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The Distribution of Fixation Durations During Reading:

Effects of Stimulus Quality

Sarah J. White Adrian Staub
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Participants’ eye movements were recorded as they read single sentences presented normally,
presented entirely in faint text, or presented normally except for a single faint word. Fixations were
longer when the entire sentence was faint than when the sentence was presented normally. In
addition, fixations were much longer on a single faint word embedded in normal text, compared to
when the entire sentence was faint. The primary aim of the study was to examine the influence of
stimulus quality on the distribution of fixation durations. Ex-Gaussian fitting revealed that stimulus
quality affected the mean of the Normal component, but in contrast to results from single-word tasks
(Plourde & Besner, 1997), stimulus quality did not affect the exponential component, regardless of
whether one or all words were faint. The results also contrast with the finding (Staub, White,
Drieghe, Hollway, & Rayner, 2010) that the word frequency effect on fixation durations is an effect
on both of the critical distributional parameters. These findings are argued to have implications for
the interpretation of the role of stimulus quality in word recognition, and for models of eye
movement control in reading.
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In order to understand the processes underlying word recogni-
tion, it is important to understand how word recognition is influ-
enced by manipulations of the physical properties of the visual
stimulus. To this end, many studies have examined the effect of
stimulus quality (e.g., visual contrast) on word recognition, both in
single-word response tasks such as lexical decision and naming
(e.g., Becker & Killion, 1977) and by recording eye movement
behavior during natural reading (e.g., Reingold & Rayner, 2006).
Unsurprisingly, both response times (RTs) in single-word tasks
and fixation durations in reading are increased when a word is
visually degraded.

In addition, a number of recent studies in the single-word
recognition literature have examined the influence of stimulus
quality on the distribution of RTs (e.g., Plourde & Besner,
1997; Yap & Balota, 2007; Yap, Balota, Tse, & Besner, 2008).
These studies have used ex-Gaussian fitting (Balota & Yap,
2011; Ratcliff, 1979; this method is described in detail below)
to determine how the increase in mean RT that is observed
when a word stimulus is visually degraded is manifested in
terms of the location and shape of individual subjects’ RT
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distributions. Two effects have consistently emerged. First,
stimulus degradation increases the duration of most responses,
resulting in a shift to the right of the entire distribution of RTs.
Second, stimulus degradation increases the frequency of espe-
cially slow responses, resulting in an RT distribution with a
more pronounced right tail.

The present study investigates whether these distributional ef-
fects of stimulus quality generalize to fixation durations in normal
reading. Does stimulus degradation increase the duration of most
eye fixations? Does it increase the frequency of especially long
fixations?

The study is motivated by two related considerations. First,
of the two distributional effects of stimulus quality obtained in
single-word recognition studies (i.e., a shifting of the distribu-
tion of RTs, and an increase in the weight of the right tail), it is
arguably the case that the latter effect would be unexpected to
arise in normal reading. It is plausible to assume that a manip-
ulation of stimulus quality has an effect on word recognition
primarily by lengthening an early perceptual stage of process-
ing, perhaps devoted primarily to letter identification. Reingold
and Rayner (2006) suggest that the effect of stimulus degrada-
tion in normal reading is to “disrupt early encoding of visual
and orthographic features of the fixated word” (p. 742), and
present eye movement data consistent with the claim that stim-
ulus degradation has an effect only on a very early stage of
processing. (This evidence is discussed in detail below.) On the
assumption that this early perceptual encoding is mandatory, it
is to be expected that stimulus degradation should add some
increment of processing time to most or all eye fixations,
resulting in a distributional shift. However, on the assumption
that this early encoding is fast and automatic, it is not obvious
why stimulus degradation should increase the duration of some
fixations very dramatically, resulting in a distribution of fixa-
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tions with an especially pronounced right tail.' The finding
from the single-word literature that stimulus degradation does
have this effect on RT distributions is, arguably, unexpected
according to the view espoused by Reingold and Rayner. Thus,
the present study tests the hypothesis that in normal reading,
unlike in single-word tasks, the effect of stimulus degradation
on fixation durations may be due entirely to an effect on the
location of the distribution of fixation durations, with no effect
on the weight of the right tail. If this pattern is indeed observed,
the effect on the right tail that is observed in single-word studies
will require an explanation in terms of the specific features of
the tasks in question.

The second motivation for the present study is simply that, in the
service of a more complete understanding of eye movement con-
trol in reading, it is of interest to know how the effect of a
manipulation of the stimulus’ physical properties on eye move-
ments compares to effects of linguistic variables such as word
frequency (Rayner & Duffy, 1986) and predictability (Ehrlich &
Rayner, 1981). Recent studies have examined the effects of word
frequency (Staub, White, Drieghe, Hollway, & Rayner, 2010) and
word predictability (Staub, 2011a) on fixation duration distribu-
tions in reading; thus, it is now possible to ask whether the effect
of stimulus quality is qualitatively similar to, or different from, the
effects of these two variables. The answer to this question has the
potential to inform models of eye movement control in reading
such as E-Z Reader (Reichle, Rayner, & Pollatsek, 2003) and
SWIFT (Engbert, Nuthmann, Richter, & Kliegl, 2005).

The remainder of this introduction focuses on previous empir-
ical work. It first provides a review of ex-Gaussian distributional
approaches to understanding visual word recognition, and then
discusses in more detail studies showing effects of stimulus quality
on recognition of words in single-word tasks. Finally, it reviews
the previous eye movement literature examining the influence of
stimulus quality.

Using Ex-Gaussian Analyses to Understand Visual
Word Recognition

Ratcliff (1979) established that empirical distributions of re-
sponse times are well fit by the ex-Gaussian distribution, and a
number of studies in the single-word recognition literature have
subsequently adopted this technique (Andrews & Heathcote, 2001;
Balota & Spieler, 1999; Balota & Yap, 2011; Balota, Yap, Cortese,
& Watson, 2008; Kinoshita & Hunt, 2008; Plourde & Besner,
1997; Yap & Balota, 2007; Yap, Balota, Cortese, & Watson, 2006;
Yap et al., 2008; Yap, Tse, & Balota, 2009). Staub et al. (2010) and
Staub (2011a) established that fixation durations in reading are
also well fit by the ex-Gaussian distribution. The ex-Gaussian
distribution is the convolution of a Normal and an exponential
distribution and can be characterized by three parameters: . rep-
resents the location (mean) of the Normal component, o represents
the standard deviation of the Normal component, and 7 reflects the
mean and standard deviation of the exponential component. By
fitting the ex-Gaussian distribution to the data from each partici-
pant in each condition, and then comparing the parameter values
across conditions, we can establish whether differences in overall
means are due to a shift in the Normal component () and/or a
specific difference in the slow tail of the distribution (7).

A crucial point is that the ex-Gaussian analyses provide a much
more complete description of the data than single mean values
(Heathcote, Popiel, & Mewhort, 1991). The ex-Gaussian distribu-
tion is employed not only because it provides a good fit to
distributions of response times (other distributions may do this too;
see Van Zandt, 2000), but because it allows testing of whether
manipulations have an effect on fixations of all durations () or a
particular effect on a subset of long fixations (7). Furthermore, in
the present study it was important to employ ex-Gaussian analyses
in order to provide a direct comparison with similar methods
employed in single-word response time studies, as outlined below.
It must also be emphasized that the ex-Gaussian distribution is
employed here to characterize the location and shape of the dis-
tribution of fixation durations, and that any attempt to link partic-
ular parameters to specific underlying processing mechanisms is
speculative (see Matzke & Wagenmakers, 2009). Note also that
other researchers have taken alternative approaches to examining
the distribution of fixation durations during reading, such as com-
paring group distributions in the form of hazard functions, which
indicate the probability of a fixation ending within a series of
possible time periods (Feng, 2009; McConkie, Kerr, & Dyre,
1994; Yang & McConkie, 2001).

