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Abstract

Models of eye movement control in reading and their impact on the field are discussed.
Differences between the E-Z Reader model and the SWIFT model are reviewed, as are benchmark
data that need to be accounted for by any model of eye movement control. Predictions made by the
models and how models can sometimes account for counterintuitive findings are also discussed.
Finally, the role of models and data in further understanding the reading process is considered.

The study of eye movements during reading has a long and rich history dating back to the
latter part of the 19th century. Elsewhere, | (Rayner, 1978, 1998) have argued that there
have been three eras of research on eye movements during reading. But, it now is apparent
that we have entered a new, fourth, era in which sophisticated computational models of eye
movement control are dominating the field. Given this new trend, it is perhaps appropriate to
consider exactly what role these models, in contrast to empirical data from experimental
manipulations and corpus-based analyses, should play in furthering our understanding of the
reading process.

The first era extended from Javal’s initial observations concerning the role of eye
movements during reading (see Huey, 1908) until about 1920. During this first era, many of
the basic facts about eye movements during reading were discovered. In addition, issues
such as the perceptual span (the region of effective vision), saccade latency (the time it takes
to initiate an eye movement), and saccadic suppression (the fact that we do not perceive
information during an eye movements) were of central interest.

The second era, which coincided with the behaviorist movement in experimental
psychology, tended to deal with more surface properties of eye movements, and little
attempt was made to infer mental processes from eye movement data. Classic work by
Tinker (1946) on reading and by Buswell (1935) on scene perception was carried out during
this era. Tinker’s (1958) final review ended on the rather pessimistic note that almost
everything that had been learned about reading via eye movements (given the technology of
the time) had been discovered. As | remarked earlier (Rayner, 1998), this opinion seems to
have been widely held because very little research on eye movements during reading was
undertaken between the late 1950’s and the mid-1970’s.

The third era began in the mid-1970’s and was marked by both a better description of
language and rapid technological advances that resulted in marked improvements in eye
movement recording systems (and computer systems) that allowed measurements to be more
accurate and more easily obtained. These advances in technology also made possible the
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development of innovative techniques in which the visual display could be changed
contingent on the eye position. In this gaze-contingent display change paradigm (McConkie
& Rayner, 1975; Rayner, 1975; Reder, 1973), eye movements are monitored and changes
are made in the visual display that the reader is looking at contingent on when the eyes move
(or at some other time during the fixation). During this third era, great strides were made as
a result of researchers designing interesting and informative studies using gaze contingent
change (as well as other) techniques.

As noted at the outset of this article, it is now fairly obvious that we have entered a fourth
era of research on eye movements during reading, beginning in the late 1990’s,
characterized by the development of complex and sophisticated models (in the form of
implemented computer simulations). Much of the research on eye movements during
reading over the past ten years has been focused on either providing validity for or
disconfirming these models. Table 1 provides a list of the currently implemented models.
Some might argue that the model provided by Just and Carpenter (1980; see Thibadeau,
Just, & Carpenter, 1982 for actual simulations) was the first such model, and | wouldn’t
argue with such a claim. However, it also seems fairly clear that the E-Z Reader model was
the impetus for the development of the competing models listed in Table 1. Although not the
first such model (as Mr. Chips preceded it by a year), E-Z Reader has arguably attracted the
most attention, largely because of the transparency of the model, the clear predictions that it
makes, and the fact that it accounts for a tremendous amount of eye movement data. SWIFT
is generally regarded as the main competitor to E-Z Reader?.

In this article, I will primarily use E-Z Reader as the context for various points to be made
(though 1 will also discuss SWIFT as a contrast point). At a conference in Tianjin, China in
2006, Reinhold Kliegl (one of the architects, along with Ralf Engbert, of the SWIFT model)
made the following provocative claim: “Models of eye movement control in reading are
more sophisticated and realistic than models in any other area of psychology”. Undoubtedly
there are many who would dispute this claim because there are highly sophisticated models
(generally implemented) in many areas of psychology (especially cognitive psychology), yet
his claim has special force when one considers his additional proviso concerning being
“realistic”. Virtually all of the eye movement models produce data that fit directly with the
human data. That is, the models produce eye fixations durations in milliseconds (and not
number of processing cycles or some other more indirect metric) and they likewise produce
number of fixations, saccade length, skipping rates, and so on. The predictions made by the
models are also in terms of real units (words) rather than regions of interest.

