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There is a growing amount of evidence suggestiagploperties of an unfixated word in
parafoveal vision may influence current processimg. Unfortunately, there are also a
number of inconsistencies in the literature regaydioth the size and direction of the
obtained effects. Low constraint in a parafoveatdis initial letters appears to increase or
decrease foveal processing time, depending onqeralf word frequency and, similarly, low-
frequency parafoveal word may increase or decrea®al processing time, depending of
such factors as the experimental task, the lengtirearelevant words and the distribution of
information within them. Earlier studies did ngsgematically manipulate the relevant
stimulus properties. In this paper, we manipullagelength and frequency of a given foveal
word, together with the length, frequency and ahiketter constraint of an associated
parafoveal word. Gaze and refixation rate on tiveél word were measured as a function of
properties of the parafoveal target word. Theltegwonfirm the existence of parafoveal-on-
foveal effects and suggest that the apparent instemgies in the literature relate to a failure
to control for foveal word length. The patternobtained effects cannot be accounted for by
a serial-sequential attention switching model & mpovement control. The data are also
incompatible with various forms of parallel prodegsmodel. They are vest accounted for by
postulating a process-monitoring mechanism, serditi the simultaneous rate of acquisition

of information from foveal and parafoveal sources.



This paper is concerned with the relationship betwa&ttention and eye movement control in
reading. lIts starting point is the highly influehiproposal, initially put forward by Morrison
(1984), that the reader's attention shifts in &abk&ashion, as lexical access is secured to each
successive fixated word (see Henderson, 1992, fieviaw). That is, once processing of a
word in the fovea is complete, the reader can begirk on the next word before actually
looking at it. Such covert shifts of attention aant for the well-documented parafoveal
preview advantage (Rayner, 1998, Rayner & Pollats889). Morrison proposed that covert
attentional shifts and overt inter-word saccade®wrggered by the same cognitive event
(word identification) leading to the prediction tipeview advantage should be independent
of foveal load and relatively constant, becauseppoeessing of a word can only take place
during the time needed to prepare and executecadat¢owards it. It subsequently proved
difficult to reconcile this claim with data showitigat the preview advantage actually varies
as a function of foveal load (Henderson & Ferreli@90).

Broadly speaking, two possible responses can be teaglvidence of foveal-on-
parafoveal interactions. The first response stalify the Morrison model, while preserving
its essential characteristic of an attentional dwibperating serially from word to word. This
was the approach adopted by Henderson and Femnegauggested that inspection time
would not be extended indefinitely on a given wardentually a saccade becomes inevitable,
whether or not lexical access has been achieveddg@gtson & Ferreira, 1990). The operation
of such a 'saccadic deadline' predicts a reduatipneview advantage with increasing foveal
inspection time, but unfortunately also predictsramease in intra-word refixations, for
which there is no evidence (Schroyens, Vitu, Bresbé& d’Ydewalle, 1999) and neglects the
commonplace observation that very long fixatiomsjérently occur, even for skilled readers

(see, for example, Rayner, 1995, Figure 2). Funtbee, when two fixations are made on a



word, the first is quite often shorter (Kleigl, ©ts& Davidson, 1982), which is incompatible
with the operation of a processing deadlinelenderson and Ferreira did not, in fact, test an
obvious prediction from the deadline proposal, thaeal-on-parafoveal effects should be
restricted to cases where only a single long forats made on a foveal word, but this has
recently been shown not to be the case (Schroyeals¥99).

A more comprehensive modification to the Morrisoodal, theE-Z Reademodel, was
proposed by Reichle, Pollatsek, Fisher and Ray##98§). In this computationally explicit
revision a shift in covert attention remains cogéint on lexical access, but the cognitive
event triggering an eye movement is taken to bepbetion of a pre-lexical familiarity check
on the fixated word. Covert attention will nornygtirecede overt gaze, because saccades take
time to plan and execute, but this will not invahebe the case. THe-Z Reademodel
predicts word-skipping, short-duration fixationagdspillover’ effects such as those reported
by Rayner and Duffy (1986); and provides a gootistieal fit to observations of refixation
rate and fixation duration as a function of worebfnency. It also elegantly accounts for the
interaction of preview advantage with foveal loathaut sacrificing the commitment to the
serial allocation of attention. However, althowgimtrol over covert attentional shifts and
overt eye movements is decoupled inEi# Reademodel, it retains the central assumption
that attention is allocated from word to word istactly serial sequential fashiin

The second response to the observation that preadeantage changes as a function of
foveal load is to suggest that foveal and parafoweads are, do some degree, processed in
parallel. In fact, in proposing saccade prepamaticthe absence of an attentional shiftEie
Z Reademodel allows for a limited amount of parallel pessing. But while foveal-on-
parafoveal interactions might be accommodatedigwtiay, effects in the reverse direction

(parafoveal-on-foveal) cannot. In a serial-segaéntodel, properties of a word in the



parafovea cannot influence current foveal procgssetause information from an extra-
foveal source only becomes available after attartims been switched away from the fovea.
Several recent demonstrations of just such parafewefoveal cross-talk consequently
represent a serious challenge to the notion tkentain is allocated in a serial fashion word
by word. For example, Schroyens et al (1999) nrealselye movements as participants
scanned a sequence of three words looking for)(nastances of items of clothing. One
critical condition involved systematic manipulatiohboth foveal and parafoveal word
frequency. Consistent with the data of HendersahFeerreira (1990; 1993), preview
advantage was greater for high frequency foveadwtithan for low frequency. However,
contrary to predictions from the serial allocatrandel, this difference itself was modulated
by parafoveal word frequency. Kennedy (2000apgisihe same 'clothing search' task, also
showed an influence on foveal inspection time edeftom properties of an unfixated word
in the parafovea: foveal gaze was shorter whenagazeal target was a high frequency word,
but this was only the case if its initial letterer& redundant. For parafoveal targets with
highly constrained initial letters, foveal inspectitime was actually longer for high frequency
items. A second experiment asked participantsxécute a sequence of saccades before
reading the same experimental items, with the dimaking the task more like normal
reading. Under these circumstances, lexical ptegseof parafoveal words had little effect on
foveal processing but there was a continuing egetted by the initial letter constraint of
the parafoveal target, with longer foveal gaze @ssed with redundant initial letters (i.e. the
initial letters of the parafoveal word were relati'uninformative’, using the definition

adopted by Pynte, Kennedy and Murray, 1991).



A number of subsequent experiments have confirine@xistence of parafoveal-on-
foveal effects at both sub-lexical and lexical Isyalbeit with inconsistencies in the direction
of obtained differences. With regard to sub-leksmairces of influence, Underwood, Binns
and Walker (2000) examined eye movements duringeheing of short narratives containing
sentences like "he found the rake awkward to hdndliesus "he found the rake compact to
handle". For a defined foveal word (ergke) the experiment manipulated the constraint of
the initial letters of a seven-letter low frequempayafoveal target word, (e .@wkwardor
compac}). Contrary to the results for the equivalent foaguency condition in Kennedy
(2000a), foveal gaze was significantly shorter wtenparafoveal word had a redundant
initial trigram. A similar inconsistency existggagding the direction of lexical parafoveal
effects. As noted above, Kennedy (2000a) showatwhen a parafoveal target shared its
first three letters with very few other words anfoof 'reversed frequency effect' was obtained,
with a significanincreasein foveal gaze (i.e. more within word refixatiomghen a high
frequency word was in the parafovea. This wadaotd in the analysis of a corpus of data
derived from normal text processing (Kennedy, 19p8%sibly because of a failure to control
for initial letter constraint of target words. istalso inconsistent with the results of
Experiment 1 reported by Inhoff, Radach, Starr @nelenberg (2000). This compared eye
movements on the wordiother's in sentences like "did you see the picture ofrhether's
mother at the wedding?" versus "did you see thi@af her mother's garden at the
wedding?". It seems plausible that the low foveadl resulting from repetition is similar to
that resulting from the processing demands of h figquency word, but Inhoff et al showed
that foveal gaze was reliably shorter (not longérgn the parafoveal stimulus involved a
repeated word. Finally, Murray (1998) provided patling evidence of parafoveal-on-foveal

effects, in an 'orthodox’ direction, operating gragmatic level. He used a sentence



comparison task, involving a decision as to wheterinstances of sentences such as 1a or
1b were identical. The principal manipulation wae plausibility of the relationship between
the first noun and the verb; and the verb and ¢lesersd noun. Word frequency of the relevant
items was carefully controlled. Comparison of regdimes for sentence-pairs 1a and 1b
showed a marked plausibility effect, with fixatibme on the verlstackedshorter when
associated with the more plausible first nomntersrather tharbishop3. However, Murray
also found that fixation time on the first noun gde itself was shorter when a verb not yet
fixated (e.gstacked provided a more plausible continuation of thetsece. That is, foveal
fixation time appears to be modulated by parafopeajmaticinformation.

