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The control of saccade trajectories: Direction of
curvature depends on prior knowledge
of target location and saccade latency
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Recent reports have shown that saccades can deviate either toward or away from distractors. How-
ever, the specific conditions responsible for the change in initial saccade direction are not known. One
possibility, examined here, is that the direction of curvature (toward or away from distractors) reflects
preparatory tuning of the oculomotor system when the location of the target and distractor are known
in advance. This was investigated by examining saccade trajectories under predictable and unpre-
dictable target conditions. In Experiment 1, the targets and the distractors appeared unpredictably,
whereas in Experiment 2 an arrow cue presented at fixation indicated the location of the forthcoming
target prior to stimulus onset. Saccades were made to targets on the horizontal, vertical, and principal
oblique axis, and distractors appeared simultaneously at an adjacent location (a separation of =45° of
visual angle). On average, saccade trajectories curved toward distractors when target locations were
unpredictable and curved away from distractors when target locations were known in advance. There
was no overall difference in mean saccade latencies between the two experiments. The magnitude of
the distractor modulation of saccade trajectory (either toward or away from) was comparable across
the different saccade directions (horizontal, vertical, and oblique). These results are interpreted in
terms of the time course of competitive interactions operating in the neural structures involved in
the suppression of distractors and the selection of a saccade target. A relatively slow mechanism that
inhibits movements to distractors produces curvature away from the distractor. This mechanism has
more time to operate when target location is predictable, increasing the likelihood that the saccade

trajectory will deviate away from the distractor.

The paths of saccadic eye movements are often found to
be curved (Dodge, 1917; Helmholtz, 1962; Yarbus, 1967).
This natural tendency for curved trajectories is greater for
oblique than for horizontal or vertical saccades (Viviani &
Swensson, 1982). Furthermore, the direction and magni-
tude of saccade curvature can be modulated by a range of
different factors. For example, in the so-called double-step
task, saccades are directed initially toward the first target
step but, on occasions, show strong curvature toward the
second target (Findlay & Harris, 1984; Van Gisbergen, Van
Opstal, & Roebroek, 1987). Saccades in visual search tasks
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have been shown to deviate toward the location of com-
peting distractors (McPeek, Han, & Keller, 2003; McPeek
& Keller, 2001), and after an erroneous saccade has been
made toward a distractor, a subsequent secondary correc-
tive saccade may be made that deviates back toward the
target (McPeek & Keller, 2001). By contrast, in other situa-
tions, saccade trajectories have been shown to deviate away
from attended distractor locations. Sheliga and colleagues
(Sheliga, Craighero, Riggio, & Rizzolatti, 1997; Sheliga,
Riggio, Craighero, & Rizzolatti, 1995; Sheliga, Riggio, &
Rizzolatti, 1995) showed that saccades deviated away from
a previously attended location and that the magnitude of
curvature was greatest when the saccade target was in the
attended hemifield. This finding was attributed to a specific
process of inhibition operating within spatial attention.
However, Doyle and Walker (2001) showed that prior at-
tentional orienting is not necessary for the effect; saccades
also deviated away from the location of a task-irrelevant
distractor onset presented simultaneously with the saccade
target (see also Tipper, Howard, & Paul, 2001).
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The distractor modulation of saccadic, and manual-
reach, trajectories (Sheliga et al., 1997; Tipper et al.,
2001) has been interpreted in terms of competitive pro-
cesses operating within neural structures involved in the
encoding of potential targets (Doyle & Walker, 2001,
2002; McPeek & Keller, 2001; McSorley, Haggard, &
Walker, 2004; Sheliga, Riggio, & Rizzolatti, 1995; Tipper
et al., 2001). The superior colliculus (SC) is an important
neural structure involved in the control of eye movements
(Sparks & Hartwich-Young, 1989; Wurtz, 2000), and the
activity of populations of neurons in its intermediate lay-
ers is thought to operate as a two-dimensional motor map
encoding the metrics of potential saccade goals (Sparks &
Hartwich-Young, 1989; Wurtz, Basso, Paré, & Sommer,
2000). Since the visual array is typically cluttered, there
are, typically, multiple peaks of neural activity forming a
salience map encoding potential saccade targets (Findlay
& Walker, 1999; Mcllwain, 1986). Competitive interac-
tions have been shown to operate between separate popu-
lations of neurons to resolve the conflict of competing
target locations, thus enabling the selection of a unique
saccade target (Munoz & Istvan, 1998). This kind of com-
petitive process is often invoked to explain saccade devia-
tion (Doyle & Walker, 2001, 2002; McPeek et al., 2003;
McPeek & Keller, 2001; McSorley et al., 2004; Sheliga
et al., 1997; Sheliga, Riggio, et al., 1995; Sheliga, Riggio,
& Rizzolatti, 1994, 1995).

