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About the global effect and the critical role
of retinal eccentricity:
Implications for eye movements in
reading.

Francoise Vitu
CNRS, Université de Provence

In the present paper, | review evidence for thevensiality of the global effect, i.e. the
general tendency to move the eyes towards theecehgravity of the peripheral configu-
ration, and show that the effect is strongly caiggd by the retinal location of the stim-
uli. First, stimuli that are displayed in a centi@eal region of a 1-1.5° radius fail to de-
viate the eyes in a centre-of-gravity manner; thiseferred to as the foveal dead zone.
Second, the stimuli that are too eccentric relativéhe saccade target and/or the main
stimulation site are filtered out. These limitasoreflect physiological constraints and the
dynamics of the patterns of activity in a visudiesgy map. They form the basis for a
low-level centre-of-gravity type account of eyedprice in natural perceptual tasks such
as reading.
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Hoenig's findings, he conducted two critical expghts,
where participants were presented simultaneousti wi
two target objects in the periphery, that is, twapéy
squares of same or different sizes. Participaatsk im-
plicitly required precise fixations on individuahrgets
since it consisted of determining whether there was
small gap in one of the squares. Still, the inifatcade
invariably landed in between the two squares, abek-
estingly the deviation from the midpoint betweea tivo
was always towards the largest square of the twioth@t
basis, Findlay concluded that saccade amplitudmiis-
puted based on global visual integration processéise
periphery. He related these to the very large avedlap-
ping receptive fields of the neurons at the leviethe
Coren and Hoenig (1972) were the first to show thaSuperior Colliculus, a substrate involved in thevge-
saccadic eye movements are much less accuratetidien tion of saccadic eye movements (Mcllwain, 1976,1)99
saccade target stimulus (a red circle) is simutiashy
presented with one or several distractors (blaohusi)
than when the target is presented in isolatiorthenfor-
mer case, the eyes are deviated towards an intateed
location between the distractor(s) and the taiget982,
Findlay demonstrated for the first time that thifeet
comes from a general tendency to direct the eyeartts
the centre of gravity of the visual configuraticsrrhed
by the peripheral stimuli. After replicating Coremd

Over the last forty years, a large number of swdie
vestigated saccadic performance (accuracy andchgten
in multiple-stimulus visual displays. This reseate to
the discovery of the global effect and other relgie-
nomena. As we shall see, the global effect is g ver
bust phenomenon which very likely reflects the mmep
ties of the saccadic system. After presenting redata
suggesting the critical role of stimulus eccentyicl will
propose that the mechanisms which underlie thisceff
may play a major role in reading.

The global effect: A universal phenomenon.

Since then, the global effect has been replicated
many different laboratories, and in a wide varietyper-
ceptual tasks, in both humans and monkeys. Finst, t
effect was confirmed in different variants of thegmal
paradigm, that is, a saccade target item was pexben
simultaneously with one or several distractors (bu
Findlay, Jacobs, & Brogan, 1988; Eggert, Sailert- Di
terich, & Straube, 2002; Ottes, Van Gisbergen, &dfg
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mont, 1984, 1985; Walker, Deubel, Schneider, & Fin{Coéffé & O'Regan, 1987; but see He & Kowler, 1989)
dlay, 1997; Weber, Latanov, & Fischer, 1993), op tw note also that in several experiments, the relaostion
target elements were displayed simultaneously (Chowf target and distractor stimuli was kept cons{erny. the

Sommer, & Schiller, 1999; Deubel, Wolf, & Hauske,

target was always to the right of the distractatu\ét al.,

1984; Edelman & Keller, 1998; Findlay, Brogan, & 2006), and a global effect was still present. Sdcarhen

Wenban-Smith, 1993; see also Weber et al., 1998)ran
some cases participants were explicitly asked xatdi
each of the items accurately (Findlay & Kapoula92)9
In addition, the effect was found in visual seatabks
(Arai, McPeek, & Keller, 2004; Findlay, 1997; Fiagl&
Gilchrist, 1997; McSorley & Findlay, 2003; Zelinsky

the relative luminance of distractor and targehsti was
manipulated, it was shown that the eyes were dediat
towards the most luminous stimulus of the two (Ded gt

al., 1984); the same was found when texture demgty
manipulated (Menz & Groner, 1987). These data do no
only confirm that the effect is related to globasual

Rao, Hayhoe, & Ballard, 1997; see also Godjin &integration processes (Findlay, 1982), but thep alsg-
Theeuwes, 2002), the free scanning of visual dyspla gest, as noted by Deubel et al. (1988), that thes eye

(Findlay, 2004; Findlay & Brown, 2006; see also McG

not sent towards an optimal location for percepprakt-

wan, Kowler, Sharma, & Chubb, 1998; Melcher & Kow- essing; otherwise, the eyes would move towardsetist

ler, 2001), the reading of isolated words (Vitu918),
and in saccade-target tasks with reading-like dti(ne.
the target was a letter embedded in a meaningtesg s

and not the most visible of the two stimuli. Actyaln
several experiments, accurate saccades were rédaire
the needs of the perceptual task, but the glolfetieivas

of consonants; Coéffé & O'Regan, 1987; Jacobs, ;19806nly slightly weakened (Findlay, 1982; Findlay & Ka

Vitu, Lancelin, Jean, & Farioli, 2006). Note thabsh
experiments were conducted on adults, but the data
ported by Cohen and Ross (1978) suggest that dimbl
effect is already at work in third grade childrat@ut 8.5
years old). In their experiment, the target (a greED)
was presented simultaneously with two distractonust
(two red LEDs) at variable locations relative t@ thac-
cade target; on average, the eyes landed neaetitie of
the three-stimulus configuration.

In contrast with Findlay's (1982) original accouoft
the global effect, several authors made the assampt
that the effect reflects the use of visual straegiather
than being a default oculomotor response to theiltam
neous presentation of peripheral stimuli. The eyesld
be sent to the location in the array that is mogirapri-
ate for the task. In saccade target tasks, annieeiate
position between the target and the distractor ddnd
preferred because this would bring the eyes cluséne
potential target location at least when this is piedict-
able (He & Kowler, 1989; see also Jacobs, 1987)lewh
in perceptual tasks, fixating the centre of theamwould
facilitate visual information intake (He & Kowlet991;
see also McConkie, Kerr, Reddix, & Zola, 1988).

poula, 1992) or remained unaffected (Coren & Hognig
1972). Furthermore, the effect did not vary as racfion

of the discriminability of the target in periphengkion
(Jacobs, 1987).