(1a) The bishops stacked the tulips
The bishops stacked the tulips

(1b) The hunters stacked the tulips
The hunters stacked the tulips

Evidence of parafoveal-on-foveal processing intéwas suggests that the assumption of
a strictly serial-sequential allocation of attentimay have to be considerably revised or
abandoned. Attention appears either to be allddatéiscrete locations simultaneously
(Hoffman, 1998) or distributed as a gradient aceossgion involving more than one word
(Inhoff, et al; Schroyens et al, 1999; Schiepe@80). In parallel processing accounts of this
kind parafoveal-on-foveal effects might be reflecie the timing of eye movement control
(the Wwher?' decision) and/or the location of successivetitixas (thewhere?' decision).
There is a large body of evidence suggesting tiestet two decision are under relatively
independent sources of control, with low-level éast such as word length, influencing
saccade targeting and higher-level linguistic fexctdfecting fixation duration (see Findlay &

Walker, 1999, for a review). Considering thieendecision first, a gradient of attention



might be adjusted to allow for the processing oirameasing number of neighbouring letters
and word¥. 'Foveal' inspection time then becomes, in effectindex of global processing
efficiency and will vary as a function of parafoVddficulty, reflecting such properties as
initial letter constraint, lexical status, or eve plausibility, of words yet to be fixated. Two
versions of such a parallel model are possibleeiggimg opposing predictions. In the first
(pure parallel processingeach fixation initiates processing of a stridetters, which may
comprise more than one word, limited only by coesations of acuity. Broadly speaking, the
longer a given foveal word is fixated, the moregbaveal processing can occur. In the
second version, attention is considered as a lthm#sourcedistributed parallel processing
and parafoveal processing becomes dependent oal fawecess. From this perspective,
extended fixation on a given foveal word refleatsrecreased demand on attentional
resources, with the result that less, rather tharenparafoveal processing will occur.

It is tempting to dismiss parallel processing medef either form) on the grounds that
they represent an attempt to reintroduce the digex notion of 'visual span control' into
theories of reading (see Deubel, O'Regan & Rad2@®n), for a discussion). That is, some
early studies of reading suggested that visuabaaught be the primary constraint on
processing, reducing eye movement control to aesempiof fixations, each shifting the eyes
to a point beyond the right limit of the array efters currently visible. Within that array it
could be assumed that information was processpdrallel. But there is no evidence that
visual span acts to modulate saccade extent iminys Indeed, the reverse is clearly the
case: average saccade extent compensates alnfestlpdor viewing distance(Morrison &
Rayner, 1981; O’'Regan, 1989; 1990): it is not dulesio process more words by moving
further away from the text. However, there is atant evidence, deriving from use of

contingent display techniques (McConkie & Rayn&73; Rayner, 1975) that perceptual span



in a task as complex as reading must be distingdisfom visual acuity. For readers of
English, lexical and sublexical information is dahle across an asymmetric region
extending up to 15 characters to the right and negshto the left. The 'availability' of this
parafoveal information underpins the preview benéefhe issue addressed in this paper,
therefore, is nowvhetherparafoveal information is available, whenand, in particular, the
visual attention is deployed across the span.

Theprocessing difficulty hypothegmsoposed by Hyona and co-workers (Hy6na,1995;
Hyona & Pollatsek, 2000) focuses on thieereof eye movement control, rather than the
when The perceptual span is defined as an area atberftkation point which shrinks or
expands as a function of global processing diffici/hich may involve both foveal and
parafoveal properties. Although drawing on thaaroof a flexible attentional span, it is
important to note that Hyona and co-workers arpaé this is compatible with the operation a
sequential attentional device. The hypothesiseaqumsntly posits a kind of hybrid
mechanism, accepting that attentional span miglmh@d with processing load, but rejecting
the notion of parallel processing across the s@dwus, while the processing difficulty
hypothesis does not predict parafoveal effectsamturrent foveal gaze duration, it does
predict a parafoveal influence over saccade targethanges in the 'focus' of the attentional
spotlight acting to modulate the landing positidpomary inter-word saccades. Under the
assumptions of pure parallel processing (which Hyétnal reject) such a hypothesis would
predict that a long foveal fixation duration shobklifollowed by a landing position further to
the right on the chosen target because more piiagassthe right visual field will have taken
place (Pollatsek, Rayner & Balota, 1986). Underdahsumptions of serial-sequential

attention switching (or, in fact, distributed péebprocessing), the hypothesis predicts that



landing position should be left-shiftéa@nd there is evidence to support this positionstiy
1995; Hyona & Pollatsek, 1998).

In fact, a sharp distinction betweetenandwheredecisions may be difficult to sustain.
As Kennedy (1998) points out, the two decisionsratt, because shifts in position inevitably
lead to changes in the visibility of potential g with consequential changes in processing
load. An obvious illustration of this is the temsibetween the decision to continue a fixation
and the decision to launch a saccade (STAY ver€isdiscussed by Henderson and Ferreira
(1990). As noted above, the proposal that thergxjhia deadline might lead to the launch of
‘premature’ saccades, executed before foveal @miogdsas been completed, fails for lack of
experimental support: there is little or no evidetitat 'late’ saccades of this kind occur. On
the other hand, unusual and/or difficult stimulosftgurations in the parafovea do appear to
trigger 'early' premature saccades. This obsenvddid Kennedy (1998) to propose an
alternative distributed parallel processing accoumblving a process-monitoring
mechanism, sensitive to the rate of acquisitiofoeéal and parafoveal information
(henceforthprocess monitoring In this account, parafoveal-on-foveal effects mediated
primarily by changes in refixation rate (i.e. SHIF&kher than GO). This replaces a strong
claim about linguistic control over saccade exteitih the more modest proposal that lexical
and sublexical properties of a stimulus array agale influence refixation strateffy A key
function of within-word refixations, which are ovdrelmingly right-going, is to change the
visibility of potential parafoveal targets. Intnaerd shifts in position thus act to modulate the
rate of information acquisition across a span imv@ more than one word. Although factors
determining the tension between STAY and SHIFT slens are not well understood,
Kennedy argues that the totality of parafoveal-ovehl effects cannot be accounted for by a

low-level influences over STAY and GO. Process-itarimg acts to maintain a roughly
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constant total time distributed over adjacent wgndiharily through its influence on the
SHIFT decision (Kennedy, 1998, 2000a).

The present experiment was motivated by the fattttte large number of contradictory
findings relating to parafoveal-on-foveal effectakas distinguishing between various
processing models problematic. This is unsurpgisgiven that until recently, evidence for
parafoveal-on-foveal cross-talk was negative (Qagres Just, 1983; Henderson & Ferreira,
1993, Rayner, Fischer & Pollatsek, 1998). Carpeartd Just used linear regression to
partition variance in gaze duration in normal regdoetween a number of measures,
including length and word frequency and showed fisatiures of woreh+1 had negligible
effects on fixation times on word However, since they also found no modulation of
preview advantage, it is possible the regressicmnigue was too insensitive to deal with the
issue. In contrast, the study by Henderson angeifaylooking at the frequency of successive
words embedded in short sentences, showed a ckaew effect but processing time on
word n was not significantly influenced by the frequenéwordn+1. Unfortunately, in this
study only the word frequency of successive words manipulated, with no orthogonal
variation in word-length or initial letter frequenboth properties which later work has
shown to be crucial). The experiments reporteRayner, Fischer and Pollatsek (1998) were
designed to address another issue (the effectarfword spacing, but involved systematic
manipulation of the frequency of particular targeirds. The duration of the fixation
immediately preceding a given target word N wassystematically influenced by the
frequency of word N. But no details are givenhsf tength or frequency of word N-1 and the
reported measure (in effect, the final fixationNi) represented a mix of single and 'last of
many' fixations. However, On the other hand, i to be argued that parafoveal-on-foveal

interactions do occur routinely (and the brief suamyrabove suggests this may be so), it must
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equally be accepted that there are an embarrassmfger of inconsistencies in the obtained
data. Low constraint in a parafoveal word's ihigtters appears to increase or decrease
foveal processing time, depending on parafoveatvil@quency. Similarly, low-frequency
parafoveal words may lead to an increase or taceedse in foveal processing time,
depending on such factors as the experimental laskength of the relevant stimuli and the
distribution of information within them. Given thi@xical parafoveal effects appear so
fugitive, it is puzzling that apparently robust gmaatic effects can be demonstrated (but in a
direction not uniformly consistent with lexical eétts). At least part of the explanation for
these discrepancies may relate to control overdlegant experimental materials. The
experiments summarised above rarely manipulategepties of the parafoveal target
orthogonally. Furthermore, and perhaps criticghpperties of the foveal stimulus, on which
measurements were made, varied considerably betstedies and were not always
manipulated systematically. Schroyens et al (129®)loyed a crossed design,
simultaneously manipulating foveal and parafovealdirequency, controlling for foveal
length, but with no control for initial letter fragncy; Underwood et al (2000) employed low
frequency stimuli only; Inhoff et al (2000) maniptéd foveal word frequency, but
confounded it with parafoveal target frequency; Myr(1998) used frequency-matched items
but did not control for the informativeness of iaifetter sequences; Kennedy (1998) used
only two short foveal stimuli, with multiple predations; and Kennedy (2000a) employed
only short, high frequency words. Few of theselistsiattempted orthogonal manipulation of
initial letter constraint and word frequency, ahdre has been only one attempt to dissociate
initial letter constraint and initial letter tokémequency, or ‘familiarity’, also with somewhat
inconsistent results (Kennedy, 1998). Finally,lelihe length of a parafoveal target word has

been manipulated in some studies, no systemaéimpts have been made to the effects of
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foveal word length. This is a surprising and catiomission, given the fact that refixation
strategy within a given foveal stimulus is a prigndeterminant of measured gaze duration
and refixations clearly constrain parafoveal preocesg by influencing launch position
(Kennison & Clifton, 1995).