Staub et al. (2010) utilized datasets from White (2008) and
Drieghe, Rayner, and Pollatsek (2008) to examine the effect of
word frequency on the distribution of fixation durations during
reading. Staub et al. showed that for fixation durations on low
frequency words, the distribution was shifted to the right, and there
was a particular increase in the number of long fixations, compared
to fixation durations on high-frequency words (i.e., effects on both
w and 7). Staub et al.’s results may reflect aspects of the word-
recognition process. For example, word frequency may influence
the duration of a processing stage that is operative on all encoun-
ters with a word, while also influencing a processing stage that is
operative primarily when a fixation is long (causing the effect on
7). It is important to note that Staub et al.’s results are in line with
findings from single-word response tasks that show effects of word
frequency on both p and 7 for RT distributions (Andrews &
Heathcote, 2001; Balota & Spieler, 1999; Plourde & Besner, 1997;
Yap & Balota, 2007). The similar effects of word frequency for
single-word response tasks and fixation durations in natural read-
ing provide support for the notion that single-word response tasks
can provide a good correlate of the natural word recognition
processes. Moreover, Staub (2011a) found that the effect of lexical
predictability on fixation durations is entirely a w effect, which
may be seen as consistent with the finding from the single-word
literature that semantic priming generally influences only p (Ba-
lota et al., 2008; Yap et al., 2009). The present study provides a
further test of whether distributional effects in the single-word
recognition literature generalize to natural reading, by examining
whether stimulus quality influences both the . and T parameters of
fixation duration distributions in reading.

! Note that it is possible that differences in the weight of the right tail (t)
could be triggered by an early stage of processing. The focus here is to use
the T parameter to assess whether a subset of fixations are particularly
influenced by stimulus quality, rather than trying to link ex-Gaussian
parameters to particular processing stages/time periods.
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The Effect of Stimulus Quality on Recognition of
Single Words

Many studies using tasks based on responses to single words
have demonstrated that stimulus degradation impairs word pro-
cessing regardless of the nature of the stimulus quality manipula-
tion (e.g., contrast reduction, Becker & Killion, 1977; random
dots, Meyer, Schvanedveldt, & Ruddy, 1975; alternating target and
symbol mask, Balota et al., 2008; Yap et al., 2008). However the
nature of the stimulus quality manipulation can affect the results;
for example Stanovich and West (1983) demonstrated that the type
of stimulus quality manipulation (stimulus intensity vs. inserted
asterisks) influenced the nature of the interaction between stimulus
quality and context. In the present study, contrast reduction was
employed, as it is perhaps one of the more naturalistic methods of
manipulating stimulus quality, and has been previously employed
in the eye movement literature.

In order to investigate the impact of stimulus quality on partic-
ular aspects of the word recognition process, a range of studies
using single words have tested whether the effect of stimulus
quality on word recognition is modulated by other factors such as
word frequency. However, recent work has highlighted that the
pattern of effects is also influenced by the nature of the task. For
example, studies have shown additive effects of stimulus quality
and word frequency in lexical decision (e.g., Becker & Killion,
1977, Stanners, Jastrzembski, & Westbrook, 1975), whereas more
recent studies have shown interactive effects for reading aloud
(O’Malley, Reynolds, & Besner, 2007; Yap & Balota, 2007) and
semantic classification (Yap & Balota, 2007). Generally, the dif-
ferences in results across a variety of single-word tasks emphasize
the importance of examining effects of stimulus quality across a
range of tasks. This also provides strong justification for testing
effects of stimulus quality on word processing during natural
reading.

The focus of the present study is the influence of stimulus
quality on the distribution of responses. Plourde and Besner (1997)
showed that lexical decision RTs to stimuli with reduced contrast
were both shifted to the right and had a particularly high frequency
of long RTs (that is, effects on both w and 7) compared to higher
contrast stimuli. Yap and Balota (2007) and Yap et al. (2008)
manipulated stimulus quality by presenting the target word and a
random letter string in rapid alternate succession. Similar to the
results of Plourde and Besner, both Yap and Balota and Yap et al.
showed effects of stimulus quality on w and T across a series of
single-word and nonword tasks.

However, similar to the studies discussed above showing dif-
ferences in effects of stimulus quality on mean response times
across tasks, work on the effects of stimulus quality on the distri-
bution of RTs has also revealed differences as a function of the
nature of the task. Although there were additive effects of stimulus
quality and word frequency on means and ex-Gaussian parameters
in lexical decision with legal nonwords (Plourde & Besner, 1997;
Yap & Balota, 2007) there were interactive effects when the
nonwords were pseudohomophones such as “brane” (Yap et al.,
2008). Yap and Balota (2007) also found interactive effects of
these variables on ex-Gaussian parameters in naming and semantic
categorization tasks. Clearly, the variability in effects of stimulus
quality across different tasks, for both mean response times and the
distribution of response times, indicates that the nature of the task

can have an important role in determining how a stimulus quality
effect is manifested.

The Effect of Stimulus Quality on Eye Movements
in Reading

Eye movement behavior during reading has been shown to be
influenced by the legibility of the text, both in terms of font type
(Paterson & Tinker, 1947; Rayner, Reichle, Stroud, Williams, &
Pollatsek, 2006; Slattery & Rayner, 2010; Tinker & Paterson,
1955) and contrast (Hackman & Tinker, 1957; Paterson & Tinker,
1944, 1947; Tinker & Paterson, 1955). Presenting text at low
contrast reduces reading rate (Legge, Rubin, & Luebker, 1987),
such that text is read with more and longer fixations (Legge, Ahn,
Klitz, & Luebker, 1997).

More recent studies (Drieghe, 2008; Reingold & Rayner, 2006;
Wang & Inhoff, 2010) have investigated the effect of stimulus
quality in more detail by manipulating the contrast of a single
critical word within a sentence. When the stimulus quality of only
one word is manipulated, the time course of the influence of
stimulus quality on reading behavior (influences on previous and
subsequent fixations) can be much more finely assessed. Reingold
and Rayner (2006) showed that reading times were longer on faint
compared to normally presented words, and that this effect was
largely localized to the faint word, with little effect on reading time
on the following word.

Reingold and Rayner (2006) argued that this result supports the
assumption that stimulus quality influences only the initial stage of
word processing known as L, within the E-Z Reader model of eye
movement control during reading (Reichle et al., 2003). In the E-Z
Reader model, word recognition occurs in two stages, L, and L,.
There is some debate about the nature of word processing that may
occur in these stages, but it is assumed that while the duration of
L, might be modulated by perceptual factors (such as acuity), the
input to the subsequent word processing stage, L,, is not (Reichle,
Pollatsek, & Rayner, 2007). The completion of L, triggers the
beginning of saccade programming to the next word. Word pro-
cessing continues while the saccade is being programmed until the
L, stage has completed. Attention then moves to the following
word, and processing of L, for the following word commences (in
the form of parafoveal preview until the saccade is executed). The
partitioning of word processing into these two stages results in a
prediction of a dissociation: Factors that influence L, for a given
word should influence reading time on that word, but not on the
next word; but factors that influence L, should influence reading
time on the next word, by modulating the amount of parafoveal
preprocessing of that word. Hence, if perceptual factors influence
only the first stage of word processing, L,, then these factors
should influence reading time on the word in question, but not on
the next word. These predictions are consistent with the results of
Reingold and Rayner (2006).

The results obtained by Drieghe (2008) and Wang and Inhoff
(2010) are generally similar. Drieghe (2008) also found the effect
of stimulus quality to be localized, even with shorter words. Wang
and Inhoff (2010) again showed a clear effect of contrast on
critical words, and although contrast did affect first fixation dura-
tion on the following word, there was no effect of stimulus quality
on gaze duration (the sum of all fixation durations on the first
encounter with the word) on the following word.
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Drieghe (2008) also showed effects of the stimulus quality of
a word on the probability of skipping the following word.
Words were more likely to be skipped when they followed
normal, compared to faint, words. However, given that effects
of stimulus quality did not spill over to the following word (as
shown by reading times), Drieghe argued that foveal difficulty
modulated skipping probability directly, rather than influencing
processing of the following word. In line with this suggestion,
Wang and Inhoff (2010) showed no modulation by stimulus
quality of the parafoveal preview of the following word. It is
worth noting that other variables thought to affect later stages of
word recognition do clearly influence processing of the follow-
ing word; for example, both word frequency (Henderson &
Ferreira, 1990; White, Rayner, & Liversedge, 2005) and case
alternation (Wang & Inhoff, 2010) do modulate parafoveal
processing of the following word.

Experiment

The present experiment tests whether the influence of stim-
ulus quality on the distribution of responses in single word tasks
(effects on both w and T) also holds for fixation durations
during natural reading. If stimulus quality affects fixation du-
rations in the same manner as RTs, this would support the
conclusion that both the . and 7 effects reflect intrinsic aspects
of perceptual and word recognition processes. However, if
stimulus quality affects only the location of fixation duration
distributions, and not the exponential component, this might
indicate that the tendency for degraded stimuli in single-word
tasks to produce some especially long RTs reflects task-specific
processes.