My goal in the present article is threefold. First, I will discuss the data that models of eye
movement control in reading should be able to handle. Second, I will summarize some
predictions that follow from E-Z Reader and SWIFT and point out how they can provide
accounts of what otherwise might be difficult data to explain (as well as discuss how the
models have been changed and extended). Third, I will argue that models and data should go
hand-in-hand to further our understanding of reading. Prior to discussing these issues, a brief
overview of E-Z Reader will be provided, as well as some comments on what distinguishes
the models.

The E-Z Reader Model

The details of E-Z Reader have been presented elsewhere and here | will only provide a
brief and cursory overview. In actuality, E-Z Reader is a family of models with the first five
versions discussed in Reichle, Pollatsek, Fisher, and Rayner (1998) and subsequent versions

Iwith all due apologies to the designers of the other models listed in Table 1 for the possible ego-centric nature of this claim.
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presented by Reichle, Rayner, and Pollatsek (2003), Rayner, Ashby, Reichle, and Pollatsek
(2004), and Pollatsek, Reichle, and Rayner (2006). In all of these versions of the model,
lexical processing is the engine that drives eye movements during reading. The most recent
version of the model, E-Z Reader 10 (Reichle, Warren, & O’Connell, 2009) presents an
attempt to include the influence of higher order variables on eye movements during reading.
The model has also been extended to Chinese readers (Rayner, Li, & Pollatsek, 2007) and
older readers (Rayner, Reichle, Stroud, Williams, & Pollatsek, 2006).

According to E-Z Reader, two stages of lexical processing are underway when readers fixate
aword. An initial stage, referred to as L1, can be characterized as the system determining if
itis likely to know what the fixated word is in the next few milliseconds. Once a certain
threshold is exceeded, a signal is sent to the oculomotor system to program a saccade to the
next unidentified word in the text. This decision of where to go next is also influenced by a
low level attentional scan operating in parallel with lexical processing that is more or less
surveying the terrain of what is coming up (and where word boundaries are). The second
stage of lexical processing, L2, is akin to lexical access for the word. When L2 completes,
attention moves to word n+1, and the two stages begin running for that word. On some
occasions, L1 and L2 will both complete for word n+1 (such as when it is a highly
predictable word) and attention will shift to word n+2; the saccade to word n+1 will also be
cancelled and a saccade programmed to word n+2 (provided that the prior saccade program
has not passed a point of no return). Given that the two stages are influenced by the
frequency and predictability of word n, lexical processing is the engine driving the eyes
through the text according to E-Z Reader.

How Do the Models Differ?

It is generally recognized that there are two primary ways in which the various models differ
(see Reichle et al., 2003 for a more extended discussion). Here, 1’1l focus on how E-Z
Reader and SWIFT differ. First, E-Z Reader has been categorized as a serial attention shift
(SAS) model, whereas SWIFT has been categorized as a gradient by attention guidance
(GAG)2 model. The main distinction is that in E-Z Reader serial lexical processing (word n
is identified then word n+1 and then word n+2, in order) is invoked whereas in SWIFT
parallel lexical processing is possible (so that more than one word can be processed lexically
at any given point in an eye fixation). There has been considerable discussion about this
issue lately (see Kennedy & Pynte, 2006, 2008: Kliegl, 2007; Kliegl, Nuthmann, & Engbert,
2006; Rayner, Reichle, Drieghe, Slattery, & Pollatsek, 2007; Rayner, Pollatsek, Liversedge,
& Reichle, 2009; Reichle, Liversedge, Pollatsek, & Rayner, 2009) and no clear consensus
has yet emerged. However, it may be fair to say that, in principle, much (or perhaps some)
of the time GAG models function as serial models, though the advocates of GAG models
would also claim that there are existence proofs that more one than word can be processed at
once.