The present experiment was conducted with two botgelctives. The first was to
replicate and extend the experiments reported iTmkdy (2000a) and confirm the existence
of parafoveal-on-foveal effects under conditionsigiit experimental control over physical,
lexical, and sub-lexical properties of the manipedamaterials. The word frequency of both
foveal and parafoveal items was manipulated, tegetlith the constraint (or
'informativeness’) of the parafoveal word's initlalee letters. Control over word length, as a
factor influencing mutual processing interactionas manipulated, for both foveal and
parafoveal stimuli, over a range (5-letter versust&r) where unambiguous measures of
refixation strategy could be obtained. Predictiegarding variation in foveal length can be
derived from the comment by Kennison and Clifto898) that ‘the extent to which boundary
[i.e. foveal word as defined here] and target wioedquency effects can be observed on
parafoveal preview benefit will largely be deteredrby whether the target word is viewed in
parafoveal vision from the same distance acrossrexpntal conditions.’ (p.78). This
implies that parafoveal-on-foveal (if any) shoultkract with foveal word length. In
summary, five factors were crossed in the deslgmigéngth and frequency of a defined foveal
stimulus word, and the length, frequency and ihiétier constraint of a parafoveal target
word. A laboratory procedure was used, but onéghvplausibly captured some features of
eye movement, control typical of normal readingdesion of the 'Clothing Search Task' used
by Schroyens et al, 1999, and Kennedy, 2000a) eXperimental procedure is illustrated in

Figure 1. After fixation of a contingent fixationarker, subjects saw a sequence of five
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words. The third and fourth words defined twoicatitems: the 'foveal' word (e.goulé in
Figure 1) and its associated 'parafoveal’ targgtf@ttein Figure 1). While the eyes were to
the left of the space before the third word inrimgtof five, that word was mask&d The
experimental manipulations were restricted to thegecritical words because, quite apart
from the mechanisms of attention allocation, acodgstraints would appear to preclude

powerful processing interactions involving morertiao adjacent words.

Figure 1 about here

The second broad objective was to test specifidigiiens derived from the five models
reviewed above (serial-sequential attention switghipure parallel processing; distributed
parallel processing; processing difficulty; andga®s monitoring). The classical attention-
switching model plainly predictso parafoveal-on-foveal effects either on measurdsrong
or on saccade extent. Apart from direct parafceealoveal effects, pure and distributed
parallel processing models can be distinguishetthéyorm of trade-off, if any, between
foveal and parafoveal processing: in the first cap#l-over effects are predicted, with a
positive relation between foveal and parafoveatessing time; in the second case, the
reverse should be found. However, neither modsdipts 'inverted' effects, with parafoveal
difficulty reflected in reduced foveal processingé. The process-monitoring model predicts
parafoveal effects on refixation strategy, withqassing success sustained by a mechanism
optimising target visibility. This predicts bothgoessing trade-offs and inverted effects
when, for example, parafoveal difficulty triggers early inter-word saccade. The processing

difficulty hypothesis predicts no parafoveal-on-daV effects on processing time, but effects
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on target landing position, with 'difficult’ parafeal stimuli associated with left-shifted initial
fixation position.
Method

Participants

Thirty-six French-speaking undergraduate and padtgate students of the University of
Aix-en-Provence volunteered to participate in ttuelg. Participants were not paid to take
part. All had normal or corrected-to-normal visidBome had participated in other eye
tracking experiments, but none were aware of teeaeh hypotheses in the present study.

Materials and Design

Table 1 about here

lllustrative examples of the experimental words sttown in Table 1. There were five
factors in the design: the foveal word was eitbeg (5-letters) or short ( 9-letters) and, at
each length, high and low frequency items were ehagth reference to the French-
Language Brulex database (Content, Mousty & RadE2®0) with values, in words per
million, as follows: short high frequency = 81.8pst low frequency = 0.7; long high
frequency = 75.6; long low frequency = 0.17. Pawaél target words were also either 5 or 9
letters in length and crossed with word frequersty(t high frequency = 343.06; short low
frequency = 1.51; long high frequency = 95.90; ltowg frequency = 0.35, all values words
per million)*. Each of these four sets were further split @lthsis of the ‘informativeness’
of the initial three letters of individual wordsdftent & Radeau, 1988). On average, five-
letter 'informative’ parafoveal words shared timatral trigrams with 1.6 other five-letter

words and 'uninformative' with 4.4 other five-letteords. The equivalent values for nine-
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letter parafoveal words were 2.3 and 9.2. Thendkequency of the initial trigrams was
controlled across the set of materials .

The experimental words were embedded into five-vebridgs, and invariably occupied
positions 3 and 4 in the string. Words at posifian the string (i.e. just prior to the defined
foveal stimulus word) were all four letters in Iémgproviding a restricted 'launch space’ prior
to the first of the experimental items. The firstldast words in the string were of roughly
equivalent, and high, token frequency and varig¢d/éen 5 and 8 letters in length. In
addition to strings containing experimental itethere were 12 five-word strings each
containing a single word describing an articlelotling, located across the set at all possible
positions within the string. There were also 12cfice strings, one of which contained an
article of clothing.

Four items sets were constructed, assigning differeunterbalanced sets of 12 foveal
words to the 8 conditions defined by the propemiggarafoveal words. The 12 'Clothing
word' strings were mixed randomly with these, mgKkif8 strings in all. These were
presented in different random sequences to eagaculsince all factors were manipulated
within-subjects, the design was a split-plot wlstbrs of Foveal Word Length, Foveal Word
Frequency, Parafoveal Word Length, Parafoveal WWoedjuency, and Parafoveal Word
Informativeness. The particular allocation of sefdoveal words to a defined parafoveal
condition was treated as a dummy factor in theysed|

Apparatus

The materials were presented, in a non-interlacedemin white-on-black polarity on a
monochrome monitor with a high-speed phosphor ngnat 100Hz frame rate. The monitor
was interfaced to a Control Systems Artist 1 grepleard mounted in an IBM compatible

computer. The fixation marker and experimentalemals were displayed using a high-
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resolution (8x16) monopitch font. At the viewingtdnce of approx 500 mm, one character
subtended approximately 0.3 degrees of visual anglesking was achieved by randomly re-
locating the pixels making up the constituent hsttef a word. This procedure ensured that
the average brightness of the displayed stimulits iclear and masked versions was exactly
matched. It was confirmed independently that ulkmgsinvariably took place within a
single screen refresh cycle.

Eye movements were recorded from the right eyegusiDr Bouis pupil-centre
computation Oculometer interfaced to a 12-bit Ad¥ide sampling X and Y position every 2
ms. This eye tracker has a resolution of bett@n th25 characters over the 60-character
calibrated range (Beauvillain & Beauvillain, 199%.dental wax bite bar and chin rest were
used to minimise head movements. The eye moveraeotding system was calibrated prior
to the presentation of each set of 3 experimetaais. Viewing was binocular and horizontal
eye position was recorded every five ms. Measoiréigation duration, fixation position, and
intra- and inter-word saccade extent were compoteline using statistical algorithms based
on the effective resolution of the data for eachvimlual subject, with respect to the obtained
noise in a given data set. On this basis, the®@fferesolution of the eye-tracking equipment
was better than 0.5 characters.

Procedure

On arrival, participants were asked to read afptioted instructions for the
experiment. Each trial began with the display 6kation marker in the form of a small cross
(+). When the computer detected stable fixatiothsf marker for at least 150 ms it changed
to a colon (;) which was, after 500 ms, replacedhigydisplay of the five experimental words,
each separated by a single space (as noted albdkis, stage the foveal stimulus word at

position 3 was masked). The fixation marker wasiled so that the initial fixation fell on the
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third letter of the first word in the string of 8wvords. The instructions required participants
to look at each word in turn and press a right-Haurton if any of the displayed words was
an article of clothing, otherwise a left-hand botteas to be pressed. It was explained that
articles of clothing appeared very rarely and thattask demanded care because the targets
could be located at any position within a string.

Participants were initially given practice on thegedure and, once this had been
mastered, a dental composition bite bar was prdpand the calibration technique
demonstrated. This required the fixation of fivenps distributed evenly across the
horizontal axis of the screen at the point wheesgtkperimental items were to be displayed.
The calibration points were restricted to 60 chinagositions, a region less than the full
screen width, to increase resolution.

Results and Discussion

The first measures to be reported relate to gazagtida on the first of the two
experimental words (henceforth, tewealword) as a function of both its own properties and
those of the following word (henceforth, tharafovealword). It will be recalled that the
experimental procedure ensured that the foveal wasimasked until the eyes moved
beyond the space to its left. To simplify the tneent of a complex five-factor design the
following analysis strategy has been followed. c8ithe experiment was in part intended as a
replication of Kennedy (2000a), an initial analysifl be reported on the single quadrant of
the design involving short, high frequency foveakts, allowing for direct comparison with
the data of that earlier study. Following thig t#xperiment as a whole will be analysed.

Short, high frequency foveal stimuli

As noted above, the case where the foveal wordsivag and of high frequency, since

this provides a direct comparison with the dataivad from English words, reported in
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Kennedy (2000a). Average foveal gaze duratioramowus conditions for this quadrant of the
design, plotted as a function of properties of @foweal word, are shown in Figure 2. Gaze
was notably longer overall than in the earlier gt(#B6 ms, versus 270 ms and 295 ms in

Experiments 1 and 2 respectively), but it must ®eé in mind that the present task involved

checking many more words and was, as a resultapiginore difficult.