When only a critical word has a different visual format, it is
possible that this may act to highlight the word, which may
influence how it is processed. Therefore, in the present study, the
effect of stimulus quality was compared when either the entire
sentence or only a critical word was visually degraded (faint),
compared to a normal presentation condition. The studies that have
investigated effects of stimulus quality for a single critical word
within a sentence have focused on testing the time course of effects
in terms of influences on the critical word and preceding and
following words. To aid comparison with this work, the Results
include the section “Local Analyses: Reading Behavior Before and
After the Critical Word.”

Note that the ex-Gaussian techniques employed here involve
fitting distributions separately for each participant for each condi-
tion, which requires a large number of data points (Heathcote,
Brown, & Mewhort, 2002; Speckman & Rouder, 2004). Conse-
quently it was necessary to design the experiment such that the
maximum number of observations per participant per condition
(60) was much higher than that in most studies of eye movement
behavior during reading. In order to minimize the possibility that
the stimulus quality of the critical word might provide any lin-
guistic cues, the characteristics of the critical word varied widely
(see details below). A wide range of critical word types were also
adopted in order that the results might be generalized to processing
of many types of words.

Method

Participants.  Thirty undergraduates at the University of Le-
icester participated for course credit. Participants were native
English speakers with normal or corrected-to-normal vision and
were naive in relation to the purpose of the experiment.

Apparatus. Eye movements were monitored using an Eye-
Link 1000 eye tracker (SR Research Ltd.). Pupil location was
sampled at a rate of 1000Hz with a spatial accuracy of <0.3
degrees. Viewing was binocular though only movements of the
right eye were recorded. The sentences were presented on a View-
Sonic P227fb monitor with a refresh rate of 7ms (150Hz). The
viewing distance was 80 cm and 2.3 characters subtended one
degree of visual angle.

Materials and design. There were 180 experimental items,
each including a critical word. There were three conditions: In the
“normal” condition the entire sentence was presented at high
contrast; in the “faint” condition the entire sentence was presented
at low contrast; in the “faint-critical” condition, only the critical
word was presented at low contrast while the other words were
presented normally (at high contrast).

Each experimental item was composed of a single sentence on
a single line of text (maximum 60 characters); the words in each
item were identical across conditions. The critical word was al-
ways positioned at least three words into the sentence, and never
at the sentence-final position. The critical words were selected to
have a range of word lengths (M = 6.8, SD = 1.5, Min = 5,
Max = 11), syntactic categories, and word frequencies (M = 168,
SD = 370, Min = 0, Max = 2948). (Word frequencies were
calculated in counts per million using the CELEX English word
form corpus (Baayen, Piepenbrock, & Gulikers, 1995). It is im-
portant, therefore, that the presence of a single visually degraded
word provided no cue as to the nature of the word. The words prior
to (n — 1) and following (n + 1) the critical word also had a wide
range of lengths (n —1: M = 4.0, SD = 1.9, Min = 1, Max = 11;
n+ 1: M =38,8D = 2.1, Min = 1, Max = 10) and frequencies.
Words n — 1 and n + 1 were often function words, hence on
average these were much more frequent than the critical words
(n — 1: M = 23,694, SD = 26,845, Min = 0, Max = 60,958; n +
1: M = 14,724, SD = 18,246, Min = 0, Max = 60,958).

The sentences were presented in Courier font in gray on a lighter
background. For all conditions the luminance of the background
was 57.8cd/m?. The normal text, presented at a high contrast, had
a luminance of 4.9 cd/m?. The faint text, presented at low contrast,
had a luminance of 47.5cd/m?. Note that the size of the text and the
luminance of the normal and faint text were matched as closely as
possible to those used by Reingold and Rayner (2006).

The three conditions were manipulated within participants and
items following a Latin square design. Three lists of 188 sentences
were constructed and 10 participants were randomly assigned to
each list. Eight of these sentences were filler items of which six
were always presented at the start of the experiment for practice.
All other items were presented in a pseudorandom order for each
participant, with a maximum of two items in the same condition
appearing consecutively. Fifty sentences were followed by ques-
tions to test for comprehension.

Procedure. Participants first undertook an acuity test. They
were asked to read letters from a Bailey Lovie chart, monocularly
for each eye. All of the participants included here had fewer than
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three errors for either eye in reporting stimuli with a logMAR
value of 0.1. Three participants were replaced because they failed
this acuity criterion.

For the main experiment, participants were instructed to read the
sentences for comprehension and to respond “yes” or “no” to
question statements using a button response. A chinrest and fore-
head rest minimized head movements. The eye tracker was cali-
brated using a three-point horizontal calibration. The calibration
was checked every fourth trial at each of the three calibration posi-
tions, and recalibrations were undertaken if necessary. Participants
had to accurately fixate on a fixation cross at the position of the start
of the line of text before each item was presented. Participants pressed
a button to indicate when they had finished reading.

Analyses. Two sets of analyses are presented. Global analy-
ses compare overall reading behavior for the entire sentence for the
two conditions that manipulated the characteristics of all of the
words in the sentence (normal and faint conditions). Local analy-
ses provide a more detailed examination of reading behavior for
the critical word for all three of the conditions. Note that the
faint-critical condition is not included in the global analyses as
only a subset of the fixations within a sentence are influenced by
the manipulation in this condition (as shown in the section “Local
Analyses: Reading Times Before and After the Critical Word”).
For both global and local analyses, the effects of stimulus quality
on overall mean reading times and fixation probabilities are first
presented, followed by more detailed examination of the ex-
Gaussian distribution of fixation durations across conditions. For
the local analyses, distributions of first fixation durations, single
fixation durations and gaze durations are presented. Note that the
global analyses, including all fixations, provide a particularly
strong test of the effect of stimulus quality on the distribution of
fixation durations as they generate many observations per partic-
ipant per condition (Normal: M = 565, SD = 142; Faint: M = 586,
SD = 147). For both sets of analyses, fixations less than 80 and
longer than 1200 ms were excluded (fixations were not merged in
order to preserve the integrity of the distributions).

The QMPE software (Cousineau, Brown, & Heathcote, 2004;
Heathcote et al., 2002) was used to fit the data for each participant
and each condition to the ex-Gaussian distribution separately for
each measure. The software uses maximum likelihood estimation
to determine a set of parameters. As outlined above, the p param-
eter represents the mean of the normal component, o represents the
standard deviation of that normal component, while T reflects the
mean and standard deviation of the exponential component. Note
that the fitting procedure involves dividing the observed values
into a series of quantile bins. In line with Heathcote et al. (2002)
and Rouder, Lu, Speckman, Sun, and Jiang (2005) the maximum
number of quantiles were used in the fitting procedures employed
here such that each data point was effectively in a separate quantile
bin. The resulting parameters were analyzed as dependent vari-
ables across the conditions.

Results and Discussion

The average error rate on the comprehension questions was
2.2%, indicating that participants read and understood the sen-
tences.

Global analyses. Paired samples 7 tests were undertaken to
compare the normal and faint (entire sentence) conditions, using

participants (¢,) and items (z,) as random factors. Total sentence
reading times were significantly longer in the faint (M = 3,678,
SD = 1,151) compared to the normal (M = 3,419, SD = 1,036)
condition [#,(29) = 5.88, p < .001; £,(179) = 8.65, p < .001]. For
all other global measures, 9.2% of fixations were excluded due to
blinks immediately prior to or following a fixation and 2.6% were
excluded due to being less than 80 or longer than 1,200 ms. A
further 10% were excluded because they were not preceded by a
valid (=80ms, =1200ms) fixation (note that this procedure re-
moves the first fixation on each sentence).