Of course, the global effect is not an irrepressidru-
lomotor response to multiple-stimulus displays. the
time for saccade programming increases, averaging b
comes less likely (Chou et al., 1999; Coéffé & Qj&e
1987; Edelman & Keller, 1998; Eggert et al., 20BR1-
dlay, 1982; Jacobs, 1987; McSorley & Findlay, 2003;
Ottes et al., 1985; Vitu et al., 2006; Weber et 2993;
see also Findlay & Blythe, in press; Godjin & Thees,
2002). However, saccades exclusively land on thgeta
item only when saccade latencies are longer thamitab
200-300ms for visually dissimilar target and distoa
stimuli that are three degrees apart (McSorley 8dky,
2003; see also Eggert et al., 2002). Furthermohenw
the target is systematically the central letteraofetter
string, and it is visually distinct from distracttetters
(e.g. ‘xxxkxxx"), only saccades with a latency lenghan
about 300-600ms (depending on target eccentriaitgl-
rately land on target (Vitu et al., 2006; see ds@ffé &
O'Regan, 1987; Jacobs, 1987).

However, several findings argue against a strategy- Time-related changes in the likelihood of a globfl

based account of the global effect. First, althotigé
predictability of target location weakens the efffex
distractor stimuli on saccade amplitude, it is sufficient
to cancel the effect, at least for normal-latenagcades
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fect strongly argue for the assumption that avei@gg a
default option of the oculomotor system, and thakei
sults from early and poorly resolved visual inpAs
noted above, the neurons at the level of the Soip&adl-
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liculus are characterized with large and overlagpie-
ceptive fields and they very likely contribute teeteffect;
simultaneous activation of neighbouring sites wozda-
lesce in a single, central peak, favouring in tima exe-
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gap (mainly 0-ms gap durations) or overlap condgio
However, the effect was also observed in the alesehc
transient stimulation. For instance, in Findlay and
Brown’s (2006) study, averaging responses occafien

cution of saccadic eye movements towards internediathe initial saccade, while participants scanneduan

locations (Lee, Rohrer, & Sparks, 1988; for a revieee
Mcllwain, 1991). Deubel et al. (1988) noted that Bu-
perior Colliculus is probably not the only brainnte
involved and that global visual integration proessmay
not be as simple as initially envisioned by Findlahey

changing set of randomly-arranged ring stimuli aid
lently counted the number of target elements é.eing
that contained a specific letter); the initial szbe in a
trial always took the eyes to the upper left coroethe
display where the identity of the target letter viagdi-

showed that when a distractor differs from the backcated. These data show that the global effect tsano

ground only by the orientation of its constituelemeents,
it deviates the eyes in a manner very similar tduas-
nance-defined distractors (see also Findlay et1893).
Other findings however suggest that extractionradraa-
tion and/or contour information may not be parttioé
spatial integration process (see Guez, MarchalGhe
gasson, Grall, & O'Regan, 1994; McGowan et al. 8199

The level of visual processing involved in the glbb
effect still remains very coarse in comparison vitat
associated with perceptual processes as suggessey-
eral papers. Eggert et al. (2002) found a glokfaicein a
saccade target task, but failed to find a simiféeat for
perceptual localization judgements. On the otherdha
Jacobs (1987) reported that the likelihood of cadtye
localizing a target letter in a parafoveal letteing was
greater for outer in comparison with inner lettelosit
when participants were asked to move their eyethdo
target letter, the eyes landed to the left of thieg's cen-
tre irrespective of target location; saccades wemirate
only when saccade latency was greatly prolongeduab
600ms). Thus, for the eyes to be sent to a spdeifget
location, the saccade programming time needs tpabe
ticularly long (Eggert et al., 2002), which sugge#tat
selective eye guidance may only intervene at hataral
processing stages or when visual information prsings
reaches sufficient detail (Ottes et al., 1985; \&tual.,

oculomotor reflex-like response to visual transe(gee
also Findlay & Blythe, in press), and hence thamniy
well be at work in natural perceptual tasks sucheasl-
ing.

| will further develop this key assumption belowat tb
will first review evidence for a differential rolef distrac-
tor stimuli depending on their position on the mati

The critical role of retinal eccentricity

In natural perceptual tasks such as reading, tieare
receives simultaneously multiple visual inputs aveal

and peripheral regions, and we may wonder how the

global effect operates in that framework. Indeddall

stimuli were potential distractors, then the cewtie
gravity notion would make no sense at all. Howeaey,
suggested by several studies, stimuli contributi if-

ferential weights depending on their size and theiri-

nance (see above), as well as their position omdtiea
and with respect to the saccade target.

Walker et al. (1997) investigated in a simple sdeca
target task the role of distractor stimuli as acfion of
their eccentricity. In their experiment, participgwere
presented with either a single target stimulusvar si-
multaneous target and distractor stimuli. They tbtimat

2006; see also Coéffé & O'Regan, 1987; Jacobs,)1987 distractor stimuli deviated the eyes from their ceate

will come back to this point in the final section.

Note that interpretation of the global effect imts of
collicular-type processes may suggest that theceffe
restricted to paradigms that involve stimulus osises
brain centres such as the Superior Colliculus artiqu-
larly sensitive to visual transients. However, | dot
think this is a reasonable assumption. It is thogt in
most experiments the global effect characterizedini
tial saccade that was executed after display dnssther
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target only when they were displayed within a ladit
region around the saccade target, i.e. along thikatsral

target axis or within 20° of the target axis (séso &in-

dlay, 2004; Findlay & Brown, 2006; Ottes et al.8%%

Distractors outside of this critical region did reffect

saccade amplitude, but greatly delayed saccadé; diise
was referred to as the remote distractor effeat @so
Benson, this volume).
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As we shall see in the next two sections, the dleba
fect may even operate in a smaller region (see Filso
dlay & Blythe, in press), which excludes the stinis-
played in a central foveal region (or dead zons)well
as the stimuli that are too eccentric with resgecthe
saccade target or the main site of activity.