Fig 2 about here

Overall, gaze duration was longer when the paedbword was uninformative
(Informative = 408 ms, Uninformative = 470 ms), [#132) = 18.43, p < 0.001, F2 (1,16) =
20.987, p < 0.001. The obtained effect of the foasml word's frequency was inverted with
respect to what might be expected for foveal inspec(Low Frequency = 425 ms; High
Frequency = 453 ms), but this difference only apphed significance, F1 (1,32) = 3.66, p =
0.06, F2 (1,16) = 2.85, p = 0.1. The effect ofgpaveal word length was also non-
significant, (Short = 431 ms; Long = 446 ms, FBR) = 2.05, F2 (1,16) = 3.30, p = 0.09).
The pattern of results confirms the presence ohgteffects of the informativeness of the
initial letters of a parafoveal word: gaze on agawwvord is longer when the parafoveal
target is uninformative or 'redundant’ (i.e. witkvlconstraint in its letters). No interaction
with parafoveal word length was found, but this rbaya reflection of the fact that both
foveal and parafoveal words varied in length inghesent experiment, something which is
discussed in detail below. Although not significanis noteworthy that the obtained effect
of parafoveal word frequency was in an inverteeation, high frequency words being
associated wittonger, not shorter, foveal gaze duration. Figure 2 shawood level of

correspondence with the pattern of results reponiédnnedy (2000a).
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Short foveal words

Having dealt with the question of replication, vaaaow turn to the extension of the
study to include simultaneous manipulation of #regth and frequency of the foveal word.
In fact, although the above analysis of a singladgant of the overall design appears to
resolve the conflict of data regarding sub-lexmalperties of a parafoveal target and provides
a useful comparison with earlier comparable mategad procedufk it was not justified by
statistical analysis of the design as a whole.aAalysis of the complete data set revealed no
significant five-way interaction, F1 (1,32) = 1.Z22 (1,64) = 1.57, but a significant high-
order interactions involving between Foveal Lengtarafoveal Informativeness, Parafoveal
Frequency, and Parafoveal Length, F1 (1,32) = &620.006; F2 (1,64) = 7.61, p = 0.008.
That is, there was no interaction specificallyifystg separate treatment of short, high
frequency, foveal stimuli (i.e. interactions inviolg foveal length and frequency). In fact, the
obtained four-way interaction suggests that thgtlef the fixated foveal word strongly
conditioned effects of the manipulated parafoveapprties, which is hardly surprising, given
that word length plays an important role in deteing refixation strategy. Consequently,

separate analyses were carried out for each lefdtveal word.

Fig 3 about here

Considering measures over the set of short fowgalb as a whole, gaze duration
showed a significant main effect of the parafoweaid's informativeness (Uninformative =

449 ms, Informative = 429 ms), F1 (1,32) = 4.664,(04, F2 (1,32) =5.221,p =0.03 and a
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near-significant main effect of its word frequenagain in an unorthodox direction (Low
Frequency = 428 ms; High Frequency = 449 ms), 2% 5.56, p = 0.02, F2 (1,32) = 3.39,
p = 0.07). However, these two factors interacteshgly, F1 (1,32) = 8.82, p = 0.006, F2
(1,32) =7.90, p =0.008. The form of the intei@tis shown in Figure 3, which reveals a
significant (inverted) effect of parafoveal woréduency, restricted to cases where words
possessed high constraint (informative) initialdet, F1 (1,32) = 16.71, p < 0.001, F2 (1,16)
=11.99, p = 0.003. A significant effect of théamnmativeness of the parafoveal word's initial
letters was restricted to low frequency items, EBZ) = 14.76, p < 0.001, F2 (1,16) = 13.56,

p = 0.002. No other contrasts were significaritFaland F2 <1.

Fig 4 about here

To determine whether the modulation of gaze dumdtiyp properties of the parafoveal
word was primarily a reflection of changes in theniber of fixations or in their duration,
analyses of refixation rate on the foveal word weaeied out. The relevant data, based on
right-going refixations which comprised over 95qmat of all refixations, are shown in
Figure 4. Although the foveal stimulus was shantl its refixation might appear
unnecessary, or even dysfunctional, it obvious ttat/ariation in gaze duration in Figure 3 is
readily accounted for by changes in foveal refomatiate. The relevant Parafoveal Word
Informativeness x Parafoveal Word Frequency intevaavas significant, F1 (1,32) = 5.99, p
=0.02, F2 (1,32) = 17.79, p < 0.001: as in Figurthe effect of Parafoveal Word Frequency
was restricted to informative parafoveal wordshvethighly significant tendency to refixate a
foveal word when the parafoveal target was a highuency word, F1 (1,32) = 6.07, p = 0.02,

F2 (1,16) = 25.02, p < 0.001. Similarly, the etfetthe parafoveal word's informativeness
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was restricted to low frequency items, F1 (1,33 78, p = 0.007, F2 (1,16) =9.69, p =
0.007. No other contrasts in Figure 4 were sigaift. It may be concluded that, for short
words, properties of a parafoveal word influenoceefd refixation rate. More specifically,
there is relatively low rate of foveal refixatioasamciated with low frequency parafoveal
words possessing highly constrained initial letters

Figure 2 (and the comparable data of Kennedy, 20Qaeriment 2) invited an
interpretation in terms of langthenedyaze associated with uninformative parafoveal stem
but the significant interactions present in FiguBesd 4 point to an alternative conclusion.
A foveal word is much less likely to be refixatedth the result that gaze duration is
significantly shorter) when a parafoveal targetimultaneously of low frequency and
contains initial letters with a low (type) frequgraf occurrence. An interaction of this form,
is known to occur under conditionsfolvealinspection (Owswitz, 1963; Broadbent &
Gregory,1968; Pynte & Masselot, 1980; Rice & Robm4975). These studies showed that,
for low frequency words, those with rare initiaitégs are actually recognised faster than those
with common initial letters. This difference istriound for high frequency words. The
apparent paradox can be explained by noting thatimgial letters are 'informative' in the
sense that they are more effective in contacting# representations, something which may
provide a relative advantage for low frequency wor&uch a sub-lexical route will be less
advantageous for high frequency words becausesdghtiteased likelihood in that case that a
lexical route will win the race to identificatiohe question arises, therefore, as to whether
the parallel between the present data and thetseshtiained with foveal inspection forces the
conclusion that participants in the present expeninachieved lexical access on the
parafoveal target word. An immediate problem & this would not account for the fact that

the highly significant effect of word frequency fearafoveal items having informative initial
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letters was in an unorthodox direction (i.e. shrogeze associated with low frequency items).
An alternative possibility is that reduced foveaapection time could be interpreted as an
index of parafoveal difficulty, rather than fovesaiccess. Given that a low refixation rate is
equivalent to an early inter-word saccade, it mlghtirgued that the configuration of letters
representing informative parafoveal targets in seprese 'attracted' a premature saccade.
However, since initial letter ‘difficulty’ was creed in the design and the same effect was not
found for high frequency parafoveal words, the tjoasarises as to why this process of sub-
lexical 'attraction' was only operative for lowdreency words. The most plausible answer is
that all parafoveal words were identified (albéieashifting fixation position in the foveal
word), exceptfor those defined as low frequency and informatiVée initial letters of this
set of words, are (by definition) more likely tdigate lexical candidates and may, as a result,
become the target of an early saccade. The fatathequivalent pattern does not occur with
high frequency parafoveal targets is simply bec#ugeset of words could be processed at a
lexical level. Doré & Beauvillain (1997) offer arslar account in terms of a race between
lexical and sub-lexical processes to account feir thbservations on the initial landing
position of saccades directed towards words wigjulee or irregular initial letter sequences.
When a saccade is artificially delayed (thus altfgyunore time for parafoveal processing)
there is no difference in its extent as a funcobmitial letter sequence regularity, but for
normal-latency saccades, Doré and Beauvillain sbdhat landing position is deviated
towards the beginning of words with irregular legte

The pattern of data for this set of short foveatdgassuggest that three levels of
parafoveal processing must be distinguished: (Qrémographic level, relating to a particular
configuration of initial letters; (ii) a candidaaetivation level, relating to the power of a

particular letter sequence to activate a greatégsser number of lexical candidates; and (iii)
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a true lexical level, relating to word identificati. There is some evidence that processing at
level (i) may lead to a global modulation of inteord saccade extent (Hyona, 1995; Hyona &
Pollatsek, 1998) and this is considered furtheowelDepending on the task, (iii) may lead to
word-skipping. The interest in the present dakates to level (ii). It is the sub-lexical
activation of a candidate set which is signalled fmrocess-monitoring mechanism as

indicating a potentially interesting landing site @ parafoveal target.

Fig 5 about here

One remaining significant interaction must be dssed, involving Parafoveal Word
Informativeness and the Word Frequency of the foutean itself, F1 (1,32) = 15.58, p <
0.001, F2 (1,16) = 14.00, p = 0.001 (see Figure Ghviously, for this set of short words,
foveal load (as indexed by word frequency) stronghdulated the effects of the parafoveal
target word. No effects were found for high load.(ow frequency) foveal items, F1 = 2.62,
F2 <1. Significant effects of parafoveal word imf@ativeness on foveal gaze were restricted
to cases where foveal load was low (i.e. high feeqy), F1 (1,32) = 18.43, p = 0.003, F2
(1,16) = 20.99, p < 0.001. When the parafovealdmsas informative, the obtained foveal
frequency effect was in the usual direction, witinder gaze on low frequency words, F1
(1,32) = 9.00, p = 0.005, F2 (1,16) = 8.96, p =08.0 However, when the parafoveal word's
initial letters were uninformative the frequencyeet was significantly reversed, F1 (1,32) =

8.04, p = 0.008, F2 (1,16) = 5.51, p = 0.03.

Fig 6 about here
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Figure 6 confirms that the modulation of foveal@ahown in Figure 5 is largely a
function of changes in refixation rate. There wasgnificant Parafoveal Word
Informativeness x Foveal Word Frequency interactiein(1,32) = 21.07, p < 0.001, F2 (1,32)
=21.50, p <0.001. In this case, however, ammbimrast with data shown in Figure 5, the
effect of Parafoveal Word Informativeness ran gigantly in opposite directions for high
and low frequency foveal words (High Frequency Wbyré1 (1,32) = 14.29, p < 0.001, F2
(1,16) = 13.39, p = 0.002; Low Frequency Word 17FRA.79, p = 0.06. F2 (1,16) =8.74,p =
0.009). Overall, there was a weak tendency forfleguency foveal words to be refixated
more than high frequency (High Frequency Word 1380Low Frequency = 0.42, F1 (1, 32)
=2.61,p=0.11, F2 (1,32) = 2.00, p = 0.16), thig was strongly the case in the presence of
parafoveal targets with informative (i.e. relativebnstraining) initial letters, F1 (1,32) =
6.07, p=0.02, F2 (1,16) = 25.02, p < 0.001. @pparent difference in the opposite direction
for parafoveal words with uninformative initial fets was not statistically reliable, F1 (1,32)
=3.45,p=0.07, F2 (1,16) = 2.27, p = 0.15.

