, 2012). Unsurprisingly, fixation durations
are increased when a word is visually degraded. Reingold and Rayner (2006) tested a
core assumption of the E-Z Reader model by manipulating the visual contrast of target
words. According to the model, the factors that influence L1 for a given word affect the
viewing times on that word, but not on the next word. Reingold and Rayner found that
reduced contrast increased viewing times on the target words, but not on the next
words. These results therefore support the assumption that stimulus quality may
influence the initial stage of lexical processing, which is known as L1 within the E-Z
Reader model. The results have since been replicated by several studies (Drieghe,
2008; White & Staub, 2012), and so it seems clear from this research that stimulus
quality may affect at least the initial stage of lexical processing.

More recently, Sheridan and Reingold (2013) explored the conjoint effects of stimulus
quality and word frequency on eye movements during reading. They found that stimulus
quality and word frequency produced interactive effects on fixation time measures
during first-pass reading, whereas these variables produced additive effects on later
fixation time measures. In addition, Paterson, McGowan, and Jordan (2012) reported the
interactive effects of stimulus quality and lexical frequency on eye movements in English
reading by using a moving, gaze-contingent foveal-filtering technique. According to
Sternberg’s additive factors logic, these findings are consistent with stimulus quality and
word frequency affecting a common stage (L1) of lexical processing.

However, Sheridan and Reingold (2013) reported that they could not rule out the
possibility that stimulus quality may also affect the pre-attentive visual processing
stage in the E-Z Reader model (see Fig. 1A). Thus, by using different contrast
manipulations, the present study aimed to determine whether stimulus quality
affects an early lexical-processing stage or an even earlier pre-attentive visual
processing stage when reading Chinese. One key question is which measures could
be used as indexes of different processing stages. It is well established that a number
of eye movement measures can be associated with variations in the time course of
processing a target word (Rayner, 1998, 2009). First fixation duration, single
fixation duration and gaze duration reflect first-pass reading time and the reader’s
initial encounter with a target word, whereas go-past time, total time and regression
rates reflect later processing activities and integration processes. Thus, in the present
study, these eye movement measures could provide good indications of effects that
are due to an earlier pre-attentive visual processing stage.
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Fig. 1 Illustrations of the three assumptions of how stimulus quality and word frequency affect stages of
processing with the framework of the E-Z Reader model

A: Interaction

visual processing

Pre-attentive stage of
visual processing

C: Additivity

In the context of Chinese reading, how stimulus quality and word frequency affect
word recognition is unknown, partly because there are lots of differences between
Chinese and English. First, written Chinese is formed of strings of equally spaced box-
like symbols called characters. Each character is formed from a series of individual
strokes, and characters may differ in visual complexity due of variations in the number
of strokes. Several studies have shown that the properties of characters (e.g., character
frequency, character complexity) strongly affect the eye movements of Chinese
readers (Li, Bicknell, Liu, Wei, & Rayner, 2014; Yan, Tian, Bai, & Rayner, 2006;
Yang & McConkie, 1999). Second, unlike in English, there are no spaces between
words in written Chinese, and Chinese readers segment and identify words based on
lexical knowledge and contextual information (Hoosain, 1992; Li, Rayner, & Cave,
2009; Liu, Li, Lin, & Li, 2013). Given these differences between English and Chinese,
it is quite possible that stimulus quality and word frequency might exert a qualitatively
different influence on the processing of words in these two languages, and so the
present research set out to examine the conjoint influence of these variables in Chinese.

While there are lots of differences between Chinese and English, several studies
have shown the similar effects of word properties on eye movements between two
orthographies (Inhoff & Rayner, 1986; Li et al., 2014; Rayner, Li, Juhasz, & Yan,
2005; Yan et al., 2006). For example, low frequency words are fixated longer than
high frequency words (Inhoff & Rayner, 1986; Li et al., 2014; Paterson et al., 2012;
Sheridan & Reingold, 2013; Yan et al., 2006), and words that are less predictable in
context are fixated longer than more predictable words (e.g., Rayner et al., 2005;
Rayner, Reichle, Stroud, & Pollatsek, 2006). Given these similarities in the findings
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on eye movements, as in English, it is possible that stimulus quality and word
frequency might have an interactive effect in Chinese.

