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Programming of Endogenous and Exogenous Saccades:
Evidence for a Competitive Integration Model

Richard Godijn and Jan Theeuwes
Vrije Universiteit

Participants were required to make a saccade to a uniquely colored target while ignoring the presentation
of an onset distractor. The results provide evidence for a competitive integration model of saccade
programming that assumes endogenous and exogenous saccades are programmed in a common saccade
map. The model incorporates a lateral interaction structure in which saccade-related activation at a
specific location spreads to neighboring locations but inhibits distant locations. In addition, there is
top-down, location-specific inhibition of locations to which the saccade should not go. The time course
of exogenous and endogenous activation in the saccade map can explain avariety of eye movement data,
including endpoints, latencies, and trajectories of saccades and the well-known global effect.

A key issue in oculomotor research is the degree to which
saccades are controlled by the properties of the visua environment
or by the goals and intentions of the observer. Saccades made on
the basis of goals of the observer are called endogenous (top-down
control or goal directed), and saccades made on the basis of
stimulus properties, irrespective of the goals of the observer, are
called exogenous (bottom-up control or stimulus driven).

Previous studies have shown that when participants have to
execute an endogenous saccade toward a specific target object, the
eyes are often captured exogenously by the abrupt onset of a new
object even though participants know that the onset is always task
irrelevant. For example, Theeuwes, Kramer, Hahn, Irwin, and
Zelinsky (1999; aso see Theeuwes, Kramer, Hahn, & Irwin, 1998;
Irwin, Colcombe, Kramer, & Hahn, 2000) presented participants
with displays containing six gray circles spaced equally around an
imaginary circle. Centered within each circle was a small figure-
eight premask. After 1 s, all of the circles except one changed into
red, and the premasks changed into small | etters by removing some
of their line segments. On half the trials, an additional irrelevant
red circle (an abrupt onset) was added to the display simulta-
neously with the color change of the distractors. Participants were
required to move their eyes to the uniquely colored gray circle and
to determine whether the letter inside it was a C or a reversed C.
A saccade to the target |etter was required because its size was so
small that it needed to be foveated to be identified. The results
showed that, even though the onset distractor was never relevant
for the task, the eyes initially went toward the onset distractor in
about one third of the trials. Furthermore, the fixation duration on
the onset distractor prior to the subsegquent saccade to the target
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was less than 150 ms on 90% of thosetrials. Theeuwes et al. (1998,
1999) concluded that these fixation durations were too brief to
alow the programming of a new saccade. According to Theeuwes
et a., the results suggested the paralel programming of two
saccades: an exogenous saccade toward the onset distractor and an
endogenous saccade to the target. They further suggested that the
two saccade programs ran to completion in an undisturbed fashion.
In other words, the programming of one saccade was not affected
by the programming of another. The program that was completed
first was executed first. We call this model the independent hor se-
race model to emphasize its two distinguishing features: The two
saccade programs are independent of one another, and the desti-
nation of the first saccade depends on which program is completed
first. According to the independent horse-race model, there are
separate systems responsible for the programming of endogenous
and exogenous saccades (e.g., Kramer, Irwin, Theeuwes, & Hahn,
1999). The suggestion of separate systems for endogenous and
exogenous saccades was motivated by evidence of separate path-
ways in the brain for the programming of saccades (e.g., Schiller,
1985; Schiller & Sandell, 1983), a posterior pathway projecting to
the superior colliculus (SC) and an anterior pathway involving the
frontal eye fields (FEF). Theeuwes et al. (1998, 1999) suggested
that exogenous saccades might be programmed in the posterior
pathway and endogenous saccades in the anterior pathway.

As an dternative to the independent horse-race model, we
propose a competitive integration model, which assumes that the
control signals for exogenous and endogenous saccades converge
on a common saccade map. Similar to a number of previous
models (e.g., Findlay & Walker, 1999; Kopecz, 1995; Trappen-
berg, Dorris, Munoz, & Klein, 2001), according to the competitive
integration model, saccade programming occurs on a common
saccade map with a retinotopic representation, in which informa-
tion from different sources (e.g., endogenous and exogenous) is
integrated. Figure 1 illustrates the basic idea of the competitive
integration model. Saccade-related activation at one location
spreads to neighboring locations but inhibits distant locations
(Figure 1A). Thus, saccade programming is a competition between
activation at locations represented in the saccade map. When two
relatively distant locations are activated, this activation is mutually
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Figure 1. Activation patternsin the saccade map. A: When a saccade is programmed to a certain location x in
the saccade map, representing a location in the visua field, the activation spreads out to neighboring locations
but inhibits distant locations. B: When two saccades are programmed in parallel, activation related to both
locations (dotted lines) is combined (continuous line), and when the two locations are relatively far apart,
activation is mutually inhibitory. C: On the other hand, when two locations are relatively close together, the
combined activation may result in a high activation peak somewhere between the two locations. Note that
although the visua field is represented unidimensionally in this illustration (as a simplification), it is assumed
that the saccade map holds a two-dimensional representation of the visual field.