Curvature Toward Distractors

The deviation of a saccade toward a distractor (or a sub-
sequent saccade goal) has been attributed to distractor-
related activity’s being above a threshold level at the time
a saccade is initiated (McPeek et al., 2003; McPeek &
Keller, 2001). In this case, the distractor-related activity
is assumed to merge with the target-related activity, so the
saccade is directed toward a location represented by the
average of the activity in the two populations of neurons.
Neurophysiological support for this account has been pro-
vided by McPeek et al., who recorded single neuron re-
sponses in the SC and showed that curvature toward a dis-
tractor location was associated with the increased activity
of neurons encoding the distractor observed just prior to
saccade onset. The magnitude of curvature was correlated
with the level of distractor-related activity, with greater
curvature being associated with greater neural activity at
the distractor site (see also Port & Wurtz, 2003). In ad-
dition, subthreshold microstimulation of collicular sites,
prior to saccade onset, was found to produce curvature
toward the stimulated location. Thus, the level of neural
activity at a site representing a competing saccade target
can influence the balance of activity within the collicular
salience map, producing deviation toward the distractor
location.

Curvature Away From Distractors

The deviation of saccades away from a distractor (or
attended) location requires a different explanation. This
is because, on the classical salience map model, any neu-

ral activity associated with the distractor is averaged with
activity associated with the target. The distractor activity
can, therefore, attract the saccade trajectory but not repel
it. Instead, curvature away from distractors has been at-
tributed to a process that inhibits distractor-related activ-
ity below baseline level prior to saccade initiation (Doyle
& Walker, 2001, 2002; McSorley et al., 2004; Sheliga
et al., 1994; Sheliga, Riggio, & Rizzolatti, 1995; Tipper,
Howard, & Houghton, 2000; Tipper et al., 2001). In this
case, the activity in the overall population representing
the target and distractor produces a saccade vector that
deviates slightly away from the inhibited (distractor) loca-
tion. The link between inhibition and curvature away from
distractors is supported by reversible deactivation studies
in which a localized injection of a GABA agonist is placed
at a location in the collicular motor map. The result of this
localized increase in inhibition is the deviation of saccades
in the direction away from the location represented by the
injection site (Aizawa & Wurtz, 1998; Quaia, Aizawa,
Optican, & Wurtz, 1998). However, the exact source of
the inhibitory processes operating in the saccadic system,
for the suppression of distractor-related activity, is not yet
fully understood. Local competition within a neural repre-
sentation may inhibit distractor-evoked activity but should
not suppress it below the level that would be expected if no
distractor were present, as curvature away would require.
Instead, a different, nonlocal kind of inhibition is required,
based on a top-down projection from other structures. For
example, the frontal eye fields (FEFs) are known to exert
an inhibitory influence on the colliculus (Schlag-Rey,
Schlag, & Dassonville, 1992) and could further inhibit
distractor-related activity below baseline, resulting in the
deviation of saccades away from distractors.

Curvature Back to Targets

The mechanisms described above may explain the mod-
ulation of initial saccade direction observed when a dis-
tractor is present. However, an additional mechanism has
been invoked to explain how saccade direction is adjusted
during the saccade to produce a trajectory that curves back
toward the target. The intermediate layers of the SC are
thought to encode saccade endpoint (direction and ampli-
tude) by a center-of-activity mechanism (Sparks, 1986;
Sparks & Hartwich-Young, 1989) but are not thought to
be involved in the on-line control of saccade trajectory
(Quaia, Lefévre, & Optican, 1999; Soetedjo, Kaneko, &
Fuchs, 2002). These mechanisms could explain the ini-
tial deviation of saccade direction toward or away from
the distractor but not curvature back toward the saccade
target. Explanations of how saccades curve back toward
the target have been based on a separate extracollicular
feedback loop that controls saccade trajectory online, en-
abling small corrections to be made, so the saccade devi-
ates back toward the saccade goal (see McSorley et al.,
2004; Quaia et al., 1999). Quaia et al. (1999) outlined a
detailed model in which the feedback process is attributed
to the cerebellum, which is thought to receive a separate
(indirect) input from the frontal and supplementary eye



fields, which could provide a representation of the desired
saccade goal (see also McSorley et al., 2004). This pro-
vides a separate directional drive signal to the brainstem
saccade generator, enabling the on-line correction of a
saccade that deviates from the desired saccade target. The
processes involved in the control of trajectory have been
discussed elsewhere (McSorley et al., 2004; Quaia et al.,
1999) and are not further considered here. The focus of the
present study is the influence of distractors on the direc-
tion of initial saccade deviation and, more specifically, the
factors involved in producing deviation toward or away
from a competing distractor.