A foveal dead zone for the global effect

In their original study, Walker et al. (1997) inties
gated the global and the remote distractor effewmly
with peripheral distractor and target stimuli, antien
distractors were displayed in the foveal regiomytlap-
peared at fixation or contra-laterally to the saectarget.
In one experiment only, the target (i.e. a crosa} wis-
played in the foveal region, while the distractoe.(a
circle) appeared more peripherally along the ipesitd
target axis. Results suggested the presence oblzlgl
effect, but the effect was actually slightly smalthan
when both target and distractor stimuli were pressbin
the periphery. In several recent studies, we
investigated this issue by testing the influencdoskal
distractor stimuli on the accuracy of saccadic myve-
ments towards a more eccentric ipsilateral ta@eerall,
our findings suggest that stimuli displayed in tstral
foveal region fail to produce a global effect.

re-
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As illustrated in Figure 1a, there was an overati-t
dency to undershoot the target letter, and this gvaater
with longer foveal distractor strings. However ciontra-
diction with the prediction, the mean landing piosit
error did not vary for distractor strings betweeant 4-5
letters (about 1.1°), and this held for all targetentrici-
ties, while, as shown in Figure 1b, saccade latéscged
to increase as the number of letters in the disiratring
increased from 1 to 4-5 letters. Thus, short distra
strings failed to deviate the eyes in a centrerafily
manner, but tended to produce some sort of a retiste
tractor effect (see also Benson, this volume). rAke
tively, note that short distractor strings favoutkd exe-
cution of early-triggered small-amplitude saccadtlest
kept the eyes within the distractor string. On thasis,
we concluded in favour of a foveal dead zone far th
global effect, thus assuming that averaging opsrater
stimuli displayed outside of a central foveal regiof
about 1.1°.

Our assumption is that the dead zone is physiologi-
cally determined, rather than being central/attsati
and/or specific to reading-like situations. First, our
experiments, the target letter, although being nodten
presented outside of the critical region, was ims@ases
displayed within this region (e.g. the 3-letter exuticity

In our original study, we used complex reading-likecondition when target letter strings were 3 lettiersg;

distractor and target stimuli (Vitu et al., 2008he target
was the central letter of a letter string (e.g.xkxxx’)
displayed at a variable eccentricity to the rightixation,
and the distractor was an x-letter string of vdgdength
(1 to 9 letters or .31 to 2.79 degrees). The fetter of
the distractor string was always centred on thatiix
point and other distractor letters extended to riat,
thus in the same hemifield as the target letténgstnote
that target and distractor stimuli were always enésd
simultaneously with two other letter strings pasitd to
the right of the initial target letter string. Asggested by
Walker et al.’s (1997) original findings, a globaffect
operates when the distractor is displayed on theesais
and in the same hemifield as the saccade targas, Tur
prediction was that the eyes would be deviated tdsva
the foveal distractor string, and that the amodrdavia-
tion would increase with distractor length sincasth
would shift the centre of gravity towards the fovea
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Experiment 3). In those instances, the eyes stilliately
landed on target in 42% of the cases, which sugdbat

the central foveal region of 4-5 characters waditieted

out by means of attentional processes. In additibe,
fact that the eyes sometimes executed early small-
amplitude saccades within the dead zone furthemearg
against such an attentional account.

In a more recent study, we attempted to replicate o
original findings by manipulating orthogonally trength
of the distractor string in number of charactersd és
extent in degrees of visual angle. As further diedabe-
low, the critical variable appeared to be the aagalze
of the distractor string, thus indicating, in limgth the
physiological assumption, that the dead zone didr&o
sult from a constant number of letters being fdteout.
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Figure 1. Re-plotted from Vitu et al.’s (2006) Esipeent 1. Mean landing position error in letterg @d mean latency in ms (b) of
the initial saccade made towards the central lettea 7-letter string (i.e.. ‘xxxkxxx’) as a functiof the length of the foveal
distractor string (an x-letter string of a variabfeimber of letters) and the eccentricity of they&retter (5, 7, 9, or 11 letters).

In our character-size experimé&nthe target, an iso- added two control conditions with different targeten-

lated letter, was displayed in the right hemifieiher in
isolation or simultaneously with a distractor sfricom-
posed of 1 to 7 ‘X’ letters; as in our previousdss, the
first letter of the distractor was centred on thation
point and other letters extended further to thhtrigvhen
initially displayed, the target corresponded to tsuper-
imposed letters, ‘h’ and ‘k’; it was only when aceade
crossed an invisible boundary (located 1° to tffiteoliethe
left border of the target letter), that a singlaee(‘h’ or
‘k’) became visible. In one experimental conditiae;
ferred to as the ‘small-letter string conditiongch letter
of the distractor string subtended .15° of visuagle,
while in the other, the ‘large-letter string comatit, one
letter subtended .30° of visual angle (each charapace
subtended .22° and .42° respectively); the sizénotar-
get letter varied accordingly. The eccentricitytioé tar-
get letter was maintained constant (3.35°), anatéa¢he
distance between the end of the distractor strimdthe
target letter was greater in the small- comparedhto
large-letter string condition (see Figure 2). Sitive de-
viation of the eyes that results from a global &ffde-
pends on the distance between distractor and tanget

1 This experiment was suggested by J. Findlay.
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tricities; in the control small-letter string cotidn, the
eccentricity of the target letter was reduced ta@d in
the control large-letter string condition, targetentricity
was 4.62°. All conditions were mixed and distrilslite
equally across ten blocks of trials.

J;!KXXXXX EL Experimental
: = Conditions
XXXXXXX h
: E Control
chx_xxx_xx ]% i Conditions
2° 3.35°  4.B2°

Figure 2. Example stimuli in our character-size eximent. The
saccade target stimulus was an isolated letteri¢irthe
example) and the distractor was an x-letter strifig. variable
number of letters. The angular size of the characieas either
small (.22°) or large (.42°). In the experimentahditions, the
eccentricity of the target letter was maintained stant (3.35°).
In the control conditions, it was smaller for smetilaracters
(2°), and larger for large characters (4.62°).
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Each trial began with the presentation of two verti small-letter strings in both the experimental amel ¢on-

cally aligned fixation bars; as soon as the compde
tected a fixation within less than .2° to the leftto the
right of the fixation bars, the stimuli were disyda.
Eight participants were asked to move their eyethéo
target letter as quickly and accurately as possiltéle
ignoring the distractor string. Their eye movememse

trol conditions. It clearly shows that an effectdigtractor
length emerged only for distractor strings thateexed
further than about 1.2-1.4° to the right of fixatidn the
experimental conditions, there was an overall tangéo
undershoot the target letter; the undershoot waabofit
the same extent in all conditions, but it was gredbr

recorded with a Dual-Purkinje Image eye trackerd andistractor strings longer than about 4 letters.df in the

data were analyzed online with the software deezldpy
van Rensbergen and de Troy (1993; for further teta
the procedure and apparatus, see Vitu et al., 2006)

In all conditions, the distributions of initial ldimg
sites were unimodal, the proportion of small-anuolé
saccades being much smaller than in our previawdyst
Figure 3 presents the mean of the initial landingiton
errors as a function of distractor length and &ogé- vs.