As noted above, word frequency produces a robust effect on lexical processing and
eye movements in both English and Chinese (e.g., Inhoff & Rayner, 1986; Li et al.,
2014; Reingold, Yang, & Rayner, 2010; Yan et al., 2006). Some studies have shown
that word frequency may be associated with the processing of both L1 and L2 stages of
word recognition in the E-Z Reader model (Reichle et al., 2009; Reingold et al., 2010;
Staub, 2011). However, how stimulus quality affects the different stages of processing
in Chinese reading remains unclear. According to Sternberg’s additive factors logic, an
interactive effect of stimulus quality and word frequency on fixation time measures
would replicate the findings of Sheridan and Reingold (2013), which appear to show
that stimulus quality can influence lexical processing (see Fig. 1A, B). In contrast, if
these two variables were to produce an additive effect (see Fig. 1C), then such a pattern
would support the assumption that the influence of stimulus quality is limited to the pre-
attentive visual processing stage (Reichle et al., 2009, 2012; White & Staub, 2012).

To recapitulate, the present study used the same participant pool and stimulus set
to directly explore the joint effects of word frequency and stimulus quality in
Chinese reading with two different manipulations of stimulus quality. In Experiment
1, following Sheridan and Reingold’s (2013) manipulation of visual contrast,
participants’ eye movements were recorded while they read sentences in which
high- and low-frequency target words were presented normally (i.e., the normal
condition) or with reduced stimulus quality (i.e., the faint-target condition). All of
the other characters in the sentence frames were always presented normally in
Experiment 1. By comparison, in Experiment 2, both the target words and sentence
frames were degraded in the faint condition (see Table 1).

Experiment 1
Methods
FParticipants

Thirty-two native Chinese speakers (16 females; average age = 22.8 years; range
19.9-26.3 years) from several universities near the Institute of Psychology in
Beijing were paid to participate in the experiment. All participants were proficient in
Chinese and had either normal or corrected-to-normal vision.

Apparatus

Eye movements were recorded with an SR Research Ltd. Eyelink 1000 eye tracker.
Viewing was binocular, but only the movements of the right eye were monitored.
The sentences were presented in the center of the screen on a 21-inch CRT monitor
(resolution: 1,024 x 768 pixels; refresh rate: 150 Hz) connected to a Dell PC.
Participants were seated at a viewing distance of 58 cm from the computer monitor,
and each Chinese character subtended a visual angle of approximately 1.2°.
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Table 1 Example sentences

Condition Sentence

Normal_HF FATA PSR RS DV IEAE AT I N A ]
Currently, two private companies prepare to set up small airlines.
Normal_LF FRTA PIR RE N IEAE T I N A

Currently, two private companies plan to set up small airlines.

Experiment 1
Fain-target HF ~ H AT E RE I IETE FIP NI A A

Currently, two private companies prepare to set up small airlines.
Faint-target LF H iAW R KE MIIETE AW A NILY /A

Currently, two private companies plan to set up small airlines.

Experiment 2
Faint HF

Currently, two private companies prepare to set up small airlines.
Faint LF

Currently, two private companies plan to set up small airlines.

Note. Target words appear in italics (but not during the experiment). HF =
high-frequency targets; LF = low-frequency targets. In Experiment 1, only the
target words were presented at low contrast in the faint-target condition. In
Experiment 2, the entire sentences were presented at low contrast in the faint

condition.