Considering the pattern of results as a whole, oveltde that the rather paradoxical
effects arising from changes in parafoveal wordudency stem from a tendency not to
refixate a foveal word when the word about to Batfd cannot be identified, but its initial
letters, nonetheless, are constraining enoughetd girelatively small pool of lexical
candidates. This implies, of course, that thevegiéproperties (i.e. at least word frequency
and constraint) are available during a given fougsppection. In other conditions, the default
strategy takes the form of a tendency to executi@mwivord shifts, almost always resulting in
a fixation position closer to a potential targehiethh becomes more visible as a result. This

inevitably also leads to an increase in foveal gazkanges in refixation rate must be seen as
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superimposed on effects produced directly by ptogseof the foveal word itself and it is this
which leads to the interaction seen in Figure 6.

The data confirm the well-documented fact that eesdan sometimes identify words
(and in particular short words) in the parafoveait this is not simply the source of a preview
advantage: the processing is reflected in curi@rddl inspection time. Both parafoveal and
foveal word recognition appears to involve a raegvieen lexical and sub-lexical routes, with
the consequence that certain parafoveal targetssaoeiated with an early inter-word
saccade. Itis this which leads to the appargrahadoxical reversal in the effect of
parafoveal word frequency. Taken as a whole,ekalts are patently incompatible with the
serial sequential attention allocation model. Rtezhs with regard to tradeoffs between
foveal and parafoveal words must wait on analy$é&glbaviour on the parafoveal word itself,
but two aspects of the data already present difigsufor the pure parallel processing
account. First, low frequency parafoveal wordsusthancrease global load, and hence
lengthen foveal gaze rather than shorten it. Stkdow frequency foveal words, by
increasing processing time, should increase thertymuty for parafoveal processing and
properties of a parafoveal word might be expeabdubive a greater effect in this condition,
whereas the reverse was found. This latter outaenm®re consistent with a distributed
parallel processing account, but this too cannsityedeal with the 'inverted' effects of
parafoveal word frequency. A distributed procegsimodel certainly predicts a negative
relationship between foveal and parafoveal inspadime, but this falls short of explaining
how parafoveal difficulty comes to modulate fovpadcessing time in the first place. In this
respect, the notion of a processing monitoring raeidm provides a more satisfactory

account.
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Fig 7 about here

The evidence of parafoveal-on-foveal effects oreghmation is clearly inconsistent with
the prediction of a null effect on timing decisiatexived from the Processing Difficulty
Hypothesis, but to examine the influence of parafdnitial letter constraint on targeting
behaviour, analyses were carried out on initiatllag position on the parafoveal word. The
relevant data are shown in Figure 7. Overall,dhveas a highly significant interaction
between the length and the informativeness of #nafpveal target word, F1 (1,32) =11.88, p
<0.001, F2 (1,16) = 13.652, p = 0.001 and separaby/ses were carried out for short and
long parafoveal words respectively. For short wotdnding position deviated 0.32
characters to the left (i.e. nearer to the begmwointhe word) for parafoveal words with
informative initial letters, F1 (1,32) = 6.33, P02, F2 (1,16) = 9.92, p = 0.006. Since these
words probably satisfy the definition of 'unusuatial letter configuration' adopted by Hy6na
(Hyona, 1995; Hyona & Pollatsek, 1998, 2000), tmedtion of the obtained effect is as
predicted by the processing difficulty hypothesmilarly, although the difference in
landing position as a function of parafoveal waehiency was not reliable by items, F1
(1,32) =9.02, p =0.02, F2 (1,16) = 2.74, p = @.Was in the predicted direction, with low
frequency items associated with a left-shift indisug position. Saccades directed towards
words with informative initial letters appear to deviated to the left (see also Doré &
Beauvillain, 1997). Nonetheless, before this onteas seen as strongly supportive of the
processing difficulty hypothesis, three significaateats must be entered. First, changes in
average landing position cannot derive from a matilorh in the rate of skipping, since the
critical experimental words were virtually neveipgled in the present ta&k Second, to

anticipate analyses which are presented in adateion, the data for long parafoveal targets,
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show a completely different pattern, with a tengetecland further to theght for words
with informative initial letters. Finally, it isyzzling that the interactions shown in the
analyses of gaze and refixation rate are not tteitem analyses of landing position. The
balance of evidence (including the indication dfemuency effect on landing position)
suggests that short parafoveal words may haveideatified as a result of foveal word
refixation strategy, specifically triggered by #neraction of lexical and sublexical
information from the parafovea. If this is the &ahe obtained modulation of landing
position on the parafoveal word may actually befeection of consequential changes in
launch position from the foveal wdft

These analyses of data for short foveal stimulusisreepresent a serious challenge to
any model demanding serial sequential allocatioattgintion, including hybrid models
postulating parafoveal modulation of a gradieratténtion deployederially over two or
more words. The most parsimonious interpretatich® data is that the rate of acquisition of
parafoveal information influences whether or notierently fixated word will be refixated.
The principal difficulty with such an explanatianthat it appears implausible: the refixation
of short words in this context seems dysfunctior&hce shifts within a five-word foveal
stimulus, whether or not these are triggered bpgnties of a parafoveal word, produce only
modest changes in its visibility, the influenceefixation strategy on processing success can
better be explored through an analysis of longdbgsamuli, where refixation typically plays
a role in identification. This is dealt with inetfiollowing section.

Long foveal words

Fig 8 about here
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When the foveal word undergoing fixation was loting length of the parafoveal word
itself had a much greater effect on the obtainedlte This is to be expected since, when
bothwords were long, the distance from the point @fahfixation on the foveal stimulus to
the centre of the parafoveal word could be 12 atara or more. The drop in acuity over this
range makes identification of a long word unlikelpd might, in some cases, even inhibit the
identification of its initial letters. For thisason, it is unsurprising to find a highly signifinta
three-way interaction between the length of thefoaeal word and its informativeness and
frequency, F1 (1,32) = 14.28, p < 0.001, F2 (1464p.64, p = 0.003 (see Figure 8). When
both foveal and parafoveal words were long, thezeewo significant effects of either
parafoveal informativeness or frequency on fovealeg and no interaction (all F1 < 1; all F2
< 2.0). When the parafoveal word was short, howeuinteraction between parafoveal
informativeness and frequency was found, F1 (15324.06, p < 0.001, F2 (1,16) = 10.70, p
=0.005. Thisis, of course, the statistical iatgion illustrated in Figure 3 for the equivalent
set of short foveal words, but its form is stridindifferent. There was a significant effect of
Informativeness for low frequency parafoveal woiels(1,32) = 16.55, p < 0.001, F2 (1,8) =
17.68, p = 0.003, but not for high frequency wofek(1,342) = 2.89, F2 < 1. The (reversed)
frequency effect for parafoveal words with uninfatnae initial letters was significant, F1
(1,32) =9.64, p =0.004, F2 (1,8) = 6.40, p = (a08 the effect in the opposite direction for
informative initial letters was significant by sebjs and narrowly missed significance by

items, F1 (1,32) = 14.44, p < 0.001, F2 (1,8) Z4(8= 0.06.

Fig 9 about here
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Before attempting to account for the remarkablereshin the pattern of significant
effects in Figures 3 and 8, it is helpful to lodklee degree to which variation in gaze
duration on long foveal words reflected change®fixation rate. Figure 9 shows (right-
going) refixation probability. The parallel betwethese data and the pattern evident in
Figures 8 is obvious: as in the case of shortdbsemuli, variation in foveal gaze duration
was largely determined by changes in refixation.rathere was a significant three-way
interaction between the Informativeness, FrequamnclyLength of the parafoveal target word,
F1(1,32) =8.94, p =0.005, F2 (1,32) = 7.25,@G1. As with the analysis of gaze duration,
the Informativeness x Frequency interaction wassigatificant for long parafoveal words, F1
<1, F2 (1,16) = 2.04, but highly significant foroshtargets, F1 (1,32) = 16.69, p < 0.001, F2
(1,16) =21.73, p < 0.001. Gaze on long foveahsliis obviously driven by changes in
refixation rate, but the rate of refixation itselfs also sensitive to the length of the
parafoveal target word. When this was long, fovefkation rate, at around 0.4, was
relatively unaffected by its properties. Howewenen the parafoveal target was short (and
presumably more visible), foveal refixation strategas strongly influenced by the initial
letter configuration in the parafovea. An informaatletter string (which viewed from a
remote site may simply have been categorised asasual configuration) raised refixation
rate to around 0.6 (i.e. more SHIFT responses) @dsean uninformative parafoveal string
lowered it to around 0.3 (i.e. more GO responses).