To summarize, it remains unclear what factors cause
saccades to deviate either toward or away from a compet-
ing distractor, despite apparently similar behavioral con-
ditions. There are a number of basic differences between
the behavioral paradigms used to study curvature toward
and curvature away and between the species tested (hu-
mans and monkeys). These make it difficult to see what
the crucial conditions are for the distractor modulation
of saccade trajectory. In general, studies reporting devia-
tion toward a distractor have used visual search tasks, with
multiple target locations, whereas deviation away from
distractors has typically been observed under conditions
in which target location is more predictable. The mode of
saccade generation could also be an important factor. The
majority of studies reporting deviation away from distrac-
tors in humans have examined the trajectories of so-called
voluntary saccades (Reingold & Stampe, 2002; Sheliga,
Brown, & Miles, 2002; Walker, Walker, Husain, & Ken-
nard, 2000), which require a higher level of endogenous
control for their generation. An exception is a study by
Doyle and Walker (2001), who observed trajectory devia-
tions away from distractors with voluntary (endogenous)
and reflexive (exogenous) saccades in humans. Saccade
latency also may be an underlying factor involved in
the distractor modulation of saccade curvature. Volun-
tary saccades, made on the basis of a symbolic cue (or
in visual search), have a longer latency than do reflexive
stimulus-elicited saccades (e.g., Walker et al., 2000). The
increase in latency for voluntary saccades increases the
likelihood that distractor-related activity will be inhibited
prior to saccade initiation, so voluntary saccades are more
likely to deviate away from the distractor. The importance
of saccade latency in the distractor modulation of trajec-
tory has been highlighted in a recent report that showed
short-latency saccades deviating toward distractors and
long-latency saccades deviating away from distractors
(Theeuwes & Godijn, 2004).

A further important factor, which forms the primary
focus of the present investigation, is the use of predictable
distractor and target locations in paradigms designed to
investigate saccade curvature. In situations in which sac-
cades deviate toward distractors, the distractors are pre-
sented at potential saccade target locations (McPeek et al.,
2003). By contrast, in situations in which saccades devi-
ate away from distractors, the distractors do not appear at
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potential saccade target locations, and target location is
highly predictable in advance of stimulus onset (Doyle &
Walker, 2001, 2002; McSorley et al., 2004; Sheliga et al.,
1997; Sheliga, Riggio, et al., 1995; Sheliga, Riggio, &
Rizzolatti, 1995). The difference in initial saccade direc-
tion (and curvature) may be related to the time course of
distractor-related inhibition. When distractors appear at
potential target locations, these locations cannot be in-
hibited prior to target onset. Conversely, when a distrac-
tor appears exclusively at nontarget locations, inhibition
can be applied to nontarget locations prior to target onset,
and activity at potential target locations may be enhanced.
The top-down inhibitory mechanism postulated above
can be applied in the predictable situation, but not in the
unpredictable situation. Since curvature away is taken as
the behavioral sign of this inhibition, saccades are more
likely to deviate foward a distractor when the target and
distractor locations are unpredictable. For example, in vi-
sual search paradigms (McPeek et al., 2003), inhibitory
processes cannot commence until after stimulus onset,
increasing the time required to suppress distractor-related
activity, with the consequence that saccades deviate fo-
ward distractors. By contrast, fixed, predictable target
locations (e.g., Doyle & Walker, 2001; Sheliga, Riggio,
& Rizzolatti, 1995) would allow inhibitory processes to
operate prior to stimulus onset. Saccades would then be
more likely to deviate away from distractors. The prior
inhibition of potential distractor locations and/or greater
activity at potential target locations can result in the more
intense competition between target- and distractor-related
activity. The consequence of this competition is that the
distractor-related activity may be inhibited below baseline
levels prior to saccade initiation (McPeek et al., 2003).
The present study was performed in order to compare
distractor modulation of saccade direction in human sub-
jects when target and distractor predictability was manipu-
lated by the presence or absence of a precue. We predicted
that the precue, indicating the location of the forthcom-
ing saccade target, should cause saccades to deviate away
from distractors. By contrast, when the location of a target
and a distractor is not known in advance, saccades will
deviate toward distractors. A secondary consideration was
the effect of saccade direction on curvature. The major-
ity of studies showing deviation away from distractors
have been restricted to saccades made to targets presented
on the vertical midline, except for Sheliga, Riggio, et al.
(1995; horizontal and vertical saccades) and Godijn and
Theeuwes (2002; two-dimensional search array). There
have been no direct comparisons of the amount of curva-
ture for saccades made in other directions under similar
conditions. This was examined, in the present study, by
comparing the amount of curvature for saccades made to
targets presented on the horizontal, vertical, and oblique
axis. In both cases, saccade targets were peripheral stimu-
lus onsets, and so the saccades were reflexive (or stimulus
elicited), as opposed to the endogenous voluntary saccades
made in the majority of studies of saccade curvature.
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METHOD