Materials

Seventy-two pairs of high-frequency and low-frequency target words were
embedded in sentence frames. Experimental sentences were 20-28 characters in
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Table 2 Properties of the target words used in the study

HF LF t p
Word frequency 168.13 7.73 10.28 <.001
Word complexity 15.71 15.94 —.94 .35
Word predictability 17 17 .50 .62
First character complexity 7.74 7.75 —.04 97
Second character complexity 7.97 8.19 =75 46
First character frequency 1,539 1,346 93 35
Second character frequency 1,429 1,222 1.00 32
Acceptability rating 5.52 5.58 —1.00 34

Word and character frequency are in occurrences per million. The number of individual strokes in a
character is treated as the index of its visual complexity. Word complexity is the sum of the number of
strokes of the first and second characters. Acceptability ratings were collected on a scale of 1 (unac-
ceptable) to 7 (perfectly acceptable). The ¢ values were generated from a paired-samples ¢ test between
items that belong to the HF group and items that belong to the LF group

HF = high-frequency targets, LF = low-frequency targets

length, and obtained from an online corpus.’ Some of the sentences were revised
slightly in order to remove semantic ambiguities. All of the target words were
2-character words, which were listed as words in the Chinese Lexicon (2003). The
frequency of the high-frequency words was above 50 occurrences per million
(M = 168.13), whereas that of the low-frequency words was below 16 occurrences
per million (M = 7.73).

Norming tasks were used to assess the predictability of the target words and the
acceptability of the sentences. Predictability ratings for each target word were
calculated from cloze task data provided by 37 native Chinese speakers, who were
given the sentence frame up to, but not including, the target word and asked to
generate the next acceptable word in the sentence. Acceptability ratings for each
sentence were obtained from 20 native speakers of Chinese on a scale of 1
(unacceptable) to 7 (perfectly acceptable). None of the participants who participated
in the norming studies took part in the eye-tracking experiment. Finally, the high-
and low-frequency words were paired and matched exactly (see Table 2) based on
word complexity, word predictability, character complexity and character frequency
(all 1s < 1.1).

The sentences were displayed on a single line in 24-point Song font. For all
conditions, the luminance of the background was 51.67 cm/d®. The normal text,
presented at a high contrast, had a luminance of 1.94 cm/d*. The faint target words,
presented at low contrast, had a luminance of 44.71 cm/d>.

Procedure

Participants were tested individually. At the start of the experiment, participants
performed a calibration procedure by looking at a sequence of three fixation points

! http://ccl.pku.edu.cn:8080/ccl_corpus/index jsp?dir=xiandai. Center for Chinese Linguistics PKU.
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randomly displayed horizontally across the middle of the computer screen.
Following calibration, the gaze position error was smaller than .5° of visual angle.
At the beginning of each trial, a white square (about 1° x 1°) appeared on the left
side of the computer screen, which indicated the position of the first character in the
sentence. Once the participant fixated on the white square successfully, a sentence
was presented. Participants were instructed to read silently for comprehension and
to press a button on a keypad when they finished reading the sentence.
Comprehension questions were presented on the screen after 42 % of the sentences.

Design and data analysis

A 2 (stimulus quality: normal vs. faint) x 2 (frequency: high vs. low) counterbal-
anced design was used to enable each participant to view an equal number of
sentences in each condition but read only one sentence for each paired item. Each
participant read eight practice sentences and seventy-two experimental sentences.
The experimental sentences were presented in a pseudorandom order for each
participant, with a maximum of two items in the same condition appearing
consecutively. Data were analyzed through repeated measures analyses of variance
(ANOVAs) on both participants’ means (£) and items’ means (F5).

Results and discussion

The average comprehension accuracy was 93.5 %, indicating that participants read
and understood the sentences well. Approximately 3.7 % of fixations were excluded
due to blinks and track losses, and 3.7 % were removed because they were shorter
than 80 ms or longer than 1,000 ms. 11.7 % of trials in which there were blinks on
the target words were discarded prior to analyses.