Similar to total sentence reading times, average fixation dura-
tions were longer in the faint (M = 250, SD = 114) compared to
the normal (M = 234, SD = 114) condition [#,(29) = 843, p <
.001; #,(179) = 14.00, p < .001]. There were also significantly
more fixations in the faint (M = 9.8, SD = 3.8) compared to the
normal (M = 9.4, SD = 3.6) condition [#,(29) = 2.89, p < .01;
1,(179) = 3.52, p < .01] though there was no significant difference
in saccade lengths between the normal (M = 7.94, SD = 6.64) and
faint (M = 7.85, SD = 6.60) conditions [, < 1; £,(179) = 1.12,
p = .264]. There was also no difference in the proportion of
regressive saccades per sentence between the normal (M = .23,
SD = .14) and faint (M = .23, SD = .14) conditions (ts < 1). The
longer reading times and greater number of fixations for the faint
compared to normal conditions clearly show that the normal text
was easier to process than the faint text.

Global analyses: Ex-Gaussian distributions. Ex-Gaussian
analyses are presented for all fixation durations for the normal and
faint conditions. Note that these analyses were undertaken across
all fixations for each participant within each condition, regardless
of item. As explained in the introduction, p reflects the mean of
the normal component of the distribution, o reflects the standard
deviation of the normal component and 7 reflects the mean and
standard deviation of the exponential component. There was a
significantly larger w parameter for the faint (158) compared to
normal (142) text [¢,(29) = 9.43, p < .001], with a corresponding
larger o for faint (35) compared to normal (28) text [#,(29) = 6.49,
p < .001], but no difference in T between the normal (92) and faint
(91) conditions (¢ < 1). Note also that separate ex-Gaussian
analyses of fixations following progressive and regressive sac-
cades both showed effects of stimulus quality on w and o (ps <
.01) but not 7 (# < 1). Importantly, findings suggest that the longer
average fixation durations for faint compared to normal text reported
above can be accounted for by a shift in the location of the normal
component of the distribution with no difference in the frequency of
very long fixations; that is, no difference in the prominence of the
distribution’s right tail.

In order to further examine the effect of stimulus quality on the
distribution of fixation durations, we also present the data in the
form of vincentile plots (Ratcliff, 1979; Vincent, 1912). The pro-
cedure for computing vincentiles is as follows. For each participant
in each condition the observations are ordered and then divided
into 10 bins, such that the first bin contains the shortest 10% of
data points (vincentile 1), the second bin the next shortest 10%
(vincentile 2), and so forth. The mean for each vincentile is
calculated, and these means are then averaged across participants
to generate overall means (and standard errors) at each vincentile,
in each condition, which are then plotted. A shift of the entire
distribution is characterized by parallel curves, with an equal separa-
tion across all vincentiles. In contrast, a difference in the exponential
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component is represented by differences in the steepness of the slope
of the curves on the right side of the graph; that is, a greater separation
between the conditions at the higher vincentiles.

In addition, we focus in detail on how an experimental manip-
ulation affects different parts of the fixation duration distribution
by directly plotting the differences between vincentiles. Figure 1
shows three possible patterns. A difference between conditions
that is restricted entirely to the p parameter will result in a
difference of constant size across the full range of vincentiles. A
difference that is restricted entirely to the T parameter will result in
a difference that gradually increases, moving from the fastest
vincentiles to the slowest, with this rate of increase (i.e., the slope
of the curve) increasing at the right edge of the plot. Finally, we
highlight a third possible situation, which arose in the present data
(for the local analyses, below). When both w and o are substan-
tially increased in one condition, with no difference in 7, differ-
ences will again increase on the right side of the plot, but the curve
will be convex, rather than concave; the difference will rapidly
increase as one moves from the fastest to the middle vincentiles,
with little increase from the middle vincentiles to the slowest. Note
that all three of the effects illustrated in Figure 1 correspond to an
identical 20 ms effect on the mean.

The vincentile plot for the global analyses is shown in Figure 2a.
There is a separation across all the vincentiles, such that fixations
across the full range of durations are slightly longer when the text
is faint compared to normal. Figure 2a also displays (as open
triangles) the vincentiles predicted by the mean of the best fitting
parameters for each of the conditions. The predicted vincentiles
were generated by first simulating ex-Gaussian distributions based
on the mean of the best fitting parameters. For each condition,
20,000 random samples were taken, each created by summing a
sample of the normal distribution (based on the w and o parame-
ters) and a sample from the exponential distribution (rate param-
eter 1/7). For each condition, the 20,000 samples were then used to
generate the predicted vincentiles shown in Figure 2a. It appears
that the predicted 10th vincentile slightly undershoots the observed
10th vincentile in both conditions (a common pattern for highly
skewed distributions; see Staub et al., 2010), but otherwise, the
predicted vincentiles are extremely close to the observed values,
and indeed, the triangles tend to be obscured by the corresponding
circles. Thus, the best fitting parameters do capture the shapes of
the observed distributions.
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Figure 1. Differences between vincentiles corresponding to a 20-ms

effect on the mean, with the effect restricted to the . parameter (solid line);
7 parameter (dashed line); or restricted to the p parameter, but with an
additional 20-ms increase in o (dotted line).
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Figure 2. Panel a: Vincentile plots for all fixation durations (global
analyses) for text presented entirely in faint or normal font. Panel b: Mean
differences between faint and normal vincentiles. Error bars show standard
error of the mean. Predicted vincentiles and differences based on mean
ex-Gaussian parameters are shown by triangles.

Figure 2b shows the mean difference between the observed
vincentiles for the two conditions. Note that, while there is some
variability in the size of the difference across the vincentiles, the
differences are not larger on the right side of the graph. The
somewhat convex shape of this plot may be due, at least in part, to
the differences in o between conditions, as illustrated in Figure 1.
Note also that the predicted difference based on the best fitting
ex-Gaussian parameters is within a few ms of the observed differ-
ence across the full range of vincentiles. In sum, the mean ex-
Gaussian parameters and the vincentile plots both suggest that a
global manipulation of stimulus quality shifts the distribution of
fixation durations to the right, but has no particular influence on
the slow tail of the distribution.

It may be noted that the values for the 7 parameter in this
analysis are larger than those reported below for first fixations and
single fixation durations, as well as those reported by Staub et al.
(2010) and Staub (2011a). This corresponds to the relatively steep
slope of the curve on the right side of Figure 2a. The larger T
parameter for fixations across the entire sentence reflects a larger
proportion of particularly long fixations that are likely to be
associated with comprehension difficulty. Also, fixations at the
ends of sentences tend to be longer (Just & Carpenter, 1980;
Kuperman, Dambacher, Nuthmann, & Kliegl, 2010), and these
would be included in the global, but not local, analyses.

In order to investigate the effects of stimulus quality on word
processing in more detail, local analyses of reading behavior on the
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critical word are presented below. Mean reading time measures
and fixation probabilities are first presented, followed by ex-
Gaussian analyses of first-pass reading times for the critical word.

Local analyses. Blinks on first-pass reading of the critical
word, or on the prior fixation, led to exclusion of 4% of trials. The
following measures include only fixations made on first pass
(before moving to the right of the word): first-fixation duration
(the duration of the first fixation on the word), single-fixation
duration (the duration of the first fixation on the word for cases in
which only one fixation is made on the word on first pass), gaze
duration (the sum of fixation durations on the word before leaving it),
and refixation probability (the proportion of cases in which the word
was refixated before leaving it). In addition, we report the probability
of making a regression out of the word on first pass, the probability of
making a subsequent regression into the critical word, and total time
(sum of fixation durations on the word).

One-way repeated measures Analyses of Variance (ANOVAs)
were undertaken across the three conditions using participants (F';)
and items (F,) as random factors. Analyses were corrected for
sphericity where necessary, but uncorrected degrees of freedom
are presented to avoid confusion. Table 1 shows the mean reading
times and fixation probabilities for the critical word for each of the
conditions.

There were significant main effects of condition for all of the
reading time measures [first-fixation duration: F,(2,58) = 91.31,
MSE = 282, p < .001; F,(2,358) = 204.59, MSE = 636, p < .001;
single-fixation duration: F,(2,58) = 96.14, MSE = 454, p < .001;
F,(2,358) = 200.51, MSE = 1173, p < .001; gaze duration:
F,(2,58) = 106.54, MSE = 624, p < .001; F,(2,358) = 171.42,
MSE = 1929, p < .001; total time: F,(2,58) = 40.82, MSE =
2797, p < .001; F,(2,358) = 87.66, MSE = 6808, p < .001]. For
all of the measures, reading times were longest in the faint-critical
condition and shortest in the normal condition. Specifically, read-
ing times were significantly longer in the faint-critical than in the
faint condition [first-fixation duration: #,(29) = 8.12, p < .001;
1,(179) = 11.62, p < .001; single-fixation duration: #,(29) = 9.01,
p < .001; 1,(179) = 11.80, p < .001; gaze duration: #,(29) =
10.28, p < .001; 1,(179) = 12.11, p < .001; total time: #,(29) =
5.02, p < .001; £,(179) = 8.14, p < .001] and significantly longer
in the faint condition than in the normal condition [first-fixation
duration: #,(29) = 7.20, p < .001; £,(179) = 8.49, p < .001;
single-fixation duration: #,(29) = 6.79, p < .001; 1,(179) = 8.28,

p < .001; gaze duration: #,(29) = 5.66, p < .001; #,(179) = 5.99,
p < .001; total time: #,(29) = 4.51, p < .001; 1,(179) = 5.12,p <
.001]. Clearly therefore, reading times were also significantly
longer in the faint-critical compared to the normal condition (ts >
8.1, ps < .001).