Apparatus and Materials

The presentation of stimuli and eye movement recording were
controlled by two computers connected via a local Ethernet link
in order to coordinate stimulus presentation and data collection.
Eye movements were recorded using a head-mounted video-based
eyetracker (EyeLink, Sensomotoric Instruments) with a sampling
frequency of 250 Hz. A complex diamond-shaped central fixation
stimulus, with sides of 1°, was used and ensured that the manipula-
tion of visual events at central fixation were comparable in both
experiments (see Figure 1). In Experiment 1, this took the form of
a diamond with a cross in the middle, whereas in Experiment 2, the
stimulus was a more complicated overlaid diamond and square with
intersecting lines (see detail in Figure 1). With the offset of two lines
from the fixation stimulus, an arrow cue was produced. The saccade
target took the form of a cross (x) that was 1° square, with each line
having a thickness of 6" of arc. The distractor was an unfilled circle
(o) with a diameter of 1° and a line thickness of 6" of arc. The stimuli
were presented on a 17-in. 60-Hz color monitor. A chinrest was used
to minimize head movements and to maintain the viewing distance
at 57 cm from the screen.

Subjects

Six subjects participated in both experiments: 5 of them female
and 1 male in Experiment 1 (18-32 years old) and 2 of them female
and 4 male in Experiment 2 (22-39 years old). All had normal or
corrected-to-normal vision.

Experiment 1

Design

The target appeared 10° from fixation in one of eight positions
circularly arranged to be equidistant at 45° apart. The stimuli were
positioned so that they lay on the cardinal (horizontal and vertical)
and main diagonal (oblique) axes. The distractors, when present,
appeared nonpredictably in one of the two flanking positions of the
target. Thus, there were 16 distractor conditions and 8 no-distractor
conditions. The distractors appeared simultaneously with the onset
of the saccade target. The subjects completed four blocks of 120
trials in both experiments, producing a total of 480 trials (20 trials
per condition) in each.

Procedure

Prior to each block of trials, a calibration of the subjects’ eye po-
sition relative to fixed points on the monitor was performed. The
calibration procedure required the subjects to saccade to nine points
in succession around the screen. In order to validate the eye positions
recorded, the subjects again made saccades to the same nine points
in succession. If landing position deviated by more than 0.5° the
procedure was repeated. Once the accuracy was within 0.5 a block
of trials was completed.

Each trial began with the appearance of the central fixation stimu-
lus, which was displayed initially for 300 msec, after which time
lines were removed from the fixation stimulus in such a way that
a nondirectional hourglass (Experiment 1) or an arrow precue (Ex-
periment 2) remained. This ensured that the manipulation of visual
events at central fixation (required for presentation of the arrow
precue) was similar in both experiments. This was important, since

Unpredictable targets
Frame
300 msec
&
Frame
800-1,300 msec
4,
X Frame
1,000 msec
o 4
Experiment 2
Predictable targets
Frame 1
300 msec
Frame 2

800-1,300 msec

Frame 3
1,000 msec

Figure 1. Example of stimulus display and time course of the trials in Experiments

1 and 2.



saccade latency is known to be modulated by the onset or offset of
a stimulus at central fixation (Ross & Ross, 1980; Saslow, 1967). A
delay of 800—-1,300 msec then occurred, followed by the simultane-
ous onset of the target or of the target and the distractor. The onset
of the target provided the subjects with the cue to move their eyes
to that target location. A delay of 1,000 msec then occurred, dur-
ing which time the subjects made a saccade. The display was then
blanked for an intertrial delay of 600 msec.

Data Analysis

EyeLink software identified saccade start and endpoints, using a
22°sec velocity and 8,000°/sec? acceleration criterion. The instan-
taneous velocity and acceleration were calculated and compared
across two samples (8 msec at a sample rate of 250 Hz), and if ei-
ther was above threshold, a saccade was detected. The endpoint of
the saccade was detected when the velocity or acceleration dropped
below threshold. Further analysis of saccade metrics and dynamics
was carried out using software developed in MATLAB (MathWorks,
Inc.).

Saccade amplitude, latency, and overall direction were derived
from the eye movement records for the first saccade in each record.
Amplitude was defined as the shortest distance between saccade
start and endpoints (in degrees of visual angle). Latency was de-
fined as the interval between the target onset and the saccade onset
(in milliseconds). Direction was defined as the angular deviation of
saccade direction taken from the initial fixation location to the final
endpoint in polar coordinates.

Saccades were excluded from further analysis if (1) latencies
were less than 100 msec or greater than 500 msec, (2) the direction
of the saccade was greater than 15° of visual angle on either side of
the target, (3) amplitudes were less than 5° or (4) blinks occurred
during the saccade.