The following measures were used to examine processing times for the high- and
low-frequency target words in the normal and faint conditions (see Table 3): (a) first
fixation duration (the duration of the first first-pass fixation on the target word),
(b) single fixation duration (cases in which the reader made only one first-pass
fixation on the target word), (c) gaze duration (the sum of all first-pass fixations on
the target word before moving to another word), (d) go-past time (the amount of
time that the reader looks at the target word as well as any time spent rereading
earlier parts of the sentence before moving ahead to inspect new portions of the
sentence), (e) total time (the sum of all fixations on the target word, including
regressions), and (f) incoming regression rates (the probability of regressions into
the target word). The data of fixation durations were subjected to Bayesian analysis
of variance (ANOVA; Rouder, Morey, Speckman, & Province, 2012; Wetzels,
Grasman, & Wagenmakers, 2012), which allowed us to demonstrate the strength for
the interpretation of null effects in the ANOVA model. To test for each of the main
effects and for the interaction effects, we calculated the Bayes factor by comparing
the larger model with the null model (e.g., BF[MFSW: MN]). Following Rouder
et al. (2009), we considered odds greater than 10:1 to provide strong evidence for
the larger model and for odds less than 3:1 to provide little evidence for this model.
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Table 3 Eye movement measures for the target word for each condition

Measures Normal Faint

HF LF HF LF

Experiment 1

First fixation duration (ms) 272 (6.7) 281 (7.1) 368 (12.2) 392 (12.5)
Single fixation duration (ms) 269 (6.7) 284 (8.5) 392 (14.0) 428 (14.8)
Gaze duration (ms) 317 (11.8) 342 (14.1) 480 (16.6) 548 (20.5)
Go-past time (ms) 426 (22.6) 440 (22.0) 571 (21.4) 651 (23.4)
Total time (ms) 576 (30.7) 630 (33.9) 859 (45.1) 898 (46.8)
Incoming regression rates .18 (.03) 22 (.02) .32 (.03) .32 (.03)
Experiment 2
First fixation duration (ms) 268 (6.6) 283 (7.8) 308 (7.4) 323 (7.5)
Single fixation duration (ms) 266 (6.5) 285 (8.4) 306 (6.8) 321 (8.2)
Gaze duration (ms) 308 (8.8) 344 (11.7) 352 (13.2) 371 (9.5)
Go-past time (ms) 394 (16.9) 426 (19.0) 447 (21.4) 475 (20.7)
Total time (ms) 494 (33.3) 550 (33.9) 572 (33.6) 604 (39.6)
Incoming regression rates .17 (.02) .18 (.02) .17 (.02) .16 (.02)

Standard errors are shown in parentheses

HF = high-frequency targets, LF = low-frequency targets

Fixation times and regression rates

There were significant main effects of stimulus quality and word frequency for all of
the reading time measures (see Table 3). Reading times were significantly longer in
the faint-target condition than in the normal condition for all five measures [first
fixation duration: F(1, 31) = 103.68, MSE = 3 345.78, p < .001, np 11,
F>(1,71) = 293.62, MSE = 2,737.79, p < .001, np = .81; single fixation duration:
Fi1(1, 31) = 106.87, MSE = 5,342.58, p < .001, r]p = .78, Fy(1, 71) = 321.40,
MSE = 4,253.09, p < .001, nf, = .82; gaze duration: F(1, 31) = 109.24,
MSE =9, 960 75, p <.001, 113 = .78, Fy(1, 71)=478.14, MSE = 5,071.01,
p < .001, np = .87; go-past time: Fi(1, 31)=87.46, MSE =11, 593 40,
p < .001, np = .74, Fy(1, 71) = 122.78, MSE = 17,806.16, p < .001, 115 .63;
total time: Fy(1, 31)=86.98, MSE =2791293, p<.001, n,=.74,
F>(1, 71) = 199.02, MSE = 26,995.42, p < .001, 115 = .74]. Reading times were
significantly longer for low-frequency words than for high-frequency words for all
ﬁve measures [first fixation duration: F (1, 31) = 7.79, MSE = 1,201.94, p = .009,
np = .20, Fy(1, 71) = 9.87, MSE = 1,789.74, p = .002, np = .12; single fixation
duration: F(1, 31) = 21.38, MSE = 988.08, p < .001, np = 41, F»(1,71) = 8.69,
MSE = 3,271.20, p = .004, ’7p = .11; gaze duration: F(1, 31) = 32.29,
MSE = 2,096.74, p < .001, 1112, = .51, Fy(1, 71)= 2451, MSE = 6,561.77,
p < .001, 11p = .26; go-past time: F(1, 31) = 13.39, MSE = 5 287.19, p = .001,
= .30, F(1, 71) = 11.71, MSE = 13,825.88, p = .001, np .14; total time:

1(1 31) = 6.71, MSE = 10,240.40, p = .01, np A8, F(1, 71) =4.32,
MSE = 31,383.18, p = .04, r]lz, = .06]. Although the stimulus quality x word
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Table 4 Ratio of Bayes factors for the two-way ANOVA

Measures BF BF BF BF BF
(Mgsw: Mn) (Msw: Mn) (Ms+w: Mn) (Ms: Mn) (Mw: Mn)

Experiment 1

First fixation duration 243 x 100 22 118 x 10”7 230 x 10’®  1.52
Single fixation duration  1.88 x 10 .11 461 x 10 156 x 10 201
Gaze duration 176 x 10°* 144 1.18 x 10  3.48 x 10%®  6.81 x 10°
Go-past time 174 x 10%¥  1.94 143 x 10%¥ 470 x 10¥ 119
Total time 1.12 x 10¥ .07 1.56 x 10*  1.14 x 10*® .66
Experiment 2

First fixation duration 259 x 10 071 358 x 101 452 x 10" 491
Single fixation duration ~ 7.03 x 10''  .078 129 x 10" 4.49 x 10" 14.45
Gaze duration 420 x 10* 131 2.99 x 10° 2,758 84.56
Go-past time 5.22 .069 79.59 79.33 .828
Total time 426 085 4,452 969 3.66

Mgsw = the full model that contains the main and interaction effects; Mgw = the model that contains
only the interaction effects; Mg, w = the model that contains only the main effects; Mg = the model that
contains only the effects of stimulus quality; My, = the model that contains only the effects of word
frequency; My = the null model

frequency interaction was not significant for first fixation duration
[F(1, 31) = 1.61, p = .21, Fy(1, 71) = 1.18, p = .28], single fixation duration
[Fi(1, 31)=2.82, p=.10, Fy1, 71)=200, p=.16] or total time
[Fi(1, 31) = .21, p = .65, F»(1, 71) = .36, p = .55], it was significant for gaze
duration [F;(1, 31) = 7.42, MSE = 1,994.86, p = .01, ’73 = .19, F(1, 71) = 4.65,
MSE = 6,583.75, p = .04, 17}2) = .06] and go-past time [significant by participants,
Fi(1, 31)=15.25, MSE = 6,682.72, p = .03, 111% = .15, but not by items,
F>(1, 71) = 2.68, MSE = 21,748.18, p = .11, 7]5 = .04]. Additionally, the effect
of stimulus quality on incoming regression rates was significant, F;(1, 31) = 21.87,
MSE = .02, p < .001, nlz, = 41, Fy(1, 71)=3621, MSE = .03, p < .001,
’7;2) = .34. There were more regressions into the target words in the faint-target
condition than in the normal condition. None of the other effects were reliable.