There was also a significant main effect of condition on the
probability of refixating the critical word [F,(2,58) = 14.16,
MSE = 0.004, p < .001; F»(2,358) = 21.05, MSE = 0.017, p <
.001]. The critical word was more likely to be refixated in the
faint-critical condition than either the normal [7,(29) = 4.49, p <
.001; 1,(179) = 5.92, p < .001] or faint condition [#,(29) = 3.92,
p <.001; 1,(179) = 5.02, p < .001] but there was no difference in
refixation probability between the normal and faint conditions
(s < 1). There was also no reliable main effect on word skipping;
although the items analyses showed a significant main effect
[F5(2,358) = 3.57, MSE = 0.006, p < .05] there was no signifi-
cant difference across participants [F,(2,58) = 2.73, MSE =
0.001, p = .074]. As some of the critical words were quite long,
further analyses were undertaken for the probability of word
skipping for a reduced set of 87 items for which the critical word
was either five or six letters long. For this dataset, although the
critical word was numerically less likely to be skipped in the
faint-critical condition (0.06) compared to either the normal (0.09)
or faint (0.08) conditions, there was no significant main effect of
condition [F(2,58) = 1.38, MSE = 0.005, p = .260; F,(2,172) =
2.50, MSE = 0.007, p = .085]. The absence of a significant effect
of stimulus quality on word skipping is consistent with Wang and
Inhoff (2010). However, in both the present study and that of
Wang and Inhoff, the skipping rates were low overall and so the
null effects could be due to a floor effect.

There was also no effect of condition on the probability of
making a regression out of the critical word on first pass (Fs < 1)
and, in contrast to the results of Wang and Inhoff (2010), there was
no effect of stimulus quality on the probability of making a
regressive saccade into the critical word subsequent to fixating it
on first pass [F,(2,58) = 1.29, MSE = 0.006, p = .283;
F,(2,358) = 2.21, MSE = 0.021, p = .111].

Additional analyses were undertaken to examine whether stim-
ulus quality influenced saccade targeting to the critical word on
first pass (see Table 1). There was no effect of condition on the
position of the initial fixation within the word (Fs < 1); however,
there were main effects of condition on both saccade length

Table 1
Local Measures for the Critical Word for Each of the Conditions. Standard Deviations in
Parentheses

Measure Normal Faint Faint-critical
Skip probability 0.07 0.06 0.05
First-fixation duration (ms) 220 (72) 240 (76) 272 (91)
Single-fixation duration (ms) 220 (71) 242 (75) 284 (90)
Gaze duration (ms) 263 (121) 288 (134) 344 (153)
Total time (ms) 369 (226) 409 (270) 477 (280)
Refixation probability 0.19 0.20 0.27
First pass regression out probability 0.15 0.14 0.14
Regression in probability (after FP fix) 0.26 0.26 0.28
Landing position (characters) 3.01 (1.81) 3.01 (1.72) 2.98 (1.72)
Saccade length (characters) 7.76 (2.83) 7.53 (2.69) 7.03 (2.64)
Launch site (characters) 4.73 (3.04) 4.53 (2.95) 4.04 (2.90)
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[F,(2,58) = 20.30, MSE = 0.28, p < .001; F,(2,358) = 27.01,
MSE = 1.03, p < .001] and launch site [F,(2,58) = 16.22, MSE =
0.24, p < .001; F,(2,358) = 20.89, MSE = 1.20, p < .001].
Saccades into the critical word were significantly shorter in the
faint-critical condition compared to both the faint [#,(29) = 4.15,
p < .001; 1,(179) = 4.64, p < .001] and normal conditions
[£,(29) = 5.24, p <.001; £,(179) = 6.61, p < .001]. Saccades were
also significantly shorter in the faint compared to normal condition
[£,(29) = 2.62, p < .05; 1,(179) = 2.73, p < .01]. The absence of
an effect on landing positions, together with differences in saccade
lengths, are explained by differences in launch site. Launch sites
were significantly nearer in the faint-critical compared to the
normal [#,(29) = 5.00, p < .001; ¢,(179) = 5.87, p < .001] and
faint [£,(29) = 4.37, p < .001; 1,(179) = 4.06, p < .001] condi-
tions, explaining the shorter saccade lengths in this condition.
Launch sites also tended to be nearer for the faint compared to
normal condition; this difference was significant across items
[£,(179) = 2.34, p < .05] but not participants [#,(29) = 1.67,p =
.106].

Note that further analyses of the data indicate that the nearer
launch sites for the faint-critical condition are also characterized
by lower skipping probability for the word prior to the critical
word (word n—1) in the faint-critical condition (0.31) compared to
the normal (0.39) or faint (0.37) conditions (s > 3.5, ps < .001).
It is possible that word n-1 was more likely to be fixated in the
faint-critical condition simply due to the influence of low-level
visual factors on saccade targeting, with word n—1 being more
salient (higher contrast) than the critical word, and hence perhaps
attracting fixations that might otherwise have landed on the critical
word. The greater likelihood of fixating word n—1 in the faint-
critical condition would necessarily shorten the launch sites and
saccade lengths for subsequent saccades to the critical word in this
condition. In contrast, the trend for shorter saccades in the faint
compared to normal conditions is consistent with there being
generally more fixations in the faint compared to normal condi-
tions as a whole (as detailed in the global analyses).

Local analyses: Reading behavior before and after the crit-
ical word. Additional analyses examined if the effects of stim-
ulus quality in the faint-critical condition were localized to the
critical word when compared with the normal condition. There was
no difference between the faint-critical and normal conditions in
the duration of the fixation preceding the first pass fixation on the
critical word (normal: M = 214, SD = 94, faint-critical: M = 210,
SD = 78) [t,(29) = 1.49, p = .148; 1,(179) = 1.43, p = .155].
There were also no differences in first-fixation (FF) or gaze
duration (GD) on word n—1 between the faint-critical (FF: M =
212, SD = 70; GD: M = 241, SD = 114) and normal (FF: M =
214, SD = 77; GD: M = 245, SD = 126) conditions (s < 1).

There was no difference in the duration of the fixation following
the critical word in the faint-critical (M = 245, SD = 112)
compared to normal (M = 241, SD = 102) conditions [¢; < 1;
1,(179) = 1.79, p = .171]. There were also no differences in
first-fixation or gaze duration on word n + 1 between the faint-
critical (FF: M = 246, SD = 115; GD: M = 278, SD = 153) and
normal (FF: M = 245, SD = 111; GD: M = 279, SD = 151)
conditions (ts < 1). In line with the findings of Reingold and
Rayner (2006) and Drieghe (2008), the results show that the
stimulus quality of an individual word is localized to that word;

difficulty associated with stimulus quality did not influence prior
fixation durations or spill over to subsequent fixations.

Drieghe (2008) showed that the word following a faint word
was less likely to be skipped than if it followed a normally
presented word, whereas in the present study, as in Wang and
Inhoff (2010), there was no difference in the probability of skip-
ping word n + 1 between the normal (0.47) and faint-critical
(0.48) conditions [#, < 1.1; £,(179) = 1.16, p = .246]. Although
the length of word n + 1 varied considerably across the items,
even when the data set was restricted to the 100 items that were
three to six characters long, there was still no effect on skipping
probabilities (normal: 0.42; faint-critical: 0.43, s < 1). However,
note that the manipulation of stimulus quality in Drieghe’s study
had a much more substantial effect on reading times on the critical
word compared to the present study (186 ms influence on single
fixation duration compared to 64 ms here), which might be attrib-
uted to the faint text being nearer to the threshold of perception in
Drieghe’s study compared to the faint text used here. As noted in
Drieghe’s discussion, the effect of stimulus quality on skipping of
the following word may emerge due to its impact on foveal
processing difficulty; the findings here indicate that perhaps such
effects are confined only to particularly high levels of difficulty.