It will be recalled that Figure 3 was interpretadsaggesting an early exit saccade when a
parafoveal word was of low frequency and had higlolgstraining initial letters. Analyses of
landing position on the parafoveal word suggedtatithis early GO decision was targeted

towards the crucial initial letter sequence. Tibaa saccade was launched towards the

30



sequence of letters yielding a relatively smalllpidcandidate’ lexical items. This was not
the case for the long words illustrated in FigursiBice the shortest gaze duration and lowest
refixation rate was associated with (short) parefbwords having initial letters which were
relatively uninformative. But it should be bormemind that refixation of a long foveal word
IS, in any case, a highly probable event, simplalnse more than one fixation may be may be
required for its identificatioff. Thus, in the present task there are at leasteéasons why an
intra-word saccade might be executed. The firgi identify the foveal word itself (i.e. an
orthodox refixation, unrelated to parafoveal preoes); the second is as a response to the
kind of parafoveal processing demands demonstfatexhort foveal stimuli (i.e. a SHIFT).
This observation poses rather severe problemgerpiretation since, in both cases, refixation
will act to make the parafoveal word more visibtel @hange the probability that its
processing will have an influence on foveal insjgectime. Although it is plausible that
factors which led to an earigter-word saccade in the case of a short foveal stimulus may
have led to an earintra-word saccade with a long stimulus, it is in principigiossible to
know. All that can be said is that, in a signifitaroportion of cases, the measure of gaze in
Figure 8 was derived from time spent in the sedmltiof the foveal word. Foveal
identification and parafoveal visibility are necasly confounded (Kennison & Clifton, 1995)
and refixation rate on long stimuli may be modudagenultaneously (and differentially) by
properties of both foveal and parafoveal stimuliking interpretation of whole-word gaze
measures very problematic. One solution to thedlem, first adopted by Pynte et al (1991),
is to partition total gaze on long words into twob-gaze' elements, and to carry out separate
analyses on the data deriving from first and sedwides of the foveal stimli

First-half sub-gaze on long foveal words
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Fig 10 about here

Mean sub-gaze duration on the first half of longdgas shown in Figure 10. There was
a significant main effect of Parafoveal Word Infatmeness (Informative = 215 ms,
Uninformative = 176 ms), F1, (1,32) = 17.01, p 6005, F2 (1,32) =16.57, p = 0.0005 and a
significant Informativeness x Frequency interactibh (1,32) = 12.19, p = 0.002, F2 (1,32) =
10.04, p = 0.004. The three-way interaction betwtbe Informativeness, Frequency and
Length of the parafoveal word narrowly missed digance in the by-items analysis, F1
(1,32) =4.16, p = 0.04, F2 (1,32) = 3.28, p = 0.@&parate analyses for each length, showed
a main effect of Informativeness for long parafdvagegets, F1 (1,32) = 8.67, p = 0.006, F2
(1,16) =5.09, p = 0.04 and no interaction withderency, F1 = 1.00, F2 <1. In the case of
short items, there was a significant Informativene$requency interaction, F1 (1,32) =
14.88, p = 0.008, F2 (1,16) = 0.002, with the dftddnformativeness confined to low

frequency parafoveal words, F1 (1,32) = 20.77,0001, F2 (1,8) = 4.52, p = 0.06.

Fig 11 about here

There was also a highly significant interactionestn the informativeness of the
parafoveal word and the frequency of the foveahslus, F1 (1,32) = 21.54, p < 0.001, F2
(1,32) = 18.51, p <0.001, and a near-significarge-way interaction involving the frequency
of the foveal stimulus and the informativeness faequency of the parafoveal word, F1

(1,32) =3.79, p=0.06, F2 (1,32) = 4.13, p = 0.04e form of this is shown in Figure 11.
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Comparisons between Figures 10 and 11 suggedhthatodulation of total gaze shown
in Figures 8 and 9 is driven primarily by the tispgent in the first half of the foveal stimulus.
These data are not easy to interpret becausewviteeesinsufficient cases reliably to
distinguish single fixations on the whole word @dted in the first half) and instances where
measured sub-gaze reflected the duration of teedfrone or more fixations. Nonetheless,
the most obvious interpretation is that the conditassociated with an increased number of
inter-word saccades for short foveal stimuli (adow frequency parafoveal target with
informative initial letters) is associated with iacreased number of intra-word saccades
when the parafoveal word is more remote. Manijpudaie informativeness of the initial
letters of a target word is likely to have differeffects depending on whether or not the word
as a whole is potentially capable of being ideadifi For low-frequency words viewed from a
remote site (i.e. items which are unlikely to bentified) an informative initial letter
sequence may simply be categorised as a 'diffictiographic cluster and, in terms of the
three processing levels identified in the casehoftsfoveal stimuli, such a configuration is
likely to increase refixation rate rather thaniat# an early inter-word saccade. Thus, if the
function of these intra-word saccades is to impihneevisibility of a target, to facilitate
identification, the data for two sets of data mayéss irreconcilable than at first appeared. In
fact, two predictions can be generated. Firsifpaeal influence on gaze on tbecondalf
of long foveal stimuli should be equivalent to thaind for short, high-frequency foveal
stimuli. This is because (i) a launch position matoser to the parafoveal stimulus makes its
visibility comparable to that obtaining for shootw/eal stimuli, and (ii) prior fixation on the
foveal word (and possibly even its prior identifioa) will act to reduce foveal load. The
second prediction derives from the conjecture ahatimary function of within word shifts is

to optimise parafoveal processing. If this is¢hee, landing position on the parafoveal word
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following short and long foveal stimuli cases shiboie roughly equivalent, regardless of the
differences in gaze for short and long foveal stimu

Second-half sub-gaze on long foveal words

Fig 12 about here

The equivalent data set derived from sub-gazedrsétond half of the foveal stimulus
are shown in Figure 12. They are plotted as atfomof the variables in Figure 10 for
comparison purposes only, because analyses shawed single significant effect of
Parafoveal Word Informativeness (Informative = 226informative = 255), F1 (1,32) =
6.95, p =0.01, F2 (1,32) = 6.86, p = 0.01. Thealbel with Figure 2 is striking: when the
parafoveal stimulus is relatively close and foueal is low, gaze is modulated by the
informativeness of the initial letters of a paradal/word, with an earlier inter-word saccade
when these exhibit high constraint. Among othergs, this analysis clarifies why
parafoveal-on-foveal effects may be ubiquitous,dyicult to demonstrate, and why
reversals in the direction of obtained effects arfgboveal initial letter constraint might occur

if foveal word length is not controlled.

It will be recalled that a crucial prediction retag to landing position on the parafoveal
word was that this should show the same modulattim parafoveal properties for long and
short foveal stimuli. The relevant data are shawiigure 13, which is to be compared with
Figure 7. In general, the two data sets show reafde similarity. Analysis of variance
reveals the same interaction between the inforreaéiss and length of the parafoveal word,

F1(1,32) =13.29, p =0.001, F2 (1,32) = 13.652,(p004. There was a highly significant
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main effect of Parafoveal word Informativenessdiort items, of about the same size (0.38
characters) and in the same direction as that fémmshort foveal stimuli, F1 (1,32) =9.82, p
=0.004, F2 (1,16) =9.92, p < 0.006. That is,ststent with the Processing Difficulty
Hypothesis, landing position is deviated to thé fief parafoveal words with more 'difficult’
initial letters. Interestingly, the apparent iatetton between Informativeness and Frequency
in the case of long parafoveal words was also fsogmt, F1 (1,32) = 4.32, p = 0.04, F2 (1,16)
=12.75, p = 0.003. Such a modulation in landiagifon in the absence of effects on
inspection time is consistent with the Processiifjddlty Hypothesis, but the direction of

the shift in landing position is not.

Fig 13 about here

Parafoveal word analyses

Analyses of gaze duration on the parafoveal tangetl serve two specific purposes.
First, given the paradoxically reversed effectparafoveal word frequency on foveal gaze, it
is necessary to verify that parafoveal words exédbirelatively normal frequency effects
when directly fixated (i.e. that the outcome wasancesult of some peculiarity of the
particular stimuli). Second, and more importangigze duration on the parafoveal target
word can be used to examine spill-over effectsteandk-offs in processing time between
foveal and parafoveal stimuli. To provide compditghwith the data on the foveal word,
separate analyses were carried out as a functitoveél length. Addressing first the
guestion of frequency effects, in the case of paedl| words examined following a short

foveal word, gaze duration was significantly longarlow frequency items (Low Frequency
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=461 ms; High Frequency = 429 ms), F (1,32) = 6p/60.013; F2 (1,32) =11.63,p =
0.002. In the case of parafoveal words followirgray foveal word, the frequency effect was
in the same orthodox direction (Low Frequency = #tst High Frequency = 433 ms), but
just failed to achieve significance, F (1,32) =43.8 = 0.07; F2 (1,32) = 3.62, p = 0.06.
Taken together, these results demonstrate thaipip@rently inverted effects of parafoveal
word frequency found in some measures of foveat gisad not stem from any intrinsic

peculiarities of the materials used a parafoveaiist.

Fig 14 about here

With regard to the question of a processing tradfléeiween the two successive items,
when the foveal word was short, the effect of ahiketter constraint on parafoveal gaze
(Uninformative = 438 ms, Informative = 457 ms), #132) = 5.95, p = 0.02, F2 (1,32) =
2.46, p = 0.12, is effectively the reverse of tlymicant effects found for foveal gaze
(compare Figure 14 and Figure 3). Equally, asdhat®ve, the significant effect of the
parafoveal frequency was the reverse of that fdanthe measure of foveal gaze. Measured
over the two stimulus words combined, the effedPafafoveal Word Informativeness was
effectively zero (Uninformative = 441 ms, Informagi= 443 ms) and the effect of Frequency
was very small (Low Frequency = 445 ms; High Freqye= 439 ms): neither effect
approached significance, all F1 and F2 < 1. Inctee of long foveal stimuli, it should be
recalled that Figure 8 showed no parafoveal effectbong parafoveal targets. It is sensible,
therefore, to restrict the search for possibledraffs to cases where the parafoveal target was
short. The relevant data are shown in the lefepahFigure 15, which should be compared

with the equivalent data in Figure 8. The pattd#rdata again shows evidence of a processing
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trade-off, with no effects of either frequency oformativeness in a combined analyses over

Words 1 and 2, all F1 and F2 <1.