Bayesian analyses

We further evaluated significant interactions by calculating the Bayes factors
(Rouder et al., 2012; Wetzels et al., 2012) to enable comparisons of models within
an ANOVA design (see Table 4). We calculated the Bayes factor between the
model which contains only the main effects and the full model. The Bayes factors
for single fixation duration, gaze duration and go-past time were just 2.45:1, .67:1
and .82:1, respectively, which cannot support what model was preferred (Rouder,
Speckman, Sun, Morey, & Iverson, 2009). Nevertheless, models excluding the
interaction were preferred for first fixation duration (4.86:1) and total time (13.93:1).
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Thus, according to the first fixation duration which could be used as an index of
the earlier pre-attentive visual processing stage, it was apparent from the findings of
Experiment 1 that stimulus quality and word frequency produced additive effects in
Chinese reading. However, the interactive effects of the two variables in single
fixation duration and gaze duration were very weak according to these Bayesian
analyses. The experiment did not replicate the findings of Sheridan and Reingold
(2013), and Paterson et al. (2012), which state that stimulus quality affects the
stages of lexical processing (see Fig. 1A, B). We found that stimulus quality may
affect an even earlier pre-attentive visual processing stage (see Fig. 1C). In order to
confirm this finding, another contrast manipulation was used in Experiment 2. In
this experiment, in the faint condition, the sentence frames and the target words had
the same luminance.

Experiment 2
Methods
Participants

Thirty-two native Chinese speakers (17 females; average age = 22.0 years; range
18.9-25.5 years) were recruited from the same participant pool as that in
Experiment 1 and were paid to take part in the experiment. None of them had
participated in Experiment 1.

Apparatus, material, procedure and design

The apparatus, materials, procedure and design were identical to those used in
Experiment 1, except that the sentence frames and the target words had the same
luminance for each condition.

Results and discussion

The average comprehension accuracy was 94.6 %. Approximately 1.3 % of
fixations were excluded due to blinks and track losses, and 2.2 % were removed
because they were shorter than 80 ms or longer than 1,000 ms. 6.5 % of trials in
which there were blinks on the target words were discarded prior to analyses.

Fixation times and regression rates

First fixation duration, single fixation duration, gaze duration, go-past time and total
time produced very similar data patterns, and so are discussed together. Main effects of
stimulus quality and word frequency were obtained for all three measures (see
Table 3), but the stimulus quality x word frequency interaction was not significant
for any of these measures (all F's < 1.8). Reading times were significantly longer in the
faint condition than in the normal condition for all five measures [first fixation
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duration: F((1,31) = 51.18, MSE = 991.10,p < .001, np = .62, F»(1,71) = 75.44,
MSE = 1,511.81, p < .001, np = .52; single fixation duration: F;(1, 31) = 40.18,
MSE =1, 126 88, p <.001, np = .56, Fp(1, 71)=57.25, MSE = 1,805.40,
p < .001, rlp 45; gaze duration: F (1, 31) = 22.50, MSE = 1,828.70, p < .001,
np = 42, Fy(1, 71) = 26.79, MSE = 3,232.58, p < .001, np = .27; go-past time:
Fi(1, 31) =26.20, MSE = 3,213.66, p < .001, 115 = 46, F)(1, 71)=11.97,
MSE = 17,721.93, p = .001, np = .14; total time: F (1, 31) = 19.04, MSE =
7, 227 41, p < .001, np = .38, Fy(1, 71) = 13.23, MSE = 25,055.94, p = .001,
np .16]. Reading times were also significantly longer for low-frequency words than
for high- frequency words [first fixation duration: (1, 31) = 13.53, MSE = 532.73,
p = .001, np = .30, F>(1, 71) = 9.62, MSE = 1,641.44, p = .003, np = .12; single
fixation duration: F(1, 31) = 14.40, MSE_ 671.46, p = .001, np = .32, Fx(1,
71) = 9.90, MSE = 2,142. 17 p = .002, np = .12; gaze duration: F(1,31) = 27.76,
MSE = 888.90, p < .001, np = 47, F5(1,71) = 10.23, MSE = 5,758.66, p = .002,
77p = .13; go-past time: F(1, 31) = 9.21, MSE = 3,151.68, p = .005, 17p = .23,
F>(1,71) = 4.11,MSE = 19,710.80,p = .OS,nIZ, = .06; total time: F;(1,31) = 8.13,
MSE = 17,574.27,p = .008,115 = .21,F>(1,71) = 6.05, MSE = 28,671.65,p = .02,
115 = .08]. Additionally, incoming regression rates did not differ across conditions (all
Fs < 1.0).