Once saccades had been identified, the direction and magnitude
of curvature was computed by finding the area under the curve
formed by the sampled curved saccade trajectory, relative to the
direct distance between fixation and landing position (see Lud-
wig & Gilchrist, 2002, for a detailed description and comparison
of curvature measures). In particular, at sample point », the devia-
tion perpendicular to the direction of the saccade at n and n—1 was
averaged. This average was multiplied by the distance between n
and n—1 along the direct route of the saccade. In order to normal-
ize across the varying amplitude of saccades, the area measure was
divided by the amplitude of the saccade to obtain a ratio measure of
curvature per unit amplitude. Since saccade trajectories are never
completely straight, the area of curvature observed in no-distractor
(baseline) conditions was subtracted from that observed under dis-
tractor conditions (note that baseline curvature for each subject was
calculated and subtracted for each target direction separately). Thus,
the distractor modulation of trajectory reported here is in terms of
the difference in curvature relative to the baseline level of curvature
for saccades made to comparable target locations in no-distractor
conditions. Trajectories deviating toward the distractor have been
assigned positive curvature values, and those deviating away from
the distractor have been assigned negative curvature values.

RESULTS

Figure 2 shows mean saccade curvature for Experi-
ment 1 (no-cue unpredictable targets) and Experiment 2
(precue predictable targets), collapsed across target po-
sition and distractor locations. A mixed factor ANOVA
was performed to examine the effect of target position
(eight levels) and distractor location (two levels: counter-
clockwise and clockwise), with experiment as a between-
subjects factor (two levels). The ANOVA confirmed a sig-
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Figure 2. Mean saccade trajectory deviation for all target and
distractor positions under no-cue or precue conditions. Positive
values indicate curvature toward the distractor location, whereas
negative values indicate curvature away from the distractor loca-
tion. Error bars show 1 standard error of the mean.

nificant main effect of experiment [F(1,5) = 17.2,p <.01]
on saccade curvature but no effect of either target position
[F(7,35) = 1.2, p > .05] or distractor location [F(1,5) =
6.6, p > .05] and no interaction effects [F(7,35) < 1].
Thus, when target position was unpredictable (Experi-
ment 1), saccades deviated toward the distractor location,
and when the target was predictable (Experiment 2), sac-
cades deviated away from the distractor location. Table 1
shows mean saccade amplitude for the two experiments,
under distractor and no-distractor conditions. An ANOVA
confirmed that there was no difference in saccade ampli-
tude between experiments [F(1,10) < 1] or distractor con-
ditions [F(1,10) = 4.1, p > .05] and no interaction effects
[F(1,10) < 1]. It is important to note that since saccade
amplitude was comparable across conditions, the measure
of curvature used (area under curve normalized by ampli-
tude) cannot be influenced by the distractor modulation of
saccade amplitude.

The effects of saccade direction (horizontal, vertical,
and oblique) on curvature were also examined. Figures 3A
and 3B show mean curvature grouped by horizontal, verti-
cal, and oblique target locations (curvature has been col-
lapsed across the two horizontal, two vertical, and four
oblique target locations). Figure 3A shows mean curva-
ture observed in the baseline condition, when no distractor
was present. Here, the ordinate shows saccade curvature
clockwise and counterclockwise of the straight trajectory.
Although vertical saccades appear more curved than hori-
zontal or oblique saccades, separate one-way ANOVAs
(three levels of direction) showed no significant effect
of target direction on curvature for either Experiment 1

Table 1
Mean Saccade Amplitude (in Degrees, With Standard
Deviations) in the Distractor and No-Distractor Conditions
in Experiments 1 and 2

No Distractor Distractor
Condition M SD M SD
Experiment 1, no cue 9.9° 0.8° 9.5° 0.7°
Experiment 2, precue 9.8° 0.9° 9.4° 0.4°
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Figure 3. Mean trajectory deviation made under unpredictable (gray) or
predictable (black) target conditions grouped by saccade direction: whether the
saccade was made to a target shown on one of the main diagonals (obliques) or
one of the cardinal axes (vertical or horizontal). The upper plot (A) shows cur-
vature in the baseline no-distractor condition. Positive values on the ordinate
show curvature clockwise of the straight target-directed trajectory, and negative
values show curvature counterclockwise of this straight trajectory. The lower
plot (B) shows the modulation of curvature when a distractor was presented.
Positive values on the ordinate show curvature toward the distractor location,
and negative values show curvature away from the distractor location.

[F(2,10) < 1] or Experiment 2 [F(2,10) = 1.4; both ps >
.05]. Figure 3B shows the change in curvature when a dis-
tractor was present. The ordinate shows curvature toward
(+ve) and away from (—ve) the distractor for each sac-
cade direction. Oblique saccades show larger trajectory
modulations in both experiments; however, separate one-
way ANOVAs for each experiment showed this trend to
be nonsignificant [Experiment 1, F(2,10) = 2.1; Experi-
ment 2, F(2,10) = 2.7; both ps > .05].