Local analyses: Ex-Gaussian distributions.  Ex-Gaussian
analyses are presented for first fixation, single fixation and gaze
durations, with parameter values shown in Table 2. Compared to first
fixation and single fixation, the distributions for gaze duration are
characterized by a higher frequency of very long durations (larger
7 parameter), which is likely to be due to the subset of gaze
durations for which there was a refixation. Consequently, note that
any differences in T for the gaze duration measure might reflect
differences in refixation probability (as shown for the faint-critical
condition as detailed above) rather than differences in the distri-
bution of individual fixation durations.

All of the measures showed significant main effects of condition
on  [first-fixation duration: F(2,58) = 38.38, MSE = 593, p <
.001; single-fixation duration: F,(2,58) = 94.88, MSE = 589, p <
.001; gaze-duration: F,(2,58) = 74.94, MSE = 724, p < .001] and
o [first-fixation duration: F,(2,58) = 38.13, MSE = 128, p < .001;
single-fixation duration: F(2,58) = 51.84, MSE = 228, p < .001;
gaze-duration: F|(2,58) = 44.51, MSE = 299, p < .001]. All three
of the measures produced significantly larger w parameters for the

Table 2
Mean Ex-Gaussian Parameters for Local Reading Time
Measures for the Critical Word

Measure and condition n o T

First-fixation duration (ms)

Normal 165 30 56

Faint 184 34 57

Faint-critical 212 54 59
Single-fixation duration (ms)

Normal 165 31 56

Faint 187 37 55

Faint-critical 235 62 49
Gaze duration (ms)

Normal 154 26 109

Faint 175 32 114

Faint-critical 221 59 123
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faint-critical compared to the faint condition [first-fixation dura-
tion: #,(29) = 4.62, p < .001; single-fixation duration: #,(29) =
7.43, p < .001; gaze-duration: #,(29) = 6.82, p < .001], and for the
faint compared to normal condition [first-fixation duration:
t,(29) = 5.22, p < .001; single-fixation duration: #,(29) = 7.31,
p < .001; gaze-duration: #,(29) = 6.75, p < .001]. For all of the
measures the o parameter was also larger for the faint-critical
compared to the faint condition [first-fixation duration: #,(29) =
6.51, p < .001; single-fixation duration: #,(29) = 6.16, p < .001;
gaze-duration: #,(29) = 5.81, p < .001]. The o parameter was also
significantly larger in the faint compared to normal conditions for
single-fixation duration [#,(29) = 2.87, p < .01] and gaze-duration
[£,(29) = 2.40, p < .05] with no significant difference for first-
fixation duration [#,(29) = 1.62, p = .116]. For all of the measures,
the w and o parameters were also significantly larger for the
faint-critical compared to normal conditions (ts > 7.7, ps < .001).

There were no significant main effects of condition on the T
parameter for first-fixation duration (F;, < 1) or single-fixation
duration [F(2,58) = 1.16, MSE = 323, p = .320]. For gaze
duration there was no significant effect of condition on the T
parameter [F,(2,58) = 2.60, MSE = 571, p = .083], though T was
numerically larger in the faint-critical compared to the normal and
faint conditions. As noted above, this numerical difference is likely
due to the proportion of refixation cases being significantly higher
for the faint-critical compared to the other conditions, producing a
larger subset of longer gaze durations in the faint-critical condi-
tion.

The data are again presented in the form of vincentile plots.
Figure 3a plots the first fixation vincentiles in each of the three
conditions, together with predicted values based on the best fitting
ex-Gaussian parameters. The fit is even more precise than for the
global analysis, so that the triangles representing the predicted
values overlap the circles representing the observed values at all
vincentiles in all conditions. Figure 3b plots the differences be-
tween the vincentiles for the faint and normal conditions, and the
differences between the faint-critical and faint conditions, together
with the corresponding predicted differences. While the observed
(and predicted) difference between the faint and normal conditions
is essentially constant across the vincentiles, it is clear that the
difference between the faint-critical and faint condition does be-
come larger for the slower vincentiles. Note, however, that this is
as predicted based on the best fitting ex-Gaussian parameters in
these conditions; the particular curvature for the faint-critical com-
pared to faint conditions arises from a combination of an increase
in p and a dramatic increase in o, rather than from an increase in
7 (see Figure 1).

The corresponding plots for single-fixation duration are shown
in Figures 4a and 4b. The predicted vincentiles are very close to
the observed vincentiles. Again, the difference between the normal
and faint conditions is nearly constant across all vincentiles; the
exception is the slowest (10th) vincentile, at which the difference
becomes larger, and is less well predicted by the mean ex-Gaussian
parameters. As with first-fixation duration, the difference between
the faint-critical and faint conditions does become larger moving
from the fastest vincentiles to the slowest. Again, the convex form
of this increase is captured well by the best fitting ex-Gaussian
parameters, for which both w and o are much larger in the
faint-critical condition; in this case, 7 is actually numerically

o
a) =

n

8 & faint critical I

< faint %

normal A
o

=) g
o g | 5 7 /
E & £ R

— 7 P ; -l

Q 3 i,—f'&;!/!

o - Pt Tt

N I T P

Pt Sanl
L S

o

S -

oy

[ I I T I I I I T 1
1 2 3 4 5 6 7 8 9 10

vincentiles
b) © -
8 -
- faint critical - faint
3 - — faint - normal i-"'%' B
® g %’i
E o | ii %&
Sl -
- —
Q g N %/§’é_§‘_§
el 7%
od ¥
[ T T | T T T T T 1
1 2 3 4 5 6 7 8 9 10

vincentiles

Figure 3. Panel a: Vincentile plots for first fixation duration (local
analyses) for text presented in normal, faint, or faint-critical conditions.
Panel b: Mean differences between faint and normal vincentiles, and
between faint-critical and faint vincentiles. Error bars show standard error
of the mean. Predicted vincentiles and differences based on mean ex-
Gaussian parameters are shown by triangles.

smaller in the faint-critical condition (49 ms) than in the faint
condition (55 ms).

Finally, the plots for gaze duration are shown in Figures 5a and
5b. Once again the fits between the predicted and observed vin-
centiles are excellent. Figure 5b shows that the difference in gaze
duration between the faint and normal conditions becomes only
very slightly larger as one moves from the fastest vincentiles to the
slowest. The increase in gaze duration in the faint-critical condi-
tion, compared to the faint condition, follows a less easily char-
acterized pattern, reflecting the fact that there are increases in all
three of the ex-Gaussian parameters in the faint-critical condition,
due to a combination of increased fixation durations and increased
probability of multiple fixations.

The distributional analyses of the local eye movement data may
be summarized as follows. As would be expected based on the
global analysis comparing fixation durations in the normal and
faint conditions, the reading time difference on the critical word,
between these two conditions, is due to a shifting of the fixation
duration distribution to the right in the faint condition. Thus, all
analyses converge in suggesting that globally faint text causes
most fixations to be lengthened.

The effect of encountering a single faint word is more complex.
While the distribution of fixation durations on the critical word is
even further shifted to the right, it is also the case that there is
substantially greater variance in the fixation duration distribution.
Together, these two effects result in longer fixations being length-
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Figure 4. Panel a: Vincentile plots for single fixation duration (local
analyses) for text presented in normal, faint, or faint-critical conditions.
Panel b: Mean differences between faint and normal vincentiles, and
between faint-critical and faint vincentiles. Error bars show standard error
of the mean. Predicted vincentiles and differences based on mean ex-
Gaussian parameters are shown by triangles.

ened more than shorter ones. Notably, however, encountering a
single faint word in normal text does not result in a particular
influence on the slow tail of the distribution.

Finally, the best fitting ex-Gaussian parameters consistently
predicted the observed vincentiles very precisely. This result con-
firms that fixation duration distributions are indeed well fit by the
ex-Gaussian, as also reported by Staub et al. (2010) and Staub
(2011a), which provides a useful descriptive parameterization of
the distribution.