Bayesian analyses

We further evaluated non-significant interactions by calculating the Bayes factors to
enable comparisons of models within an ANOVA design (see Table 4). The model
(i-e., Mg, w) which includes main effects of stimulus quality and word frequency
produced the highest Bayes factor for all three measures (first fixation duration:
3.58 x 1015:1; single fixation duration: 1.29 x 1013:1; gaze duration:
2.99 x 10%:1; go-past time: 79.59; total time: 4,463:1). We also calculated the
Bayes factor between the model with only main effects (i.e., Mg, w) and the full
model (i.e., Mgsw), whose interpretation is straightforward. Models excluding the
interaction were preferred (first fixation duration: 13.82:1; single fixation duration:
18.35:1; gaze duration: 7.12:1; go-past time: 15.25:1; total time: 10.45:1). Thus,
both the ANOVAs and Bayesian analyses showed the reliable additive effects of
stimulus quality and word frequency which affect separate stages of processing
during Chinese reading.

General discussion

In the present study, we explored the joint effects of stimulus quality and word
frequency on word recognition in Chinese with two different contrast manipula-
tions. The main finding of this study is that stimulus quality strongly affected
fixation times on a target word independently of the frequency of the target word
during reading. This finding is consistent with previous findings from single-word
recognition studies that used lexical decision tasks to demonstrate additive effects of
stimulus quality and word frequency on RT (e.g., Balota & Abrams, 1995; Bangert
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et al., 2012; O’Malley et al., 2007; Plourde & Besner, 1997; Stanners et al., 1975;
Yap & Balota, 2007). The detailed measures of eye movements used in this study
provide fresh insight into the claim that decisions about when to move the eyes are
strongly influenced by how easily words can be identified. Fixation times increased
when a word was visually degraded or of low lexical frequency. According to the
additive factors logic, the additivity of stimulus quality and word frequency implies
that the two variables affect the different stages of processing.

The results showed that stimulus quality produced reliable effects on eye
movement behavior in sentence reading. An important finding from the present
study was that fixation durations were longer when a word was faint than when it
was presented normally. The result also showed that high-quality foveal input is
essential for a range of complex visual tasks, especially reading (Drieghe, 2008;
Jordan et al., 2012; Reingold & Rayner, 2006; Sheridan & Reingold, 2013; Wang &
Inhoff, 2010; White & Staub, 2012).

In addition, the present study indicates that the length of time that the eyes
remain on a word is strongly influenced by the frequency of the fixated word. This
finding replicates the findings from a number of prior studies in Chinese (Li et al.,
2014; Yan et al., 2006; Yang & McConkie, 1999), and provides further evidence
that cognitive/linguistic processing determines decisions about when to move the
eyes when reading in Chinese.

Finally, the present study showed additive effects of stimulus quality and word
frequency on word recognition. A comparison of Bayes factors provides no reason
to believe that an interaction between the two variables was present in our data.
These findings indicate that stimulus quality also influences an early stage of lexical
processing in Chinese. In both experiments, our results are inconsistent with the
findings of Sheridan and Reingold (2013) and Paterson et al. (2012), who observed
interactions between stimulus quality and word frequency on first fixation durations.
Unlike in studies conducted in English, we did not observe strong interactive effects
on fixation times on target words in both experiments.