The second way in which the models differ relates to the influence of cognitive/lexical
properties of the fixated word on how long readers remain on that word. In E-Z Reader, as
noted above, cognitive/lexical processes are the engine that drives the eyes through the text;
in SWIFT, saccades are autonomously generated but with occasional cognitive influences.
Both models thus allow for the influence of variables like word frequency and word
predictability on fixation times and both models allow for the early influence of such
variables. On the other hand, some models (such as the Competition Inhibition model)
generally posit that cognitive/lexical variables can only have an effect on eye movements

2Chuck Clifton recently pointed out that E-Z Reader wins out if one simply goes by better sounding or more appealing acronyms.
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very late in an eye fixation. In my view, there are rather striking data (to be discussed below)
that render this claim fairly implausible.

Benchmark Data

Valid models need to account for what is known about the basic properties of eye
movements during reading. There are five central facts that any model needs to account for
(see Rayner, 1998, 2009 for reviews). First, the average fixation duration in reading is about
200-250 ms (though there is considerable variability with some fixations under 100 ms and
some over 500 ms). Second, the average saccade length (for alphabetic writing systems) is
about 7-9 letter spaces (again with considerable variability as some saccades are less than 1
letter space and some are as long as over 20 letter spaces). Third, various measures of
processing time, such as first fixation duration (the duration of the first fixation on a word),
single fixation duration (the duration of the fixation when only one fixation is made on a
word), and gaze duration (the sum of all fixations on a word prior to moving to another
word) are sensitive to certain properties of the fixated word (to be discussed below). Fourth,
readers skip (do not directly fixate) about 25-30% of words in text (with word length
strongly influencing skipping rates as short words are skipped much more than long words;
word predictability and word frequency, to a lesser extent, also influence skipping rates).
Fifth, readers make regressions (saccades backwards to look at words that occurred earlier in
the text) about 10-15% of the time. Many of the implemented models are able to account for
these findings (though in many cases, some of them are hard-wired in the model). The most
problematic issue for most models with respect to the above facts is that they do not do a
particularly good of a job in accounting for regressions3. This is perhaps because it is quite
difficult for researchers to control when readers regress (as well as when they skip words).

In addition, five other findings are generally agreed upon as being valid characteristics of
eye movements in reading (see Rayner, 1998, 2009), and hence, need to be accounted for by
models of eye movement control. First, the perceptual span (or region of effective vision
during a fixation) extends 3—4 letter spaces to the left of fixation to 14-15 letter spaces to the
right of fixation. Second, readers obtain useful preview benefit from the word to the right of
fixation; evidence for this finding comes from numerous studies using the boundary
paradigm (Rayner, 1975) in which a preview word changes to a target word during a
saccade. It is generally accepted that the source of the preview benefit effect is from
orthographic, phonological, and abstract letter codes. Interestingly, semantic preview benefit
is not obtained in English; thus, a semantically related word like song as a preview for tune
doesn’t provide preview benefit (Altarriba, Kambe, Pollatsek, & Rayner, 2001; Rayner,
Balota, & Pollatsek, 1986). Third, the amount of time that readers look at words varies as a
function of variables such as word frequency and word predictability. Indeed, the fact that
first fixation durations on a word are influenced by lexical variables, in my opinion, renders
models that do not allow for such early effects quite implausible and such models are
seriously compromised by these findings4. Fourth, there are effects associated with the
launch site of a saccade and the landing position of the saccade (McConkie, Kerr, Reddix, &
Zola, 1988 Rayner, 1979). Specifically, readers tend to fixate about halfway between the

3SWIFT perhaps does a better job than E-Z Reader with respect to accounting for the frequency of regressions, but neither model does
particularly well in accounting for regressions due to higher-order processes (though see Reichle, Warren, & O’Connell, 2009)