General Discussion

Similar to previous work, the present study showed a clear effect
of stimulus quality on reading times for a critical word (Drieghe,
2008; Reingold & Rayner, 2006; Wang & Inhoff, 2010) and for
entire sentences (e.g., Legge et al.,, 1987, 1997). In line with
Reingold and Rayner’s findings, the effects of stimulus quality for
the critical word were largely localized to that word. The large
number of observations per participant in the present study enabled
the fixation durations to be fit to the ex-Gaussian distribution, and
hence allowed an examination of the extent to which mean differ-
ences between conditions are characterized by a shift in the loca-
tion of the Normal component of the distribution () or a differ-
ence in the exponential component of the distribution (7). The
results of the present study were clear. When the entire text was
faint, the effect of stimulus quality on fixation durations was
characterized by a shift, and not by any particular difference in the
frequency of very long fixations. When only a single word was

faint, there was a sizable shift effect, coupled with a sizable
increase in the standard deviation of the Normal component (o),
while again there were no convincing differences in 7. Crucially,
the present results contrast with those from single-word response
tasks, which show effects of stimulus quality on the exponential
component of the distribution as well as effects on the location of
the distribution (Plourde & Besner, 1997; Yap & Balota, 2007;
Yap et al., 2008). The General Discussion begins by discussing the
important differences in findings between these tasks. The impli-
cations of the results for the role of stimulus quality during normal
reading are then considered, followed by a discussion of the
implications of the distributional analyses for models of eye move-
ment control during reading.

Effects of Stimulus Quality on the Distribution of
Response Times and Fixation Durations

Previous studies have shown that effects of stimulus quality
vary as a function of methodology, with word frequency and
stimulus quality having additive or interactive effects (on both
means and ex-Gaussian parameters) as a function of task charac-
teristics (Yap & Balota, 2007). The present study demonstrates
that the general effect of stimulus quality on the distribution of
responses also differs between single-word response tasks and
fixation durations during reading. Previous studies that examined
response times in single-word tasks have shown an effect of
stimulus quality on both the w and T parameters of response time
distributions (Plourde & Besner, 1997; Yap & Balota, 2007; Yap
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Figure 5. Panel a: Vincentile plots for gaze duration (local analyses) for
text presented in normal, faint, or faint-critical conditions. Panel b: Mean
differences between faint and normal vincentiles, and between faint-critical
and faint vincentiles. Error bars show standard error of the mean. Predicted
vincentiles and differences based on mean ex-Gaussian parameters are
shown by triangles.
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et al., 2008), whereas the present study only showed a clear effect
of stimulus quality on the location of the distribution of fixation
durations (). Together, the findings from the previous literature
and the present findings indicate that a) for visually degraded
single words (i.e., in lexical decision and naming tasks) there is a
general increase in RT, and also a particular increase in the
frequency of very long RTs; b) for globally low-contrast text, there
is a general increase in fixation duration, with essentially no sign
of any particular influence on the slow tail of the distribution; c)
for a low-contrast word presented in otherwise normal text, there
is a general increase in fixation duration, as well as an increase in
variance; there is also an increase in refixation probability, result-
ing in a statistically marginal suggestion of an influence on the
exponential component in the gaze-duration measure.

Thus, the results from eyetracking and single-word tasks could
be partially reconciled if the faint-critical condition is regarded as
the closest analogue to the single-word tasks, and if gaze duration
is regarded as the measure that is most appropriately compared to
single-word RT. However, the pronounced differences between
the results from the faint-critical condition and the results from the
(globally) faint condition raise doubts about whether the effects in
the former condition reflect stimulus quality itself, as we discuss
below. It appears that while the results in the faint-critical condi-
tion do reflect the effect of stimulus quality, they even more clearly
reflect the difference in stimulus quality from the surrounding text.
Indeed, in light of the present results, it seems possible that the
stimulus quality effect, which is dramatically reduced in absolute
magnitude when the entire sentence is faint, would be further
attenuated in a blocked design, in which sentences in faint text
were not intermixed with normal text.

The influence of stimulus quality on responses in single-word
tasks has been shown to vary as a function of the type of task and
stimuli, and the present results suggest an important dissociation
between the effect of stimulus quality in single-word tasks and in
normal reading. This raises the question of which findings reflect
the word recognition process itself, and which might result from
the nature of the task. Responses in single-word studies tend to be
much longer (~500-700 ms) than the duration of individual
fixations in natural reading (~200-300 ms), and indeed, consid-
erably longer than gaze durations (~250-400 ms). In addition,
there is generally a much more pronounced right tail (a larger 7
component) in the distributions of single word RTs than in the
distributions of fixation durations or gaze durations (Staub et al.,
2010). Staub et al. also found, when comparing eye movement and
lexical decision experiments with the same target words, that the
size of the frequency effect on the T parameter was much larger in
lexical decision than in eye movements, though the latter was also
significant. Note that Schilling, Rayner, and Chumbley (1998) also
showed larger effects of word frequency on lexical decision re-
sponses compared to fixation durations (whereas the results for
naming and eye tracking were more similar). Considering these
previous results together with the present results, a reasonable
hypothesis is that the cognitive processes underlying the exponen-
tial component of the RT distribution in single-word tasks play a
less prominent role in normal reading, so that the T parameter of
the fixation duration distribution is small in general, and is less
susceptible to experimental modulation, resulting in either rela-
tively small (word frequency) or nonexistent (stimulus quality) T
effects. One possibility is that the processes involved in making a

controlled, potentially attention-demanding behavioral response
are reflected in the T parameter, and because these processes play
little role in online eye movement control, the T parameter is both
less prominent in fixation duration distributions and less suscep-
tible to experimental manipulation.

Another possibility, however, is that differences in text presen-
tation in single-word tasks and in sentence reading may influence
how words are processed. For example, the availability of a
parafoveal preview is a crucial difference between most single-
word tasks and natural reading (White, Johnson, Liversedge, &
Rayner, 2008). In natural reading, words are preprocessed parafo-
veally prior to fixation, which facilitates processing of those words
when they are subsequently fixated (Rayner, 1975). Perhaps the
impact of stimulus quality on word processing is different in
natural reading (such that there is no particular influence on a
subset of long responses) when the word recognition system first
receives a parafoveal preview.

Effects of Stimulus Quality During Natural Reading

Three issues are discussed here: (1) the differential impact of
stimulus quality when only a single word is faint compared to an
entire sentence; (2) localized effects of stimulus quality when only
a single word is faint; and (3) general implications of the effect of
stimulus quality on the distribution of fixation durations for ac-
counts of saccade programming during reading.

The effect of stimulus quality on gaze duration when a single
word was presented at low contrast was more than triple the gaze
duration effect on the same word when the entire text was pre-
sented at low contrast (81 ms vs. 25 ms). Thus, the present results
demonstrate that studies which manipulate the stimulus quality of
just a single word (Drieghe, 2008; Reingold & Rayner, 2006;
Wang & Inhoff, 2010) may elicit results which reflect processes
other than those associated only with the demands of processing a
low-contrast stimulus. Longer reading times for single low-
contrast words could be due to the different presentation format
inducing surprise, or perhaps drawing attention to the critical
word. However, if a single faint word does draw attention, note
that this is likely to be different to other highlighting formats, such
as presenting words in bold, as bold text also influences subse-
quent fixations (spillover effects), whereas the effects of stimulus
quality are largely localized to the critical word (Reingold &
Rayner, 2006). Another possibility is that reading times may be
longer for single words than for text presented entirely in low
contrast simply due to the reader having to adjust to sampling the
text at a different intensity.

Another interesting difference between the two faint conditions
is that although both showed significant effects of stimulus quality
on the standard deviation of the Normal component (o) of the
distribution of fixation durations, these effects were much larger
when only one word was faint compared to the entire sentence. It
is possible that the degree of “surprise” elicited by a single faint
word, or the adjustment required for reading a single faint word, is
highly variable. For example, the extent of the surprise or adjust-
ment might have been modulated by the time since the last single
faint word, the number of single faint words encountered in the
experiment prior to that trial, or even the extent of parafoveal
preview (modulated by launch site). The discussion of the theo-
retical implications below focuses largely on w and T effects, but
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it is important to remember that ideally models of eye movement
control would also explain differences in o.