Experimental conditions

—e— Small
--O-- Large

MEAN LANDING POSITION ERROR (DEG)

Ne 1 2 3 4 5 6 7
DISTRACTOR LENGTH (LETTERS)
(@)

large-letter string condition, and 6 letters or°li the
small-letter string condition. The same was truetha
two corresponding control conditions, except thag
landing position error was overall greater in thegé-
letter string condition, while it was smaller iretlsmall-
letter string condition; this was because the ettty
of the target letter was respectively greater amdller
than in the experimental conditions.

—

Control Conditions

MEAN LANDING POSITION ERROR (DEG)

No 1 2 3 4 5 6 7
DISTRACTOR LENGTH (LETTERS)
(b)

Figure 3. Mean landing position error (in degree$}he initial saccade made towards the isolated¢atetter in the character-size
experiment, as a function of the length of theralésbr string (in number of letters) and the angudize of the characters (small vs.
large) in both the experimental (a) and the con{lil conditions.

The effects of distractor length and character siz€05 in the control condition). For large-letterirsgs, the

were significant as well as the interactiof/#9) = 3.67,
p <.005, F1,7) = 11.92, px .01 and F7,49) = 3.21, (x
.01 in the experimental condition, anfVf49) = 5.87, px
.0005,_K1,7) = 99.79, < .0005 and ,49) = 2.74, p<

linear trend was significant only in the experinsmon-
dition (K(1,7) = 7.04_p< .05 and F1,7) = 4.18, p< .10)
and the quadratic trend was significant in both ée
perimental and the control condition({f7) = 10.21, <

.01 and_F1,7) = 29.26, p< .001 respectively). None of
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these trends were significant in the small-letteing
conditions (F1,7) <= 4.18, < .10).

of our previous findings (Vitu et al., 2006; butesEx-
periment 2 in Vitu et al., 2006) and suggests faatade

As shown in Figure 4, saccade latency was IongeIratency does not vary systematically with the numiife

when there was a distractor string than when thexe stimuli n the central foveal region. We haye atgEt no
. T . explanation for the lack of an effect of distractength

not, and this for both character sizes; the efféclistrac- on saccade latencies in the present experimente

tor length was significant in both the experimental P P ‘

(F(7.49) = 10.79, p< .0005) and the control condition the simple fact that distractor strings which egh no
(l_:(7,49) _ 15'47" '0005)_ this findina is consistent further than about 1.2-1.4° from the fixation pofatled
=’ T =P ’ 9 to deviate the eyes in a centre-of-gravity manaed, this
with the previously reported remote distractor efffe . . .
(Walker et al., 1997: see also Benson, this voludeye irrespective of character size (or the number tkts),
g ! . : L confirms the existence of a dead zone for the dleba
surprisingly, saccade latency did not significaniyry . i
. ~  fect, and suggests that the zone is better desciibde-
for distractor lengths between 1 and 7 letter® @2) = . :
83 and F6,42) = .61 in the experimental and control 97€€S of visual angle than in number of letters.
conditions respectively), which is in contrast wibme

Experimental conditions

Control Conditions

220 220
215 N\ . 215 A
.//,. H\\\‘ . - /
— - — T
g 210 ) N e @ 210 ~
= y » = g/ O0 _n
> 205 § o8 . > 205 I o
o £ - - - L
E 200 IR o - 'E 200 ~ O
.| =
w 195/ w 195
< 190 < 190f
o [ 5} J!
X 1851 ¢ —e— Small X 185) !
=z -0 Large =z
g 180 é 180 }
175 175
170 170
No 1 2 3 4 5 6 7 No 1 2 3 4 5 6 7

DISTRACTOR LENGTH (LETTERS) DISTRACTOR LENGTH (LETTERS)
(a) (b)

Figure 4. Mean latency (in ms) of the initial sadeamade towards the isolated target letter in therabter-size experiment, as a
function of the length of the distractor string fiamber of letters) and the angular size of theratirs (small vs. large) in both the
experimental (a) and the control (b) conditions.

As we have seen above, contour extraction may corflistractors smaller than 1.2-1.4° was also not tdudis-
tribute to the global effect (Deubel et al., 198Hpw-  tractors being too small to produce a global effeste a
ever, since the ratio of inter-letter spacing telesize  global effect was found with peripheral distractond
was comparable between small- and large-lettengstri target stimuli that subtended less than 1 degreesofl
conditions (.46 vs. .40), it is quite unlikely thdiffer- ~ angle (e.g. McSorley & Findlay, 2003). Rather, ¢nigi-
ences in terms of contour extraction contributedhe  cal variable was the part of the retina which ttstrdctor
differential effect of distractor length in the tvaharac- stimulated. Actually, in another recent study, viectly
ter-size conditions. The lack of a global effecthufoveal  tested the effect of the eccentricity of singlethistractor
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stimuli on the accuracy of saccadic eye movememts t while a distractor is in the foveal region is ndivays
wards singleton target stimuli; stimuli were eitiso- time consuming, thus suggesting that it does nagire
lated letters or geometrical shapes (Vitu & Casteauthe inhibition of a saccade towards the distractor.
2008). In accordance with the foveal dead zone thgo
sis, distractors displayed in the same hemifieldthes
target deviated the eyes in a centre-of-gravity mean
except when they were presented less than abdubrh®
the fixation point; in those instances, saccadelitude
remained unaffected, but saccade latency was isetdea

A likely interpretation for the foveal dead zondiee
on the dissociation between fixation and move syste
(Vitu et al., 2006); the former, mainly sensitigefoveal
stimulation, would be responsible for keeping tlyese
still, while the latter would trigger the executiof sac-
cadic eye movements in response to peripheral Eimu