Saccade latency has been shown to be an important fac-
tor in the distractor modulation of trajectory. Although the
direction of curvature (toward or away from) was different
in the two experiments, mean saccade latencies were al-
most equivalent (Experiment 1, 216 msec; Experiment 2,

215 msec). Mean saccade latency was increased, however,
by the presence of a distractor in both experiments (Experi-
ment 1, no distractor = 209 msec, distractor = 223 msec;
Experiment 2, no distractor = 211 msec, distractor =
220 msec). This small remote distractor latency increase
(of some 9-14 msec) was found to be significant in both
cases [Experiment 1, #(5) = 3.1, p < .05; Experiment 2,
t(5) = 2.8, p < .05]. Separate ANOVAs were performed
to examine the influence of saccade direction (three lev-
els: horizontal, vertical, and oblique) on latency (Experi-
ment 1, horizontal = 209 msec, vertical = 211 msec,
oblique = 208 msec; Experiment 2, horizontal =
202 msec, vertical = 210 msec, oblique = 216 msec).
Saccade direction had no significant effect on latency in



the no-distractor conditions for either experiment [Experi-
ment 1, F(2,10) < 1; Experiment 2, F(2,10) = 1.6, p >
.05]. An effect of saccade direction was revealed for latency
in the distractor conditions (Experiment 1, horizontal =
218 msec, vertical = 223 msec, oblique = 225 msec; Ex-
periment 2, horizontal = 212 msec, vertical = 217 msec,
oblique = 226 msec), but this was found to be significant
only in Experiment 2 [Experiment 1, F(2,10) = 1.1, p >
.05; Experiment 2, F(2,10) = 7, p < .05].

The relationship between saccade latency and curvature
was further examined in terms of latency distributions (see
Figure 4). Figure 4 shows saccade curvature as a function
of latency. The latency distributions for each subject have
been grouped into bins of 20% (quintiled) and then av-
eraged across subjects. Thus, moving from left to right,
the figure shows the curvature for the quickest 20% of
saccades to that for the slowest 20% of saccades. The or-
dinate shows mean curvature toward (positive values) and
away from (negative values) the distractor location. Error
bars are repeated measures 95% confidence intervals. An
ANOVA was performed on saccade curvature, with la-
tency as a within-subjects factor (five levels: quintiles)
and experiment as a between-subjects factor. Significant
main effects of latency [F(4,40) = 5.1, p < .05] and ex-
periment [F(1,10) = 16.1, p < .01] were found, and there
was no interaction effect [F(4,40) = 1.2, p > .05]. With
unpredictable targets, saccades curved toward distractor
locations when latency was short and became less curved
as latency increased, with curvature away from distractors
being observed for the slowest 20% of saccades. With pre-
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dictable targets, saccades deviated away from the distrac-
tor across all latency intervals.

DISCUSSION

The present study was performed to examine the direc-
tion of saccade trajectory deviation observed when a com-
peting distractor was presented along with the saccade
target. It was predicted that saccade trajectories would de-
viate toward distractors with unpredictable targets (where
distractors appear at potential target locations) and away
from distractors when target location was known in ad-
vance. The distractor modulation of saccade trajectory was
examined under unpredictable (no-cue) and predictable
(precue) target conditions. In both cases, distractors ap-
peared at the location adjacent to the target on the majority
of trials, and the amount of curvature was compared with
that observed under no-distractor (baseline) conditions.
On average, saccade trajectories curved toward distractors
with unpredictable targets and curved away from distrac-
tors when target location was known in advance. There
was no overall difference in mean latency between the two
experimental conditions, although there was a trend for
curvature away from distractors to be associated with a
longer latency (Theeuwes & Godijn, 2004). Finally, there
was no difference in the overall pattern of results for the
different saccade directions, although curvature under dis-
tractor conditions was greater for oblique saccades. Our
study has shown that human subjects show deviation to-
ward distractors under unpredictable target conditions and

—&— Unpredictable
—=&— Predictable
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125 150 175

200

225 250 275 300

Latency (msec)

Figure 4. Saccade curvature plotted as a function of quintiled saccade la-
tency. The curvature elicited from the quickest 20% of saccades to the slowest
20% of saccades is shown progressively from left to right. The abscissa shows
latency in milliseconds, and the ordinate shows curvature in terms of deviation
toward (positive values) or away from (negative values) the distractor. Saccade
curvature when target location was unpredictable is shown in gray, and that
found when target location was predictable is shown in black. Error bars are re-
peated measures 95% confidence intervals, which allow for comparison within

each distribution.
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away from distractors with predictable target locations,
across all target directions. Differences in the direction of
saccade deviation (toward or away from distractors) does
not, therefore, depend on species (humans/monkeys), the
mode of saccade generation (voluntary/reflexive), or sac-
cade direction. These findings will be discussed in terms
of competitive interactions operating within the saccadic
system for the selection of a saccade goal.