The second striking finding about the effects of stimulus quality
on word processing in natural reading is that, in line with previous
studies (Drieghe, 2008; Reingold & Rayner, 2006; Wang & Inhoff,
2010), the effects of stimulus quality when only a single word is
manipulated are largely localized to that word, with no significant
influences on previous or subsequent fixations. As Reingold and
Rayner emphasized, these findings are consistent with the assump-
tion in the E-Z Reader model (Reichle et al., 2003) that stimulus
quality affects only the L, stage of processing.

The third important finding, the influence of stimulus quality on
the location of the distribution of fixation durations, has implica-
tions for how stimulus quality influences saccade programming
during normal reading. The clear influence of stimulus quality on
the w parameter illustrates that stimulus quality can influence
fixations of all durations, such that even very short fixations are
modulated by stimulus quality. These findings demonstrate that
stimulus quality does not simply modulate fixation durations as a
result of saccade cancellation and reprogramming (which would
influence only longer fixations). Note that Staub et al. (2010) made
a similar argument with respect to word frequency: The fact that
word frequency affects . demonstrates that frequency exerts an
influence on fixations of all durations, and that frequency effects
cannot simply be mediated by occasional saccade reprogramming
as some models previously suggested (Yang & McConkie, 2001,
2004). In the next section we discuss in more detail how models of
eye movement control during reading might be adapted in order to
account for differential influences of word characteristics on the
distribution of fixation durations.

Differential Influences on the Distribution of Fixation
Durations During Reading

In contrast to the effects of stimulus quality shown here, Staub
et al. (2010) showed that word frequency influenced the exponen-
tial component of the distribution of fixation durations, not just the
location of the Normal component. In addition, Staub (2011a)
showed that, similar to stimulus quality, word predictability influ-
ences the location of fixation duration distributions with no par-
ticular influence on the frequency of very long responses. Thus,
the distributional effects of three of the principle variables that are
known to influence mean fixation duration have now been exam-
ined (stimulus quality, word frequency, word predictability), and
only one of them, frequency, appears to influence the exponential
component. These results indicate that stimulus quality and word
predictability have qualitatively different influences on the distri-
bution of fixation durations during reading compared to word
frequency. Although models of eye movement control during
reading such as E-Z Reader (Reichle et al., 2003) and SWIFT
(Engbert et al., 2005) predict that factors such as stimulus quality
and word frequency influence fixation durations, these models do
not predict any difference in how such factors influence the dis-
tribution of fixation durations. We will first explain how these two
models account for the distribution of fixation durations generally,
before considering how they might ultimately account for how
different word characteristics produce differences in the distribu-
tion of fixation durations.

In the E-Z Reader model, the time to complete the first stage of
word processing (L,) determines the duration of fixations, hence
the distribution of L, finishing times also predicts the distribution
of fixation durations during reading. Staub et al. (2010) demon-
strated that because L, finishing times are modeled using gamma
distributions, differences in finishing times are necessarily char-
acterized by differences in both the location and the slow tail of the
distributions. Critically, in its present form, the E-Z Reader model
would predict that any factor affecting L, would have the same
impact on its distribution of finishing times. Given that the vari-
ables of word frequency, predictability, and stimulus quality are all
thought to influence fixation durations as a function of L, finishing
times, the model therefore currently predicts that they should all
influence both the location and slow tail of the distribution of
fixation durations.

In the SWIFT model (Engbert et al., 2005), the duration of
fixations is determined by a random timer that can be delayed
(through a mechanism called foveal inhibition) as a function of
lexical activation. Stimulus quality is likely to impact on lexical
activation, either by modulating lexical processing rate in a
similar way to visual acuity, or by impacting more directly on
word processing difficulty. Similar to the E-Z Reader model,
the SWIFT model currently makes no specific predictions about
the effect of different variables on the distribution of fixation
durations.

Nevertheless, it is important to emphasize that these models
have so far been primarily designed to predict the effect of
variables on mean fixation durations, not the distributions. We
now consider how these models might ultimately account for
different influences on the distribution of fixation durations.
We focus on two possibilities: First, that differences in L,
finishing times in E-Z Reader or levels of lexical activation in
SWIFT might be accounted for by a more complete account of
the word recognition process. Second, that different word char-
acteristics might have different influences on the distribution of
fixation durations as a result of pre- or postlexical mechanisms.

Different accounts have been proposed for precisely how stim-
ulus quality influences word recognition mechanisms. Some pre-
dict that stimulus quality impacts directly on word processing at
the orthographic input lexicon, directly influencing the rate of
activation for specific lexical representations (Borowsky &
Besner, 1993). In contrast, others suggest that the output of the
letter level might be thresholded such that stimulus quality would
impact directly only at the feature and letter levels (Besner &
Roberts, 2003). Regardless of the mechanisms used to account for
effects of stimulus quality, many models of word recognition
currently do not make clear predictions for how stimulus quality
and other factors might differentially influence the distribution of
responses to words (Coltheart, Rastle, Perry, Langdon, & Ziegler,
2001; Grainger & Jacobs, 1996; McClelland & Rumelhart, 1981;
Paap, Newsome, McDonald, Schvaneveldt, 1982; Plaut, McClel-
land, Seidenberg, & Patterson, 1996). Ratcliff, Gomez and
McKoon (2004) highlighted the importance of accounting for the
distribution of response times and Norris (2009) recently simulated
the effect of word frequency on response-time distributions. Given
the current interest in this topic within the single-word literature, it
seems likely that models of word recognition will be developed to
account for the influence of a range of variables on response
distributions. Ultimately, models of eye movement control during
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reading might link to models of word recognition to provide a
more detailed account of the reading process (Grainger, 2003;
Liversedge & Blythe, 2007). The input from a word recognition
system might determine the L, and L, finishing times in E-Z
Reader (or lexical activation in the SWIFT model), such that these
processing stages might then be characterized by different distri-
butions as a function of different variables. Models of eye move-
ment control during reading would then predict the appropriate
distributions of fixation durations as a function of how different
variables influence the duration of the word recognition process
itself.

A second possibility is that word variables may have unique
influences on the reading process independently of word recogni-
tion mechanisms. Two possibilities are suggested here: First, word
frequency may also be associated with processing beyond the level
of word recognition (that is, beyond stages such as L, and L,).
Currently, the postlexical integration (I) stage proposed in the
latest version of E-Z Reader, known as E-Z Reader 10 (Reichle,
Warren, & McConnell, 2009), is not influenced by lexical fre-
quency. However, it is plausible to suppose that, in addition to
influencing the difficulty of word recognition itself, lexical fre-
quency may influence the difficulty of integrating a word into its
sentence context. (Note, however, that Staub [2011b] has sug-
gested that this is not the case, as indicated by the pattern of effects
in experiments that manipulate both frequency and integration
difficulty.) A second possibility is that, though Reingold and
Rayner (2006) proposed that stimulus quality influences L, it is
plausible to suppose that it may instead, or in addition, influence
the rate of early preattentive visual processing during the prelexi-
cal visual processing stage (V) that is proposed by the model. This
hypothesis is especially attractive given that the rate of early visual
processing could perhaps be modulated by stimulus quality in the
same way that, in present versions of the model, it is modulated by
the dropoff in acuity as a word is centered farther from the fovea.

Conclusions

The present study provides the first examination of the effect of
stimulus quality on the distribution of fixation durations during
natural reading. Stimulus quality (especially when consistent
across a sentence) influences the location of the Normal compo-
nent of the distribution of fixation durations during reading, rather
than having a particular influence on the frequency of long fixa-
tions. The findings have important implications when compared
with previous studies. First, the results indicate that the effect of
stimulus quality on the exponential component of single word RT
distributions may be linked to the nature of the task rather than the
word recognition process itself. Second, given that for fixation
durations word frequency but not stimulus quality has a particular
influence on the slow tail of the distribution of fixation durations,
models of eye movement control ultimately need to account for
how different variables can have qualitatively different influences
on the distribution of fixation durations during reading. Incorpo-
rating natural reading factors within models of word recognition
(such as parafoveal preview) may enable word recognition models
to more accurately account for word processing in natural reading.
Similarly, incorporating models of word recognition into models
of eye movement control may provide a more complete account of
how word characteristics can affect eye movement behavior.

Within such combined accounts, eye movement control modules
would enable word inputs to vary as a function of fixation position
(e.g., providing parafoveal previews), while word recognition
modules could play a more central role in influencing the duration
of stages that reflect word processing such as L, and L, in E-Z
Reader and lexical activation in SWIFT.
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