We have seen in the first part of the paper that sation (see Findlay & Walker, 1999; Walker et al. 91%.
cade accuracy is a direct function of saccade ¢gtévii-  As suggested by several authors, this dissociatiay be
viani & Swensson, 1982) and that centre-of-gravitypresent at the level of the Superior Colliculus rehevo
trends become less likely as the time for saccade p distinct populations of neurons have been idemtifidu-
gramming increases (Coéffé & O'Regan, 1987; Vitu ehoz & Wurtz, 1993a, 1993b; but see Goffart, Hafai,
al., 2006). People may argue that failure to obsem & Krauzlis, 2006). Fixation neurons discharge dgrin
influence of distractors displayed within the sdledh fixation, while they remain silent during saccadeu-
foveal dead zone came from the fact that in thestcp-  tion; their stimulation either delays saccade ownsdtig-
lar cases, saccade latency was prolonged. In nidheo gers the execution of small amplitude saccades @#lén
above-mentioned studies, saccade latency and saccdeecteau, 2002). They are mainly located in therabst
amplitude indeed presented a reciprocal relatignelith  pole region of the Superior Colliculus, which rees
distractor length or distractor eccentricity. Howewvthis  input from the 2-degree foveal region of the retjviu-
was not always the case; for instance, in our cbara noz & Wurtz, 1993a, 1993b), though they might aigo
size experiment (see above), distractor stringsesuling  present in smaller proportions up to about 10° fribwe
less than about 1.2-1.4° failed to produce a glefffact, centre of the fovea (Gandhi & Keller, 1999). Sadécad
but their latency was not significantly longer thémat  neurons are in contrast associated with periphiefai-
obtained for larger distractors. Furthermore, atedhdoy mation and they discharge before and during saccade
Vitu et al. (2006), averaging responses occur fedoout  execution.
150ms from display onset, and such short-latency sa
cades are also quite frequent in conditions wheeedis-
tractor fails to produce a global effect. Thus, twhae
refer to as a foveal dead zone is not the resudt gfeed-
accuracy trade-off.

Walker et al. (1997) accounted for the remote déstr
tor effect based on the dissociation between fixatind
move neurons. A similar interpretation may alsadhor
the foveal dead zone (Vitu et al., 2006). When stim-
uli are simultaneously displayed in the same hexhifi

The exact size of the foveal dead zone remains-undéut one falls in the central foveal region, avenggfails
termined at present, but given our complete sdindf  to occur because two functionally different popiolas of
ings, it does not seem to extend further than ftdsh the  neurons, or two different subsystems with differemte
centre of the fovea. It is well known that inforioat courses, are activated. Future studies will furtheesti-
within the foveal region is processed differentind that gate the neural basis of the foveal dead zone laendet:
it is more largely represented than peripheralrmfttion  lated remote distractor effect, as recent neurdplogi-
(i.e. the cortical magnification factor) at bottetlevel of cal findings challenge the existence of fixatiommoms at
the visual cortex (Rovamo, Virsu, & Nasanen, 193i8) the level of the Superior Colliculus (Goffart et, &006).
the Superior Colliculus (Mcllwain, 1991). Howevérjs = However, as we have seen, it is quite clear thaseh
quite unlikely that cortical magnification of foueafor-  phenomena are not experimental artefacts, buttrizeut
mation is responsible for the dead zone. Indeethis the properties of the oculomotor system.
were to be the case, then the eyes should land fresre
qguently on the distractor than on the target. Haweas
we have seen, this behaviour is the exception ahdhe
rule, and again moving the eyes to the peripheraget
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The global effect within a limited peripheral
window

As we have just seen, when distractor and tartget
muli are displayed in the same hemifield along libe-
zontal axis, only the distractors outside of a &dwdead

S

Vitu, F. (2008)
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unlikely that cortical magnification of foveal infmation
is responsible for the foveal dead zone. Howeuds t
probably plays a role in determining the respectiva-
tributions of more eccentric visual elements, etreugh
as we will see, this is probably not the only vialgain-
volved.

zone of about 1-1.5° deviate the eyes in a cerftre-o

gravity manner. As suggested by a large numbetuafs
ies, it is quite unlikely that all elements outside the
foveal dead zone contribute to the same extenbtapa-
tation of saccade amplitude. Findlay (1982) wasfittst
to note that the eyes are more largely deviatedartasy
the stimuli that are closer to the fovea. This obeson
was replicated in several other studies, and tbpqwal
was made that this is due to the non-homogeneitgtof

In an earlier study, we tested the influence ofrdcs
tor stimuli (random dot patterns) on the distribatiof
initial landing sites in saccade target words (Vit891a).
Target words were either 5 or 9 letters long; theyre
displayed simultaneously with a word of the sammgyile
to their right. Distractors were presented at fdifierent
locations above and below the target word: to #fedf
the beginning and of the centre of the word andhto

nal projections (Coéffé & O'Regan, 1987; Findlay,right of the centre and of the end of the word Biggire
Brown, & Glichrist, 2001; Vitu, 1991a; but see McGo 5).
wan et al.,, 1998). We mentioned above that it igequ

cc 4 wHwin pPuwin + PHICHTEVYR FPNLIIEYR

LoT1 3 ) . 5k X LK Y
1 i pHawan + HHALFEALYR PHRLATEDR
BiLE hX % %y
HHLE BELXLE %
: 4+ wHWIn PRI + IIELFTIEYR PHALIILEBK
BHLE LTIt L™
A LE T LKL
3+ Sy prPwsR + HINCFEAELYR I RALIIEVR
LI LK LE
BALE Sl L L Y
fF piWwiin rRWER + INLEAFVEYR CPRELAITLVR
ThLE TULELE S

Figure 5. Example stimuli in Vitu's (1991) Experimi&. The target stimulus was a word of 5 or 9 lstt@his was presented
simultaneously with another word to its right (iretitlustration, the words were masked in peripherasion, and they became
visible only when a saccade towards the first word detected) and distractor stimuli (random dotdgrats equivalent to masked
letters). Distractors were displayed to the leftlaf beginning or of the centre of the first wordt@the right of the word’s centre or
end (Positions 1-4). In a control condition (CC), th@® words were displayed with no distractor stimulus

Results showed that leftward-displayed distractids
not significantly deviate the eyes as compared toma
trol condition with no distractor; the eyes landedaver-
age near the centre of the word or slightly lefitoNote
that when the distractors were displayed in froihthe
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word’s beginning, they fall in a 1.2° foveal regigire.

the foveal dead zone; see above), which explaing wh

they had no effect. In contrast, in the two coiodis
where the distractors were presented to the rihih®
word’s centre, the distribution was significantliifted
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towards the end of the word. Interestingly, theialéan
increased with distractor eccentricity for 5- but ro-
letter words, thus suggesting that distractors weat too
eccentric did not contribute to computation of salec
amplitude.