One plausible interpretation for this inconsistency may be the different
characteristics of reading Chinese compared to English. As noted above, unlike
in English, there are no spaces between words in Chinese, and the number of
possible word candidates cannot be constrained by visual cues to word boundaries.
Chinese readers do not always agree on where word boundaries are, and they tend to
use the lexical knowledge and sentence context to segment sentences into individual
words (Hoosain, 1992; Li et al., 2009; Liu et al., 2013). Li et al. (2009) proposed a
word segmentation and recognition model which assumes that Chinese word
recognition involves multiple levels of processing consisting of a visual perception
level, a character recognition level, and a word segmentation and recognition level.
Word segmentation and recognition are interactive processes. In Experiment 1, only
the target words were degraded in the faint-target condition. This contrast
manipulation may facilitate the word segmentation of these target words which
could improve the processes of word recognition. Hence, there was a tendency of
interactive effect of stimulus quality and word frequency, although the effect was
weak. However, in Experiment 2, both the target words and sentences were
degraded in the faint condition. This manipulation of stimulus quality did not
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provide cues to word segmentation which must be vital for successful word
identification. Thus, only additive effects of the two variables were observed in the
second experiment. Furthermore, the additivity may reflect serially organized
processes in which some processes start only after the previous process has finished.
Indeed, this early stage of visual processing may be relatively similar for words that
are presented clearly and words that are visually degraded, and this may explain
why similar effects of word frequency are observed in fixation durations for these
words in Experiment 2.

Moreover, these two experiments suggest that the influence of stimulus quality
on word recognitions is different when the contrast manipulation is applied to all the
words in a sentence rather than just a single target word. Indeed, White and Staub
(2012) suggested that manipulating contrast of only a single word in a sentence
might have an artifactual influence on word processing. According to this account, a
target word may be emphasized if the target word has a different visual format from
that of the other words in a sentence, and this may influence how the target word is
processed. Our results showed that fixation durations were longer when lower
contrast was applied to just the target word (Experiment 1) than when applied to the
entire sentence (Experiment 2). One possibility is that when entire sentences were
degraded, readers could anticipate the contrast of the target words and this may have
affected their processing fluency, and also their word recognition strategies.

Based on the additive factors logic, these two variables could have affected two
separate, discrete, and serially organized stages. When considered within the
framework of the E-Z Reader model, our results imply that the manipulation of
stimulus quality primarily affects an early pre-attentive visual processing stage,
whereas word frequency primarily affects lexical or higher-level processes. Indeed,
the present findings seem to be compatible with the model depicted in Fig. 1C.
Because the present study relies on Sternberg’s additive factors logic, it is important
to remember there are some limitations to this approach. Separate stages imply
additive effects, but additive effects may not necessarily imply separate stages. For
example, a class of cascaded interactive models can also produce additive effects
(McClelland, 1979). Roberts and Sternberg (1993) discussed this issue in detail and
suggested additional tests to rule out cascaded processing. More importantly, they
proposed that cascaded models had difficulty in accommodating additivity in the
higher order moments, such as variance and skewness. However, our claim that
stimulus quality influences the pre-attentive visual processing stage could be
examined further by performing the appropriate computations simulations in E-Z
Reader. Indeed, in general it seems clear that further work is required to fully
establish the effects of stimulus quality on eye movements while reading.

The present findings may also have further implications for the future
development of the E-Z Reader model. The model relies heavily on word frequency
as an input for simulating fixation times in reading, and assumes that the two stages
of lexical processing (L1 and L2) in the model are strongly influenced by word
frequency (Reichle et al., 1998, 2009, 2012; Staub, 2011). It should be apparent that
if other variables, such as stimulus quality, also influence fixation times on words,
then such factors should also be included in the model in order to even better predict
fixation times during reading. Indeed, establishing how stimulus quality influences
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fixation durations on words could make an important contribution to developing a
more comprehensive model of eye movement control in reading.

In summary, prior studies provided an important step forward in understanding
how stimulus quality and word frequency conjointly influence eye movement
behavior when reading English. Here we addressed the same issue in the context of
the logographic writing system by using two different contrast manipulations.
Unlike in Sheridan and Reingold’s study, the results from the present study suggest
that these two variables can have additive effects on word recognition and eye
movement behavior in Chinese reading. We have argued that the effects of these
visual and linguistic variables provide insights into the nature of the different stages
of processing during Chinese reading, and also may place important constraints on
models of eye movement control during reading.
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