Indeed, a particularly compelling finding that is quite problematic for models that do not allow for early influences of lexical
processing on eye movements is the “disappearing text” studies (Liversedge, Rayner, White, Vergilino-Perez, Findlay, & Kentridge,
2004; Rayner, Liversedge, White, & Vergilino-Perez, 2003; Rayner, White, & Liversedge, 2006). In these studies, on each fixation the
fixated word is masked or disappears at a certain point in the fixation. As long as the reader sees the word for 50-60 ms, reading
proceeds quite normally. More interesting, how long the readers’ eyes remain in place is strongly influenced by the frequency of the
word. Thus, although the word is no longer there, its frequency determines how long the eyes remain in place. This is striking
evidence for the early influence of lexical variables on fixation times.
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beginning of a word and the middle of the word (Rayner, 1979). Fifth, somewhat
paradoxically, single fixation durations are longer when the eyes land in the middle of a
word, the Inverted Optimal Viewing Position (I0VP) effect; Vitu, McConkie, Kerr, &
O’Regan, 2001) than when they land on the end letters of a word (though frequency effects
remain constant). Once again, the models do a fairly good job of accounting for these
effects® (again, with some of the effects hard-wired in the model).

Predictions from the Models

Models are generally evaluated, not only for how well they handle benchmark data, but also
by how effectively they make unique predictions. Both E-Z Reader and SWIFT make
unique predictions. Four such predictions will be discussed here. First, E-Z Reader predicts
that when readers skip a word, the fixation prior to the skip (and to a lesser degree, the
fixation after the skip) should be inflated. This prediction flows from the central assumption
in E-Z Reader that words are lexically identified in a serial fashion. On this issue, the data
are somewhat mixed as some studies (Rayner, Ashby, Pollatsek, & Reichle, 2004; Drieghe,
Rayner, & Pollatsek, 2005; Pollatsek, Rayner, & Balota, 1986; Kliegl & Engbert, 2005;
Rayner, Juhasz, Ashby, & Clifton, 2003) have found inflated fixations5, while others
(Engbert, Longtin, & Kliegl, 2002; Radach & Heller, 2000) have not (though those that have
not are often corpus based analyses). The data on this issue may be noisy due to the fact, as
noted above, experimenters can’t control when readers skip a word. There are also possible
influences on skipping related to deliberate versus accidental (due to motor error) skips.

Second, E-Z Reader predicts that readers generally should not obtain preview benefit from
word n+2. That is, the model predicts that in the normal course of events, readers should
obtain preview benefit from the word to the right of fixation (word n+1), but not word n+2
(unless word n+2 is the target of the next saccade from word n). Again, this prediction
follows from the serial architecture of E-Z Reader. For the most part, a series of studies
originating with Rayner, Juhasz, and Brown (2007) have generally confirmed the prediction
that there is not preview benefit for word n+2 (see also Angele, Slattery, Yang, Kliegl, &
Rayner, 2008; Kliegl, Risse, & Laubrock, 2007; McDonald, 2006). SWIFT does predict that
there should be preview benefit effects from word n+2, and it may be the case that readers
can obtain preview benefit from word n+2 when word n and word n+1 are both short, high
frequency words. Such a situation could be seen as an existence proof for SWIFT, but E-Z
Reader can account for the occasional preview benefit from word n+2 (i.e., when word n+1
is identified and skipped). Overall, the general pattern of results on experiments dealing with
the lack of preview benefit for word n+2 might suggest that SWIFT can best handle the
results if it is assumed that much of the time the model is acting like E-Z Reader (or an SAS
type model).

Third, SWIFT predicts that there should be parafoveal-on-foveal effects wherein the
characteristics of word n+1 influence the amount of time that readers look at word n.
According to E-Z Reader, parafoveal-on-foveal effects should be limited to orthographic
effects, and there should not be lexical effects. Thus, the frequency of word n+1 should not
influence the amount of time that readers look at word n according to E-Z Reader, whereas it

SSWIFT accounts for single fixation IOVP effects, while E-Z Reader basically accounts for the first of several fixations. While the
effect with single fixations has not been demonstrated using E-Z Reader, the mechanism that accounts for the IOVP effect with the
first of two fixations (i.e., an automatic refixation assumption) should also produce the effect (at least to some degree) with single

fixations.