Implementation of different centre-of-gravity asgm
tions provided further evidence for a limited irdhce of
distant distractors. Figure 6 shows that the geooadt
centre of gravity of the overall configuration fogth by
the letters of the two presented words and theaditsir
patterns largely overestimated the eyes’ landingjtjpm
in 5- and 9-letter words. The cortically-weighteentre
of gravity of the global configuration (using a toal

magnification factor of 1.7 as suggested by O'Rega

1989, 1990) gave a slightly better fit, but agaueresti-
mated the mean landing position. The best fit waa-a

5-letter words (Vitu, 1991a -Experiment 3)

7,2
6,6 —*—GC-All
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w 6,0 O« WC-Win
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z
o 5.4
E
'-'él 48 ///. »
O 42 /,.-*""/ =
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ally obtained when the cortically-weighted centré o
gravity of a subset of the visual elements in tegghery,
i.e. the elements contained in a 7-letter (or 4v@fidow
from the beginning of the target word, was computed
The window thus excluded (1) the distractor stimvhien
they were located in front of the target word ortlie
foveal dead zone, but also (2) the elements thed fue-
ther than 7-letters (or 4.2°) from the beginningh# tar-
get word. These data suggest that the stimuli weat
too eccentric did not contribute at all and hericat the
centre of gravity was computed within a limited ipbr
eral window rather than being based on the fuligheral
configuration. The cortical magnification factoigsitly
modulated the respective contribution of the viselah
ments in the critical window, but could not be ditg
responsible for the abrupt peripheral cut-off.

9-letter words (Vitu, 1991a -Experiment 3)
7,8

7,2 A s

6,6

6,0 /
5,4 Q 0

4,8

4,2

1

3,5 ,«"-';' _"-T"E o

MEAN LANDING POSITION (DEG)

3,[} oL
o

2,4
1 2 3 4 ccC

POSITION OF DISTRACTOR STIMULI
(P)

Figure 6. Re-plotted from Vitu's (1991) Experim8nObserved and predicted mean initial landing poss in the first word (in
degrees) as a function of the position of the digtr pattern (1-4) and in the control condition (Ci6) 5- and 9-letter words (a-b
respectively). Predictions were derived from alt¢iveaversions of the centre-of-gravity assumptibie: geometrical and the
cortically-weighted centre of gravity of the fullrduration (including all stimuli to the right dhe fixation point; GC-all and WC-
all respectively), and the cortically-weighted cendf gravity of a 7-letter (or 4.2°) peripheral wimal from the beginning of the first
word (or 1.2° from the fixation point; WC-win respgeety). The angular position of the cortically-weigt centre of gravity (CW)
was calculated using the following formul,@i / (1 + 1.7®i)] =n* CW /(1 + 1.7 * CW), whereDi is the eccentricity of each
visual element (letter or random dot pattern) ie ttonfiguration, and n the total number of eleméntbe configuration.
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Vitu et al.’s (2006) recent findings further supipthre
hypothesis that the global effect operates withiimited
peripheral window. Recall that in the experimemar-
ticipants were simultaneously presented with fatter
strings in the right hemifield: a distractor strinfy vari-
able length whose first letter was centred on tiigal
fixation point, two target-letter strings of sanengths
(e.g. xxxkxxx’), and an additional 9-letter stringhe
initial target letter (the centre of the initialrgat string)

was presented at variable eccentricities, from Bltdet-

ters (or 1.55 to 3.41 degrees), which progressishifted

the whole configuration (except the distractornggyifur-

ther towards the periphery. In Figure 7, we reiphbthe
mean landing position error of the initial saccatethe

1-letter distractor condition of Vitu et al.’s Exjpaent 1

as a function of target eccentricity, and contiddtee

obtained curve with the predictions made by altevea
versions of the centre-of-gravity hypothesis.

Vitu et al. (2006) -Experiment 1

5let/1.6°

— 3,5

O
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D 0~ WC-All
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9let/2.8° 11let/3.4°

TARGET ECCENTRICITY (LETTERS/DEG)

Figure 7. The observed and predicted mean landosition error of the initial saccade as a functiohthe eccentricity of the target
letter (5-11 letters or 1.6-3.4°) in Vitu et al(8006) Experiment 1; the target letter was embedded7-letter string presented
simultaneously with a single distractor letter adafion, and two peripheral letter strings (of 7 adidetters respectively) to its right.
Predictions were derived from alternative versiohthe centre-of-gravity assumption: the geometrarad the cortically-weighted
centre of gravity of the full configuration (inclind all stimuli to the right of the fixation poin&C-all and WC-all respectively), and
the geometrical and the cortically-weighted centirgravity of a peripheral window of 2.4° from the esfdhe foveal dead zone (or
1.1° from the fixation point; GC-win and WC-win resipeely). The angular position of the cortically-whted centre of gravity

(CW) was calculated using the same formula as inrfeigu
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Both the geometrical and the weighted centre of-gra Alternatively, as we recently proposed, the nullref

ity of the global configuration formed by all leftteto the
right of fixation largely overestimated the meaiitiah
landing position, and both failed to reproduce éffilect
of target eccentricity or the fact that targetdett were
more largely undershot as their eccentricity insesh
note that the weighted centre of gravity of thefiguma-
tion formed by a constant number of letters from bte-
ginning of the first target letter string (not showere)
also failed to reproduce the effect of target etaty.
However, when the centre of gravity was computeer ov
the subset of letters contained in a peripheratioin of
2.4° from the end of the estimated foveal dead Zose
1.1° to the right of fixation), the fit was greatmproved,
being only slightly better for the weighted comphte
the geometrical centre of gravity. In addition,edfect of
target eccentricity in the same direction as thseoked
effect was this time predicted, thus confirmingtthaly a
subset of the letters in the periphery contributedom-
putation of saccade amplitude.