Models of saccade curvature have been based on the
idea of competitive interactions operating in a salience
map encoding potential saccade targets (Godijn & Theeu-
wes, 2002; McPeek et al., 2003; McPeek & Keller, 2001;
McSorley et al., 2004; Tipper et al., 2000). The intermedi-
ate layers of the SC are thought to form such a salience
map, with populations of neurons with large and broadly
overlapping receptive fields forming a topographic repre-
sentation of saccade direction (Mcllwain, 1991). A sac-
cade is directed to the location represented by the area of
maximum activity within this map (see Findlay & Walker,
1999). When separate populations of neurons associated
with a target and a distractor are active, the overall activity
profile can result in a saccade’s being directed to an aver-
age of the two locations, as in the global effect (Findlay,
1982). Similar explanations have been advanced to ex-
plain the curvature toward a distractor location observed
with visual search (McPeek et al., 2003), although one im-
portant difference here is that the target and the distractor
are not located on the same axis and it is the initial saccade
direction that is modulated by the competition between
the target and the distractor. When distractor-related ac-
tivity remains above surrounding baseline activity when
a saccade is initiated, there is a small shift in the activity
of the overall population of neurons associated with the
distractor, and the saccade will deviate toward the distrac-
tor location. By contrast, if the distractor-related activity
is inhibited and is below baseline level prior to saccade
initiation, there is a small shift in the overall activity pro-
file away from the distractor location, producing a devia-
tion of initial saccade direction away from the distractor
(Aizawa & Wurtz, 1998; McPeek et al., 2003). In both
cases, curvature back toward the saccade target may be
attributed to a separate process involved in directing the
eye back toward the target in midflight with a separate rep-
resentation of the desired saccade goal (McSorley et al.,
2004; Quaia et al., 1999).

We propose that the level of activity at potential dis-
tractor sites varies between predictable and unpredictable
target conditions. The relationship observed between sac-
cade latency and direction of curvature (cf. Theeuwes &
Godijn, 2004) is consistent with this interpretation and
with explanations that emphasize the time course of in-
hibitory processes involved in saccade target selection
(Godijn & Theeuwes, 2004; Theeuwes & Godijn, 2004).
When the target location is known in advance (precued
condition), inhibitory processes may be applied prior to
stimulus onset: Activity at the target location is height-
ened, and that at potential distractor locations is reduced.
In particular, the activity at potential distractor locations

may be below baseline in the predictable target condition,
due to broad inhibition for nontarget locations prior to the
onset of the saccade goal. Activity at saccade target loca-
tions may be enhanced, by presumed top-down processes,
when target location is predictable. We have previously
shown that the distractor-related inhibition has very coarse
spatial tuning and is relatively insensitive to the spatial
separation between target and distractor (McSorley et al.,
2004). Such broad, inhibitory processes can be applied
prior to distractor onset under conditions in which target
location is known in advance. The FEFs provide a plau-
sible substrate for activation of the desired target location
and spatially broad inhibition of nontarget locations. The
FEFs send projections to the intermediate layers of the SC
that activate neurons encoding the desired saccade vec-
tors while inhibiting activity of neurons at other locations
(Schlag-Rey et al., 1992). In addition, complex lateral
interactions are known to exist in the SC, with separate
populations exciting one another when close and inhibit-
ing each other when remote (Munoz & Istvan, 1998). We
propose that the local interactions within the SC sum addi-
tively with the top-down modulation. The timing is offset,
however, since the top-down component has a head start
in the predictable target condition only. The saccade devi-
ates away from distractors, under predictable target con-
ditions, because the top-down inhibitory processes may
allow distractor locations to be inhibited prior to stimulus
onset. The consequence is that the intensity of the compe-
tition between target and distractor is greater when target
location is predictable and, so, distractor-related activity
is more likely to be suppressed below baseline prior to
saccade initiation. Prior to target and distractor onset, in-
hibition is assumed to be applied equally to all potential
distractor sites. Once the distractor location is made ap-
parent (following stimulus onset), inhibition can then be
lifted from other potential distractor locations and applied
more firmly to the distractor itself. The result is an overall
shift in the neural activity of the population of neurons
away from the distractor location and deviation of initial
saccade direction away from that location.

Under unpredictable target conditions, the same com-
petitive processes operate, but the target and the distrac-
tor cannot be discriminated in advance of stimulus onset,
and so this preparatory inhibition cannot occur. In this
situation, the inhibitory processes take longer to suppress
distractor-related activity below the surrounding baseline
activity. As a result, the difference between the activity
at the distractor location (presumably quite high due to
transient onset) and that at other, surrounding nontarget
locations will remain high for a longer period of time than
under predictable target conditions. Thus, there is a greater
likelihood of saccades deviating toward the distractor lo-
cation when target location is unpredictable.

A broadly similar model has recently been advanced by
Godijn and Theeuwes (2004; Theeuwes & Godijn, 2004),
who examined the relationship between saccade curvature
and inhibition of return (IOR). IOR refers to the delay
observed when a saccade is made to a peripheral location,



where attention was directed covertly (Posner, 1980), be-
fore being disengaged (see Klein, 2000). The time course
of IOR is relatively slow and depends critically on covert
attention’s having visited a location before moving on.
It is thought to serve as a device that facilitates optimal
visual search behavior. Godijn and Theeuwes (2004) pro-
vide evidence against IOR’s being the factor involved in
producing trajectory deviation by demonstrating a dis-
sociation in the time course of task-irrelevant distractors
for IOR and saccade curvature. Trajectory deviations oc-
curred at short delays, and IOR at long delays. Thus, IOR
and the prior orienting of covert attention to a location are
not thought to underlie saccade curvature. They propose
a model similar to ours to account for saccade curvature,
with inhibition that is applied to distractor locations in a
saccade map producing a deviation away from a distractor.
IOR is attributed to inhibition in a separate, but strongly
related, system termed the preoculomotor attention map
that provides input to the saccade map, where the final
stages of oculomotor planning take place.