It should be noted that although Kliegl and Engbert did find inflated fixations prior to skips the data did not necessarily conform to
what would be predicted by E-Z Reader. They reported that fixations before skipped words were shorter before short or high-
frequency words and longer before long or low-frequency words in comparison with fixations on the same words when they were
followed by fixations on the next word (i.e., when the next word was not skipped).
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should according to SWIFT. The entire issue of parafoveal-on-foveal effects is highly
contentious (see Rayner & Juhasz, 2004; Rayner, White, Kambe, Miller, & Liversedge,
2003 for reviews). In alphabetic writing systems, lexical parafoveal-on-foveal effects are
typically not found via the boundary paradigm, though there are exceptions (i.e., Kliegl et
al., 2007 reported a parafoveal-on-foveal effect). On the other hand, parafoveal-on-foveal
effects are routinely reported for corpus analyses of eye movements in reading (Kennedy &
Pynte, 2005; Kliegl, Nuthmann, & Engbert, 2006; see Kliegl, 2007; Rayner, Pollatsek,
Drieghe, Slattery, & Reichle, 2007 for further discussion). Compared to preview benefit
effects, parafoveal-on-foveal effects tend to be weak and the direction of the effect is not
consistent across studies’. It should also be noted that the lack of semantic preview benefit
effects is problematic for SWIFT.

In E-Z Reader, parafoveal-on-foveal effects are generally explained in terms of mislocated
fixations (Drieghe, Rayner, & Pollatsek, 2007; Rayner, Warren, Juhasz, & Liversedge,
2004). That is, due to noise in either the oculomotor system or the eyetracking equipment,
where the eyes are fixating and where attention is (or more specifically, which word was
actually being processed) could be in different places. Thus, for example, due to undershoot
in the oculomotor system, the eyes could be on word n while attention (and hence word
processing) is on word n+1. Such a mislocated fixation account would explain many
parafoveal-on-foveal effects. It is quite interesting that Nuthmann, Engbert, and Kliegl
(2005) have used modeling techniques to convincingly demonstrate the frequency with
which mislocated fixations occur, but they (as proponents of the SWIFT model) do not
consider mislocated fixations to be the main cause of parafoveal-on-foveal effects.

A final prediction comes from an observation that Reingold (2003) generated concerning E-
Z Reader. He noted that “experimental manipulations that disrupt early encoding of visual
and orthographic features of the fixated word without affecting subsequent lexical
processing should influence the processing difficulty of the fixated word without affecting
the processing of the next word”. Reingold and Rayner (2006) then explicitly tested this
prediction and found results consistent with E-Z Reader.

One could compute a score card of how well empirical studies support the predictions of E-
Z Reader versus SWIFT. In doing so, it may be that “beauty is in the eye of the beholder”.
My goal in this section has not really been to provide a scorecard, but rather to document
some of the predictions the models make. Perhaps the most unbiased statement that could be
made is that each model has support, but that there are problems with extant data for each
model as well. But, more importantly, my guess is that many experiments that have been
reported over the past few years would not have been done had it not been for the explicit
predictions made by the models. To this extent, the models have been extremely important
in driving forward empirical work in the field of eye movements and reading.

Explaining Counterintuitive Findings

An interesting finding recently emerged in our laboratory; we found that gaze durations on a
noun were longer when the preceding adjective was low frequency than when it was high
frequency but were actually shorter when the adjective was long than when it was short
(Pollatsek, Juhasz, Reichle, Machacek, & Rayner, 2009). This counterintuitive finding is one

7Interestingly, Yang, Wang, Xu, and Rayner (2009) recently reported a parafoveal-on-foveal effect with Chinese, suggestion that
readers of Chinese obtain some information of the word to the right of the fixation that influences the current fixation duration. And,
Yan, Richter, Shu, and Kliegl (2009) recently reported semantic preview benefit effects for Chinese. It may be that such differences
are due to the fact that any given Chinese character in a word will be closer to fixation on average than letters within words in English.
Thus, there is much more possibility that semantic preview benefit effects and parafoveal-on-foveal effects may occur in a character
based written language like Chinese than in an alphabetic horizontally spatially extended language like English.
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that caused us to shake our heads in frustration for some time, but when we actually
implemented a simulation of the experiment using E-Z Reader, we found that the model
accounted for the data. Likewise, Nuthmann, Engbert, and Kliegl (2007) compellingly
documented how the counterintuitive IOVP effect mentioned above emerged in SWIFT
simulations.