Still, the slope of the estimated curve was slightl
greater than the slope of the observed curve, badit
was particularly poor for the 5-letter eccentricityndi-
tion. As we noted above, the exact size of thedbdead
zone remains undetermined, and it may well be timat
zone is not sharp-edged, but defined by a gradigris
may be one of the reasons why the fit was rather po
the 5-letter eccentricity condition. Since thetfietters of
the initial letter string fall into the 1.1° fovedead zone,
the centre of gravity was computed over the remgini
set of letters in the string. Thus, overestimatainthe
eyes’ landing position could be due to a too largmber
of letters being filtered out in this condition. &adition,
as further detailed below, the size of the periphain-
dow is probably not fixed; it varies over time aas a
function of the eccentricity of the stimulus pattef his
may also explain why our predictions did not peifefit
the observed data.

We initially interpreted the critical peripheral mdow
in terms of selective attentional processes, tlsssi@aing
that the eyes first move towards the weighted eeafr
gravity of a subset of selected peripheral stinfuitu,
1991a; see also Coéffé & O'Regan, 1987; Findlaya& K
poula, 1992; Findlay & Walker, 1999). Such attemdib
processes may serve to avoid the influence of istamt
elements while taking the eyes closer to the sactad
get location (Findlay & Kapoula, 1992; Vitu, 1991a)
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duced contribution of stimuli outside of a critiqgariph-
eral window may simply arise from the patterns cfa

ity in the saliency map that result from multipteamaila-
tions (Vitu et al., 2006). Elements that are tocestric
would not be integrated simply because they geeerat
activity patterns that are too weak relative to thain
peak of activity. Since elements that are closer to the
fovea presumably produce stronger signals (i.ecthg-

cal magnification factor), they probably form asfimain
peak of activity, which naturally filters out elents that
are too distant and that produce comparatively much
weaker signals. As the first main peak of acti\ity the
stimulus configuration) shifts further towards theriph-
ery, it becomes weaker, which may in turn incretse
contribution of more distant elements. Note howehet

in the end, the eyes more greatly undershoot tbeasa
target location as the eccentricity of the stimybastern
increases (see Figure 7) because elements thahae
eccentric than the saccade target are less antikielysto

be integrated to the main peak of activity; evethd an-
gular extent of the window from the end of the falve
dead zone slightly increases with eccentricity,rthenber

of visual stimuli contained in the window decreases

The size of the critical peripheral window may also
vary over time. The saliency landscape greatly ghan
with saccade latency, and as time goes by atteaitgat
lection processes are more likely to intervene;s¢he
strongly reduce the extent of the critical perigthevin-
dow, and hence the deviating power of distracter el
ments. As we previously noted, the time courseetdcs
tive processes varies with the eccentricity of $hecade
target, being faster for closest and hence mosbleis
targets (Vitu et al., 2006). This suggests thaetielated
changes in the patterns of activity may also cbutd to
the effect of the eccentricity of the stimulus patt on
initial saccades’ landing positions.

The model proposed above is obviously too simplisti
and unable to account for our complete set of figdj
and further developments will be necessary. Howeitver
seems reasonable to conclude at this stage thgiutam
tion of saccade amplitude in response to multiptaida-

2 The fact that the estimated size of the perigheirsdow in
Vitu's (1991) study was about twice as large asahe esti-
mated based on Vitu et al.’s (2006) findings,4.2° vs. 2.4°, is
actually consistent with this assumption since chtas were
about twice as large in the former case.
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tion results from the interplay of several paramsia-
cluding the spatial arrangement of the stimuli,inadt
eccentricity and saccade latency. These paramafiect
the size of the critical peripheral window over etivis-
ual integration processes operate; they also atfec
certain extent the respective contributions of isual
elements within the critical region.

Accounting for eye movements in reading

Reading is a particular and complex perceptual tiask
involves a large range of processes such as feextnac-
tion, letter identification, lexical access and Heglevel
syntactic and semantic integration processes. Hexyev
from an oculomotor point of view, this may be cahsi
ered as a simple task which basically consists aking
series of horizontal saccades in response to nailfp
veal and peripheral stimulations, and in that sénseay
be the ideal situation for the global effect to g3 it-

Vitu, F. (2008)
About the global effect and the critical role ofinal eccentricity.

2003; Vitu et al., 2006). The words and letters tham-
pose a line of text generate activity patterns it vi-
sually-defined saliency map; these form the bawmigié-
termining saccade amplitude. Each time the eyesemov
they move towards the point of maximum visual sedje
at the time the saccade starts being computedalsee
Findlay & Walker, 1999). As we have seen abovejalis
saliency is not only determined by the visual prépe of
the stimuli, but it depends also strongly on glotialal
integration processes, suggesting therefore tratettes
are sent towards the weighted centre of gravitythef
configuration formed by the words to the right ofaf
tion. Thus, what mainly matters is not the mearufthe
words or their lexical properties, but rather therds’
spatial arrangements and their lengths, which vedraiid
letters fall within critical regions such as thevdéal dead
zone and the critical peripheral window, and tinee r
quired for the saccade to be computed. The lattdable
is quite critical since the saliency map shows dyical
changes over time and since fixation durationsading

self. The observation we made several years ago, alhow great variability

which has been replicated since then, that eye ments
in ‘z-reading’ or during the scanning of meaningles
letter strings closely resemble the eye movemetiempa
that is typical of normal reading corroborates thisw
(Nuthmann, Engbert, & Kliegl, 2007; Rayner & Fische
1996; Vitu, O'Regan, Inhoff, & Topolski, 1995; sakso

According to our view, visual selection processes a
the exception and not the rule; since they takes ttm
emerge, they can only intervene occasionally terdet
mine saccade amplitude. Thus, rather than beingtsen
specific target location in the periphery, the eges sim-

Nazir, 19913. Indeed, this suggests that eye movementgly sent forward towards the point of maximum sadie

in reading are mainly determined by low-level visuo
motor processes; ongoing word identification preess
would only intervene occasionally to modulate the d
fault eye movement pattern (see Vitu, 2003). Tlus,
gether with the fact, as we have seen above, thhthel
effect was found with reading like material andlased
words suggests that global visual integration psses
may greatly contribute to eye guidance in reading.