A related issue is the involvement of exogenous (reflex-
ive) and endogenous (voluntary) covert attention (Miiller
& Rabbitt, 1989) in producing distractor-related curved
saccade trajectories. In Experiment 1 of the present study,
distractors and targets were peripheral onsets, and it might
be argued that they summoned attention exogenously,
whereas in Experiment 2, the use of the arrow precue may
have enabled an endogenous shift of attention to the tar-
get location prior to target onset. It might, therefore, be
suggested that the exogenous orienting of attention is in-
volved in producing curvature toward distractors, whereas
endogenous orienting of attention may be required to pro-
duce curvature away from distractors. There are a number
of reasons why a degree of caution is required with such
attentional interpretations of saccade curvature. First, in
both experiments here, the target was a peripheral stimu-
lus onset that appeared simultaneously with the distrac-
tor, both of which would be expected to exogenously cap-
ture attention, and in both situations the saccades can be
regarded as being stimulus elicited. Second, Doyle and
Walker (2001) showed that both stimulus-elicited (reflex-
ive) and arrow-cued (voluntary) saccades curved away
from task-irrelevant distractors. In both cases, distractors
appeared simultaneously with the onset of the peripheral
saccade target (reflexive saccades) or the central arrow
cue (voluntary saccades). Endogenous attention could not,
therefore, be oriented to the target location in advance of
stimulus onset, but saccades were found to deviate away
from distractor locations. Although it is possible that en-
dogenous attention was oriented to the target location in
our Experiment 2, this cannot be the sole factor involved
in producing curvature away from distractors (Doyle &
Walker, 2001). We have argued that saccades curved away
from distractors in Doyle and Walker’s (2001) study and
in our Experiment 2 because of the use of predictable tar-
get conditions. Prior knowledge of target location enables
preparatory inhibition to be applied to distractor locations,
which results in saccades’ deviating away from distractor
locations.
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A further issue to be considered is the relationship be-
tween distractor modulation of saccade landing position
(endpoint) and curvature. Intuitively, it might be expected
that if saccade amplitude is influenced by a distractor, this
could influence the measure of saccade curvature used. In
our studies of saccade curvature, we have endeavored to
reduce the effects of amplitude modulation in biasing the
measure of curvature (the area under the curve) by normal-
izing in terms of saccade amplitude and also by applying
an amplitude and direction exclusion criterion (Doyle &
Walker, 2001, 2002; McSorley et al., 2004). In the present
experiment, there was no difference in saccade amplitude
observed under distractor and no-distractor conditions.
Furthermore, McSorley et al. examined the relationship
between distractor-to-target spatial separation on saccade
landing position and curvature. It was found that there
was no relationship between saccade landing position and
curvature (see also Port & Wurtz, 2003). The indepen-
dence of landing position and trajectory supports the view
that separate processes are involved in selecting the goal
for the saccade and in determining the trajectory (Port &
Wartz, 2003; Quaia et al., 1999). The initial direction of a
saccade (either toward or away from a distractor) reflects
the combined activity of the target and distractor represen-
tations, and the curvature back toward the target involves
a separate feedback system that provides an on-line error
correction mechanism that may involve a separate input
from the FEFs or cerebellum to the brainstem saccade
generator (Port & Wurtz, 2003; Quaia et al., 1999).

One final observation from the present study concerns
the equivalence of mean saccade latency observed in the
two experiments reported here. Intuitively, cuing the tar-
get location might be expected to reduce saccade latency.
It is perhaps surprising that mean saccade latency was not
reduced in Experiment 2 (precue condition), since it was
possible for a saccade to be prepared in advance of target
onset. In practice, the precue improved saccade accuracy
(fewer direction errors) but had no influence on mean la-
tency. This is consistent with previous studies that have
shown that advance knowledge of spatial selection does
not influence saccade latency (Findlay & Walker, 1999,
and subsequent commentaries). So the precue condition
made the subjects more accurate (reduced erroneous sac-
cades made to distractor onsets) and resulted in shorter
latencies (anticipations) but did not influence mean sac-
cade latency, as might be predicted. We conclude that it
is not the latency of saccades that is the key factor in the
distractor modulation of saccade curvature, but the time
course of the competitive processes involved in selecting
a saccade target, which can be modulated by subtle dif-
ferences in experimental conditions, such as the use of
predictable target conditions.
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