Fig 15 about here

GENERAL DISCUSSION
Before attempting to relate the results in detathie models and hypotheses outlined in the
Introduction it is reasonable to ask how far trektemployed here can be seen as an analogue
of normal reading. Participants read through sh&id of otherwise unconnected words,
looking for rare instances of a particular categorg it may be argued that this is more like a
search process than like reading for meaning. atiemtional span is larger in visual search
tasks than in reading, for example, even extenbl@lgw the fixated line when participants
scan for defined letter targets, Prinz, 1984; Rstla, Raney, LaGasse & Rayner, 1993). Itis
possible, therefore, that parafoveal-on-foveala$f@arise because, on a given fixation,
information becomes available from sites much memsote than found in normal reading.
But even if this were so, it would be equally damggdo an attention-switching model,
because the relevant issue is not the distancewdvieh parafoveal information is available,
but whether its influence extends to the curremeéd fixation. In any case, the task used in
the present study could not be charactersied raiglstforward visual search: it could not be
executed unless participants accessed the meaining mspected words. In fact, the most
commonly cited characteristic of a search proce#isa absence of a measurable frequency

effect in the latter (Rayner & Raney, 1995) anddhg in the present experiment, with
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respect to both foveal and parafoveal words, grete with evidence of strong frequency
effects. To this extent the task quite clearlystayto lexical processes typical of normal
reading. A possible counter to this is found ia study by Rayner and Fischer (1996), which
employed an ingenious comparison involving idehtieards but different tasks. Fixations
were generally much longer in search, compareddding. Since gaze durations in the
present experiment was generally long, some caigioalled for in extrapolating from the
results to reading in general. They should perlh@pseen as providing convergent data on
‘continuous visual word processing', an initiapstea multi-task approach to reading, which
is, in any case a skill involving many inter-linkedmponents (see Grainger, 2000, for a
discussion). Different performance measures asicdstaach have peculiar strengths and
weaknesses (Inhoff & Radach, 1998) and the uniduardage of small-scale laboratory
studies involving isolated words, or short strinfisvords, is the fact that orthogonal control
is possible over the relevant variables, somethinigh would be virtually impossible in an a
study involving normal reading for comprehensidinshould also be noted that several of the
studies cited in the Introduction as showing evodeof parafoveal-on-foveal effects
employed relatively normal reading tasks. Thus]evsome of the effects reported in the
present study have yet to be demonstrated in naeading, others have been demonstrated,
and it seems increasingly unlikely that parafova@afoveal interactions are so highly task-
specific as to be essentially artifactual (see keelyn2000a, for further discussion).

To consider thevheredecision first, the serial sequential model of ey@ement control
generates a rather confusing picture when dealittgpossible parafoveal influences over
saccade extent or initial landing position. Ifimshe original Morrison formulation, an inter-
word eye movement and an attentional switch argrpromed at the same time, parafoveal

properties (other than length) cannot influenceade control. Similarly, if an eye
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movement is programmed following an initial fovéamiliarity check’, as in the Reichle et al
model, lexical or sub-lexical properties of wordghe parafovea should not affect saccade
extent. But both formulations have a bearing atade control since they predict word-
skipping effects, based on lexical identificatidran 'easy' parafoveal word. In this regard the
assumption of a strictly serial sequential procggsears to have been relaxed forinere
control decision, if not for th&hendecision (see also Rayner, Sereno & Raney, 1996).
Unfortunately, predicted effects on saccade progreng from a parallel processing account
are also somewhat confused and empirical evideas@bt yet settled the question. For
example, Underwood, Clews and Everatt (1990) pmexidence of semantic effects exerted
from the parafovea over initial landing positionf khis has proved difficult to replicate and
the effect may either be very small or possiblgeas an artifact of particular materials
(Rayner & Morris, 1992; Radach & Kempe, 1993). tBa other hand, as noted above, there
is a growing body of evidence supporting parafowetilographic effects on initial landing
position (Hy6na, 1995; Hyona & Pollatsek, 1998, 20@onk, Radach & van Rijn, 2000) and
suggesting that initial landing position is shiftggbut one third of a character on average to
the left in words with constraining initial letter§Vith regard to short parafoveal words,
Figures 7 and 13 confirm the presence of this skaflshift in the landing position of
saccades directed towards words with informativtealrietters. However, this provides only
limited support for the Processing Difficulty Hypesis, because effects on landing position
in the present experiment arose primarily as aemumsnce of shifts in launch position, driven
by parafoveal effects on refixation strategy. Ha tase of long parafoveal words, there is
obviously no evidence of a systematic left shitaasated with informative initial letters, but
the analysis of eye movements to and from long wprésent particular problems of analysis

because of the need to distinguish genuine intnahsaccades from inter-word saccades
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falling short of their intended target. As an atpe to address this question an analysis was
carried out of initial saccade extent from the falweord, regardless of whether landing
position fell within the foveal or parafoveal worthterestingly, saccade extent was strongly
influenced by properties of the foveal word itselith a significant interaction between
Parafoveal Word Informativeness and Foveal LengthFrequency, F1 (1, 32) =4.37,p =
0.04, F2 (1, 64) =5.56, p = 0.02 (see Figure M)th one exception, initial saccades were
shorter in the presence of parafoveal words witbrmative initial letters, the exception
relating to the case of short, high frequency, &weords, where saccades to informative
initial letters were actuallipnger. A possible explanation for this can be seeméndata for
the equivalent set of parafoveal words in FigurelBese data confirming that any obtained
left-shift in landing position is largely determthby an increased number of refixations (i.e. a

right-shift in launch position).

Fig 16 about here

Turning to thewhendecision, of the five models and hypotheses cedlim the
Introduction,serial-sequential attention allocaticandprocessing difficultyredict no
parafoveal-on-foveal effects on the timing of ey@sement control. The data presented here
manifestly disconfirm this predictiorPure parallel processingredicts effects in the
opposite direction from those reported here: itasthe case that parafoveal processing
increases with longer foveal inspection tini&istributed parallel processingredicts the
obtained trade-offs between foveal and parafovesdeaction time, but has difficulty
accounting for the effects of parafoveal word frergey and length on foveal inspection time.

Variation in refixation rate is not a specific piettbn of either parallel modelProcess
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monitoring, involving a mechanism sensitive to processimggsss across combined foveal
and parafoveal stimuli remains the only plausildeoant for a regular pattern in the obtained
data (for example, Figure 3) where a single cedl two-by-two data matrix differs from the
other three, which do not differ among themselwaen foveal load is relatively low and
the next word to be processed is short, it is yikelbe identified. That is, if the rate of
acquisition of information across the span (comigroveal and parafoveal letter sequences)
is high, parafoveal identification will occur asesult of a within-word shift in position on a
foveal stimulus. When the rate of acquisitionrdbrmation suggests that a target requires
processing at an orthographic level an ‘early’ mwerd saccade occurs with a landing
position deviated towards critical defining letsequences. For long targets, parafoveal
lexical identification in the absence of refixatisnimprobable. However, sub-lexical
properties of a parafoveal target exert an infleemic the probability that the currently fixated
word will be refixated, with a higher rate of redbion associated with low-frequency
parafoveal targets possessing highly constraimii letters. The function of systematic
shifts in position within the foveal word is to clge the visibility of the parafoveal word,

with identical effects of initial letter constraioh landing position for both long and short
targets.

We make no claim to originality in proposing a foofiprocess monitoring. This class of
model has a long history in experimental psychol@jallice, 1964) and, indeed, played a
role in early theories of eye movement control (Ray& McConkie, 1976; Rayner, 1977).
The reasons for its decline probably relates tddhere of simple 'gain control' models to
account for the eye movement data deriving fromrowed measurement techniques which
became available in the 1970s, together with tlceess of inherently 'intermittent’ models

such as that of Morrison (see Rayner & PollatséB9lfor a review). Albeit in a restricted
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domain, the present data serve to re-open theiguest to whether words are processed in
parallel and, if so, the degree to which a modkel i-Z Reademight be modified to
accommodate to the fact. Schroyens, Vitu, Brysksed dYdewalle have (1999) recently
suggested one possibility. This draws on the pgyeissical work of Schiepers (1980),
showing a strong curvilinear relationship betweamndndentification time and eccentricity.
Making inferences from decision time, and assumwisgal processing across an array of
words to occur in parallel, Schiepers estimatedrmftion to be delayed by about 100 ms for
each degree of eccemtricity. One consequencasfdtt is that performance in a task like
reading, where words are spatially distributed adoa given fixation point, will be
conditioned by the operation of a restricted timedow in which foveal and (delayed)
parafoveal information can be optimally combin&er example, after a forward saccade, a
fixation on a word will allow information about itgord-ending, acquired on the current
fixation, to be combined with information aboutwsrd-beginning, acquired on the previous
fixation™'. This is an attractive idea and would be compatibth some of the more
paradoxical results in the present data, for exarapplaining why the system might require
less time at the current location when the nexdtioa to be fixated is particularly
informative or 'difficult’. The problem is thatdte is quite a lot of evidence against the
operation of deadlines in word-to-word processarg] no evidence, as yet, in support of the
proposed 'synchrony' mechanism.