This point is probably what makes our theory séedént
from other proposals. Indeed, in most theories rmod-

els of eye-movement control in reading, it is dleesby
assumed that the eyes aim for the centre of peaiihe
selected target words, with words being selectedgtmo
often based on ongoing processes (Engbert, Nuthmann
Richter, & Kliegl, 2005; Just & Carpenter, 1980;
McDonald, Carpenter, & Shillcock, 2005; O'Regan,
1990, 1992; O'Regan & Lévy-Schoen, 1987; Reichle,

Our assumption is that the eyes move forward alonﬁeayner & Pollatsek, 2003; Reilly & Radach, 20080&:

the lines of text in a rather unintelligent manrar jf they
were pulled by the visual material ahead of fixat{witu,

3 Note that Rayner and Fischer (1996) mainly disedsbe
dissimilarities between text reading and z-readengd on that
basis, concluded that cognitive processes are thie gdetermi-
nant of eye behaviour. However, their data were ganjlar to
ours since they replicated very robust phenomenia avietter
string materials such as the relationship betweendvakipping
and word length (i.e. the fact that words becomeliksly/ to be
skipped as their length increases) and the PreteXiewing
Position effect (i.e. the general tendency to éxae centre of
words or slightly left of it).
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Reilly & O'Regan, 1998; but see Yang, 2006; Yang &
McConkie, 2001, 2004). As we noted in several navie
papers, the likelihood of skipping a word is mairay
function of the length of the word and the sacdadach
distance with respect to the beginning of the wseke
below), and it is very rarely and only slightly edted by

4 The processes determining fixation durationsimding are
not described in the present paper, but were digzlissa re-
cently published paper (Vitu, Lancelin & Marrierldhienville,
2007).
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linguistic variables (Brysbaert, Drieghe, & Vitup@5;
Brysbaert & Vitu, 1998). This confirms a minor radé
language processes and suggests that selectivguale
ance based on parafoveal word identification preegs
can intervene only occasionallyFurthermore, two main
arguments can be raised against the classical asisimm
that the eyes aim for the centre of peripherallected
target words. The first argument relates to saceade-

Vitu, F. (2008)
About the global effect and the critical role ofinal eccentricity.

ual integration processes were not the main drifange;
they were only responsible for oculomotor aimingpes
that prevented the eyes attaining the aimed-foation
(i.e. the centre of words). In all current modefsege-
movement control in reading, global visual integmat
processes are completely absent; the basic asamipti
that the eyes aim for the centre of words, and that
variability of initial landing sites results fronystematic

racy with complex stimulus patterns. As we havenseeoculomotor range error (Engbert et al., 2005; Mc&ldn
above, the accuracy of saccadic eye movementseto tlet al., 2005; Reichle et al., 2003). Actually, thi®posal

central target letter of a peripheral letter strisgvery
poor, and it is only when saccade latency is inditder

was initially made by McConkie et al. (1988) who
showed that the distribution of initial landing estin

of 300-600ms, that the eyes accurately land onetargwords, a Gaussian centred on the word’'s centre or

(Vitu et al., 2006; see also Coéffé & O'Regan, 19B¥
cobs, 1987). Since fixation durations in reading, am
average, about 225ms, it seems quite unlikely that
function of saccades is to send the eyes to afspka-
tion in a peripherally defined target word. If iere so,
this would mean that the eyes consistently attexmputo
something that they frequently fail to achieve! Tdez-

slightly left of it (i.e. the Preferred Viewing Htien ef-
fect; Rayner, 1979), is the sum of individual Gaass
distributions associated with different saccadendéu
sites. The launch site is the distance of the dgethe
beginning of a word before the saccade is execUied.
affects the eyes’ landing position in words in &etypi-
cal manner: the eyes overshoot the centre of a wheh

ond argument was given earlier in the manuscripe Wthey are launched from close to the beginning @&f th
showed, based on two data sets collected resplctiveword, while they undershoot the centre of words mhe

during the reading of isolated words and in sactadget
tasks involving reading-like material, that the méaitial
landing position in the configuration could be poted
by simply computing a weighted centre of gravitytioé
stimuli displayed in a critical peripheral windowhe
contribution of each element in the window was \ligsg
by its eccentricity, but no particular weight wasibuted
to a given word/string or to the central letter tbe
words/strings or any other assumed target locafidis
suggests that the notion of saccade target isew#ssary
to account for initial landing sites in words. Inn@ore

general manner, there may be no need to considet wo

skip cases as specific instances that result frelecgon-
type processes. Indeed, centre-of-gravity type geees
can lead the eyes to skip words, particularly shorids.

Another critical difference of our theory with pieus
views relates to the major role given to globalisinte-
gration processes. These have been rarely condidere
being part of the visuo-motor processes underlygg

they are launched from further away. The similaofy
this phenomenon with the range effect, or the teagiéo
send the eyes towards the centre of the rangergétta
eccentricities in a block of trials (Kapoula, 198&)l the
authors to propose that the eyes are sent towlaedsen-
tre of words (or their corresponding visual blobahd
that the variability of landing sites around thigferred
location results from a bias towards executing ades of
a constant length (i.e. the average saccade leéndthe
task).

We previously challenged the systematic range error
assumption; in one of our early experiments, weipian
lated the eccentricity of pairs of isolated wordihim
blocks of trials, and we failed to find significasttifts of
the distributions of initial landing sites in words a
function of the eccentricity of the words (Vitu, 9%b).
More recently, we reported that the eccentricityavfet-
letter strings influences the distribution of ialtlanding
sites, but our pattern of findings did not resenilange

guidance in reading. One of the only exceptions wasffect; far targets were undershot, but close targere

O’Regan and Lévy-Schoen’s (1987) strategy-tacties t
ory (see also O'Regan, 1990, 1992), and here, Iglidsa

5 This may only apply to progressive saccades butayres-
sions, although the determinants of regressiveades will not
be discussed in the present paper (for a review#ee 2005).
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not systematically overshot (Vitu et al., 2006; sd&0
Coéffé & O'Regan, 1987). Furthermore, the eccatyric
effect could be reproduced by computing the weihte
centre of gravity of the set of letters containadailim-
ited peripheral window (see Figure 7). Even thotiuh
predictions of our model did not perfectly fit thbserved
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