My point in this section is that computational models can be very informative, not only with
respect to generating interesting predictions for researchers to test, but they can also
sometimes account for otherwise seemingly unexplainable findings that might emerge from
empirical investigations. Thus, the models can sometimes offer researchers assistance in
accounting for interesting and counterintuitive findings.

Changes to the Models

An interesting issue with respect to the development of models is the extent to which any
given model should be changed as a result of convincing evidence that is inconsistent with
original assumptions of the model. Some purists might consider it a “cheat” to make changes
to a model once it has been presented. Indeed, charges of a model being a moving target are
often made when the model is changed. Yet, it seems quite rational that a given model
would be changed when there are data that emerge that the architects of the model deem
valid. For example, results reported by Rayner, Ashby et al. (2004) resulted in a change to
E-Z Reader. An original assumption in E-Z Reader was that frequency and predictability
share a multiplicative function. However, data from Rayner, Ashby et al. (2004) found
additive (or weakly interactive) effects of frequency and predictability in an experiment in
which the two variables were orthogonally varied. Thus, the equation relating frequency and
predictability was changed to an additive function to account for the data pattern (see also
Miellet, Sparrow, & Sereno, 2007). It is also worth noting that changes have been made to
SWIFT as a result of empirical data that emerged. Thus, the original version of SWIFT
(Engbert et al. 2002) differs from the current version (Engbert et al., 2005) and the changes
were implemented as a result of data deemed to be in conflict with the original version. Such
changes seem to be entirely appropriate and valid.

Extending the Models

As noted earlier, E-Z Reader has been extended to older readers and to Chinese readers.
Research has demonstrated that elderly readers make longer fixation durations, shorter
saccades, but skip words more often and regress back to those words more often than
younger readers (Laubrock, Kliegl, & Engbert, 2006; Rayner, Castelhano, & Yang, 2009;
Rayner, Reichle, Stroud, Williams, & Pollatsek, 2006). Such effects have been modeled in
the context of both E-Z Reader (Rayner et al., 2006) and SWIFT (Laubrock et al., 2006).
Also, a considerable amount of recent research has examined the characteristics of eye
movements of Chinese readers. And, E-Z Reader has been extended to account for these
data (Rayner, Li, & Pollatsek, 2007).

The Role of Models and Data

It should hopefully be apparent that models of eye movement control in reading have
successfully accounted for much of the important available data. But, it is important to
realize that the models can only be tested via good experiments. Thus, the models and good
data go hand in hand in advancing the field. Although we are now in a fourth era of eye
movement research in reading where the models have been admittedly quite dominant (for
reasons discussed above) one shouldn’t lose sight of the fact that there should always be an
important role for empirical data. Furthermore, the models are not perfect and there are
aspects of the eye movement record that they do not do a particularly good job of capturing,
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such as regressions (Mitchell, Shen, Green, & Hodgson, 2008), and the effect of higher
order influences on fixation times (see Reichle et al., 2009).

For the most controversial aspects of eye movements during reading, such as (1) parafoveal-
on-foveal effects, (2) word skipping, and (3) regressions, there seems to be a division
between experimental studies and corpus-based studies. While it is clearly the case that
corpus-based analyses are best suited for certain issues, such corpus-based studies are being
increasingly used in cases where experimental control is quite possible. Experimenters in the
field need to ask themselves which empirical approach to data acquisition should be trusted
more? There isn’t always a simple answer to this question (cf., Kliegl et al., 2006; Kliegl,
2007; Rayner et al., 2007), but one thing is certain and that is data obtained via corpus-based
analyses need to be confirmed via experimental studies, and vice versa.