Engbert and Kliegl (2001) have recently proposedlternative, and computationally
explicit, model of eye movement control in whickital processing is also considered to be
spatially distributed over an attentional windowheir model (Engbert, Longtin, & Kliegl,
2001) is based oB-Z Reademodel, but involves relaxing the crucial assumptiwat visual

attention is switched from word to word with itsepgation restricted to a single word at a
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time. The model also replaces the relatively ghthorward state-transition rules employed in
theE-Z Reademodel with more complex (and less psychologicalusible) semi-Markov
processes (in which the probability of a transit®nelated to time spent in a given state). It
would be premature to try evaluate this approach, it it does illustrate that plausible
extensions to current processing models to takeustof parallel sources of information are
feasible and may, indeed, represent the next stegrtls a more complete theory of eye

movement control.
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Word 1 Word 2 Word 1 Word 2 Word 1 Word 2 Word 1 Word 2
Properties Properties Properties Properties
installer derme Long HF INF Short LF | apparence | marte Long HF UNINF Short LF
granivore nonce Long LF INF Short LF| colmatage enca Long LF UNINF Short LF
recul nonne Short HF INF Short LF| mardi coran Shidt UNINF Short LF
carpe motte Short LF INF Short LH carme cornu Shbrt UNINF Short LF
remercier armurerie Long HF INF Long LF| attention| fficheur Long HF UNINF Long LF
concessif nomadismeg  Long LF INF Long LK remontoif mpennage| Long LF UNINF Long LF
grain mielleuse Short HF INF Long LF place graissag| Short HF UNINF Long LF
morue actionner Short LF INF Long LF manne plaetair | Short LF UNINF Long LF
influence genou Long HF INF Short HH approuver  olai Long HF UNINF Short HF
encadreur sorte Long LF INF Short Hi§ versifier appu Long LF UNINF Short HF
marge votre Short HF INF Short HH fouet appel Shibit UNINF Short HF
carat femme Short LF INF Short HH rouet corps Shbrt UNINF Short HF
assemblée hautement Long HF INF Long HF industrig¢ ccomplir Long HF UNINF Long HF
remplumer exigeante Long LF INF Long HH fouettard| résident Long LF UNINF Long HF
verbe justifier Short HF INF Long HF carte remanque{ Short HF UNINF Long HF
carie semblable Short LF INF Long HH verge apprendf Short LF UNINF Long HF

Table 1. Examples of materials used in the expartm
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monsieur sens #####H# motte sembler
(wl) w2

monsieur sens roulé motte sembler
wl w2

FIGURE 1: lllustration of experimental proceduexperimental words were embedded in
strings five words in length. While the eyes weré¢he left of an invisible boundary, defined
by the space prior to Word 1, this word was maskaftthen the eyes shifted to the right of
this boundary, the word was permanently unmaskBdte, hashes are shown to illustrate
masking: the experimental procedure used a pixalamisation procedure.)
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HF Foveal Word
M Uninformative

O Informative

550 ~
o
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S
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¢ 350 -

250 -

LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]

FIGURE 2. Mean gaze duration as a function of é&mgih, frequency and informativeness of
a parafoveal target word for a high frequency sfowal stimulus.

The data represent the quadrant of the desigrcatiolg the conditions obtaining in the
original ‘clothes search'’ study (see Figure 8, k€egn2000).
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Short Foveal Word
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LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]

FIGURE 3. Mean gaze duration as a function ofdeewy, length and informativeness of a
parafoveal target word for short foveal stimuli.
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Short Foveal Word

Bl Uninformative
O Informative

o
[ep}
1

Right Refix Probaility
o
N

o
N
1

LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]

FIGURE 4. Right-going refixation probability agumction of frequency, length and
informativeness of a parafoveal target word forsfaveal stimuli.
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Short Foveal Word

B Uninformative

550 7 O Informative

450 -+

Gaze (msec)

350 -

LF[F] HF[F] LF[F] HF[F]
Short [P] Long [P]

FIGURE 5. Mean gaze duration for short foveal stiras a function of a parafoveal target
word informativeness and length and foveal worduency.
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Short Foveal Word

M Uninformative
O Informative

o
(o))
1

Right Refix Probaility
o
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LF[F] HF[F] LF[F] HF[F]
Short [P] Long [P]

FIGURE 6. Right-going refixation probability fohart foveal stimuli as a function of a
parafoveal target word informativeness and lengthfaveal word frequency.
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Short Foveal Word

Bl Uninformative
O Informative

LF[P] HF[P] LF[P]

HF[P]

Short [P] Long [P]

FIGURE 7: Mean landing position on parafoveal taxgerd arriving from short foveal
words, as a function of the frequency and inforugatess of a parafoveal target word.
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Long Foveal Word
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LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]

FIGURE 8: Mean gaze duration on long foveal stinaglia function of length, frequency and
informativeness of a parafoveal target word.
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Long Foveal Word
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LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]
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1

FIGURE 9: Right-going refixation probability forng foveal stimuli as a function of length,
frequency and informativeness of a parafoveal taxged (compare with Figure 8).
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Long Foveal Word

M Uninformative
O Informative
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LF[P] HF[P] LF[P] HF[P]

Short [P] Long [P]

FIGURE 10: Mean sub-gaze duration (first half afddoveal stimuli) as a function of length,
frequency and informativeness of a parafoveal taxged.
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Long Foveal Word
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LF[P] HF[P] LF[P] HF[P]
LF[F] HF[F]

FIGURE 11: Mean sub-gaze duration (first half afddoveal stimuli) as a function of
frequency and informativeness of the parafovegktaand frequency of the foveal word.
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Long Foveal Word
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FIGURE 12: Mean sub-gaze duration (second halbwog foveal stimuli) as a function of
length, frequency and informativeness of a paradbtaget word.
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Long Foveal Word
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LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]

FIGURE 13: Mean landing position on the parafoweatd arriving from long foveal words,
as a function of the frequency and informativersdss parafoveal target.
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Short Foveal Word
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LF[P] HF[P] LF[P] HF[P]
Short [P] Long [P]

FIGURE 14: Mean gaze duration on the parafovegktarord following inspection of a
short foveal stimulus as a function of length, &reacy and informativeness of the target word
(compare with Figure 3).
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FIGURE 15: Mean gaze duration on the parafoveatviifowing inspection of a long
foveal stimulus as a function of length, frequeany informativeness of the parafoveal word
(compare with Figure 8).
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LF[F] HF[F] LF[F] HF[F]
Short [F] Long [F]

FIGURE 16: Initial saccade extent, regardless ndlilag position, as a function of the

informativeness of the parafoveal target [P] aredlémgth and frequency of the foveal launch
site [F].
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Short Foveal Word
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FIGURE 16a: Saccade Extent (to anywhere) on paealadarget word arriving from short
foveal words, as a function of the frequency aridrmativeness of a parafoveal target word.
Interaction NS F1 2.75 p =0.10 F2?
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FIGURE 16b: Saccade Extent (to anywhere) on paeafiaarget word arriving from long

foveal words, as a function of the frequency aridrmativeness of a parafoveal target word.
Interaction NS F1<1 F2=1.662
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Footnotes

' We are greatly indebted to Marc Brysbeart, Wayngarhy, Keith Rayner and an anonymous referee faryrhalpful
comments on an earlier draft of this paper.

" Pollatsek & Rayner (1990) suggest that 'integeafitocesses’ might modulate local processing difficwith
competition between a decision to stay and a dectisi execute the next saccade. This avoids jadistgla deadline,
but the proposal cannot account for the totalitdath, some of which are derived from tasks whidmat call for
high-level integration.

. Interestingly, although it is rarely made explitétter-level processing within a word is typicadgen as going on in
parallel (Slowiaczek & Rayner, 1987), with procagdbetween words seen as serial and sequentialgly]ur998;
Kennedy, 2000b).

" Indeed, as Inhoff et al (2000) point out a sigmwifit advantage of this position is that it is corast with the notion of
saccades being directed towards the current focattemtion, rather than away from it, as demangetheE-Z Reader
model.

¥ This is, of course, the reason that saccade eixtéext processing is reported in characters adlegrees of visual
angle.

¥ Radach & Heller (2000) term this the ‘negative-precessing hypothesis’.

YI' Interestingly, the notion that 're-fixate' migtet & default condition on first fixating a word is@mponent of the
serialE-Z Reademodel. The proposal that the pre-lexical famitiacheck acts to cancel this could be considerea as
form of process-monitoring mechanism, although igisot the interpretation given by Reichle et al.

¥l Masking is illustrated in the Figure by means asles. In the actual experiment, a process of girdomisation
was employed (see text for details).

X Referees have pointed out that the short higjufracy parafoveal words appeared to be more frédju@n
long high frequency parafoveal words. Imbalandakie kind are an almost inevitable result of amps to
achieve orthogonal manipulation of length, frequyesued informativeness. It should be noted, howetheart in
all cases the set of low frequency words were obiterably lower frequency.

* Concerns over a possible lack of power in a desigimcell means based on three observations fgestcan be met
by noting that within the split-plot design as aoléheach condition main effect is based on 48 easiens (32 df).

X The outcome appears to conflict with that of Umdend & Binns (2000) but that study did not manipeliequency
and initial letter constraint orthogonally.

Xl The overall skip rate for experimental words wa94. Skip rate for the short pre-foveal word weB92 (trials
involving skips were excluded from the analysi8)referee has correctly pointed out that in thigeset our task tapped
strategies which may have been atypical of nhoreedling; although the low skip rate does allow theyses to avoid
some of the problems caused by distortions to laamd landing position caused by skipping

Xl This was confirmed by separate analyses of fowead launch position for this data set. Contrarjtte predictions
derived from the Processing Difficulty Hypothedisgre were no systematic effectssamwcade exterftom the foveal to
the parafoveal word.

XV |n fact, Pynte, Kennedy & Murray (1991) demonsgtréuat refixation probability for a long word iritly fixated to
its extreme right is close to 1.0 (see also Hydsa85).

*V Zero fixation on a component half was treated psiat on the scale, thus allowing sub-gaze ortwtle
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halves of the word to sum to total gaze.

i \We are grateful to Marc Brysbaert for this example
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