As a caveat, let me note the following. | often read papers submitted to journals (and
sometimes in print) saying: “These data provide evidence against E-Z Reader or SWIFT”. In
my opinion, this is not a wise statement! It would be more accurate to say that the data are
“not consistent with the model as currently implemented”. In many cases where it is argued
that the data are inconsistent with the model, it is simply the case that the model hasn’t tried
to account for the data. And, you can’t know if the model doesn’t account for an effect until
you do the simulation (e.g., see Pollatsek et al., 2006). Fortunately, in the case of both E-Z
Reader and SWIFT, the models are publicly available (along with information on how to use
the codeB), and thus researchers other than the architects of the model can use them to run
simulations and thereby generate/test predictions (see Miellet et al., 2007 for an example). In
part, the issue here is that some researchers have adopted the practice of making
“predictions” about the models based on their (sometimes faulty) understanding of the
model, run experiments that provide results that are inconsistent with the “predictions”, and
then conclude that the model has been falsified. In such situations, the predictions aren’t
really valid to begin with because the experimenters have not done what needs to be done--
namely, that the novel prediction needs to be derived and tested from the model. Basically,
this amounts to researchers making claims about what the model can or cannot do without
first checking to see if such claims are true.

Another issue has to do with how models of eye movement control are tested against each
other. Three points are relevant. First, as discussed above, there is a well established set of
benchmark phenomena that all of the serious researchers involved with eye movement
control models have adopted and use in model evaluation. Second, while it might be argued
that it would be desirable to have a fixed test suite of corpora for model evaluation, the fact
that several different corpora (and not just one corpus) are being used in model evaluation
can be seen as a strength, and not a weakness of the modeling endeavor. For example, this
allows researchers to evaluate model generalizability across writing systems and languages.
Finally, cross-validation procedures have been explicitly used in some cases (see McDonald,
Carpenter, & Shillcock, 2005), and rough equivalents of such procedures (e.g., using the
same model and parameter values to fit data from completely independent experiments)
have also been widely used (e.g., Rayner et al., 2005).

Finally, it is worth noting that there are now a number of models of eye movement control in
scene perception and visual search that have appeared recently (see Rayner, 2009).
However, these models focus primarily on where we move our eyes and say little about
when we move our eyes. In general, work on eye movements in scene perception and visual
search has lagged behind work in reading. This is not surprising since with reading the

83ee the following URL for E-Z Reader: http://www.pitt.edu/~reichle/ezreader.html and for SWIFT see:
www.agnld.uni-potsdam.de/~ralf/swift/
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stimulus characteristics are easier to specify and the task is more apparent. However, the
future looks promising with respect to models of eye movement control in scene perception/
visual search, and hopefully architects of these models will soon move towards explaining
not only where viewers move their eyes in scene perception and reading, but also attempt to
explain the when decision with respect to moving the eyes.

Models of eye movement control in reading have stimulated a lot of research. While these
models have, in some sense, dominated the field recently, there is still an important place for
well-designed experiments and empirical data. The models and data should go hand-in-hand
in furthering our understanding of reading.
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Table 1
Models of Eye Movement Control in Reading. The type of model is in parentheses under the name of the
model.
Model Key References

E-Z Reader (SAS)

SWIFT (GAG)

Mr. Chips (Ideal Observerd)

EMMA (SAS within ACT system)

Glenmore (GAG within Connectionist System)

SERIF (POCP)
Competition/Activation (POC)

SHARE (POC)

Reichle, Pollatsek, Fisher, & Rayner, 1998
Reichle, Rayner, & Pollatsek, 2003
Pollatsek, Reichle, & Rayner, 2006

Engbert, Longtin, & Kliegl, 2002
Engbert, Nuthmann, Richter, & Kliegl, 2005

Legge, Klitz, & Tjan, 1997
Legge, Hooven, Klitz, Mansfield, & Tjan, 2002

Salvucci, 2001
Reilly & Radach, 2006
McDonald, Carpenter, & Shillcock, 2005

Yang & McConkie, 2001
Yang, 2006

Feng, 2006

a - .
Ideal Observer models do not attempt to mimic human reading

In POC (Primarily Oculomotor Control) models, most of the variation in eye fixation times is due to properties of the oculomotor system, and
lexical variables only influence very long fixations. There is some variation across the models in terms of how early in a fixation lexical processing
can affect the duration of the current fixation. In SERIF, perceptual processing of words has a more immediate effect on when they eyes move than

in the Competition/Activation model or SHARE.
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