inhibitory (Figure 1B), but when two nearby locations are acti-
vated, the combined activation results in a relatively high peak
somewhere between the two locations (Figure 1C). In accordance
with Trappenberg et a. (2001), the execution of a saccade is
triggered when the activation at a specific location in the saccade
map reaches threshold. Trappenberg et al. (2001) developed a
neural-field model based on the principle of competitive integra-
tion of exogenous and endogenous signals in the SC. Their model
produced activity patterns very similar to activity patterns of cells
in the SC. Furthermore, the saccade latencies of the model fit well
with a range of oculomotor effects, such as the remote distractor
effect. The remote distractor effect (e.g., Walker, Deubel, Schnei-
der, & Findlay, 1997) refers to the finding that saccade latencies
are longer when a target is presented simultaneously with a dis-
tractor but only when the distance between target and onset is
relatively large. Furthermore, when the distractor is presented near
the target, the eyes often land in between target and distractor
(global effect or center-of-gravity effect; e.g., Coren & Hoenig,
1972; Findlay, 1982). These findings are consistent with the lateral
inhibition structure of the competitive integration model. How-
ever, it is important to note that the global effect and the remote
distractor effect found in these studies (e.g., Walker et al., 1997)
cannot be taken as evidence against the independent horse-race
model because the target, which was presented with an abrupt
onset, presumably generated both endogenous and exogenous ac-
tivation. Therefore, in these studies, saccades to the onset target
cannot be considered completely endogenous.

The model of Trappenberg et a. (2001) assumes that exogenous
saccade-related input in the saccade map has a relatively brief
duration. Once the exogenous activation no longer increases, it can
be suppressed by lateral inhibition within the saccade map. In
addition to this lateral inhibition, an additional inhibition mecha

nism, which acts directly on the exogenous activation evoked by a
distractor, has been proposed on the basis of analyses of saccade
trajectories (e.g., Tipper, Howard, & Houghton, 2000; Tipper,
Howard, & Paul, 2001). A number of studies have shown that
when a saccade is executed to atarget and a distractor stimulus is
successfully ignored, the trajectory of the saccade to the target is
curved away from the distractor (e.g., Doyle & Walker, 2001;
Sheliga, Riggio, & Rizzolatti, 1994; Sheliga, Riggio, & Rizzolatti,
1995; Tipper et a., 2000, 2001). According to Tipper et a. (e.g.,
2000, 2001), the initiad direction of the saccade is based on the
mean vector of activity in the saccade map (e.g., Sparks, Lee, &
Rohrer, 1990) and the location-specific inhibition of the distractor
location causes a sub-baseline level of activation at this location.
Thisresultsin amean vector of activity which is shifted away from
the distractor location, and therefore, the saccade trgjectory is
curved away from the distractor. This location-specific inhibition
would facilitate the programming of a saccade to the target and
thereby avoid oculomotor capture by objects that evoke exoge-
nous, saccade-related activity.

In the present study, we tested the predictions from the inde-
pendent horse-race model and the competitive integration model
using amodified version of the oculomotor capture paradigm (e.g.,
Irwin et al., 2000; Theeuwes et al., 1998, 1999). Six equidistant red
circles were presented on an imaginary circle around a central
fixation point. After 600 ms, one of the circles turned gray, and
participants were required to saccade to this uniquely colored
target circle. On some trials, an irrelevant new circle (the onset
distractor) appeared simultaneously with the target color change.
In contrast to Theeuwes et al. (1998, 1999), no letters were
presented in the circles, and no manual response was required.
Another modification to the original oculomotor capture paradigm
was that the target was defined by a (equiluminant) color change,
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whereas in Theeuwes et al. (1998, 1999) the no-onset distractors
changed color and the target did not.* This paradigm was used
because it allowed a detailed examination of endogenous and
exogenous saccade programming. Irwin et al. (2000) showed that
color singletons, which resulted from an isoluminant color change,
did not elicit saccades when they were used as distractors, but
abrupt onsets did. Therefore saccades to the color singleton target
can be considered endogenous, and saccades to the onset distrac-
tor, which is completely task irrelevant, can be considered exog-
enous. It is important to note that one can only speak of genuine
exogenous saccades when participants are instructed to execute a
saccade to a specific location while the eyes move to the onset
despite this instruction (see Godijn & Theeuwes, 2001).

In the present study, we also examined the extent to which a
spatial representation of the target was developed on the basis of
visual information obtained prior to the execution of a saccade to
the onset distractor. If a spatial representation of the target was
based on visual information obtained prior to the execution of the
saccade to the onset distractor, the target representation could have
been used to program the subsequent saccade without requiring a
new target search during fixation on the onset distractor. If a
spatiotopic representation of the target was created, the appropriate
location in the saccade map would be activated, despite the inter-
vening execution of a saccade to the onset distractor. To examine
thisissue, we used atarget-switch method in which, on sometrials,
the location of the target was switched with the location of a
no-onset distractor during the saccade to the onset distractor. If a
spatial representation of the target was used to program the second
saccade without requiring a new search during fixation on the
onset distractor, it was expected that the eyeswould move on to the
old target location. Otherwise, it was expected that the eyes would
move on to the new target location.

Experiment 1

The main goal of Experiment 1 was to test the predictions of the
independent horse-race model and the competitive integration
model. First, the independent horse-race model predicted that the
latency of the first saccade would be independent of the separation
between target and onset distractor because the programming of
the exogenous saccade to the onset distractor and the endogenous
saccade to the color singleton target are assumed to be indepen-
dent. On the other hand, the competitive integration model pre-
dicted that because of the lateral inhibition structure of the saccade
map (see Figure 1), saccade latency would be shorter when target
and onset distractor were close together (i.e., angular separation of
30°) than when they were far apart (i.e., angular separation of 90°
or 150°). Second, according to the independent horse-race model,
the time to program an endogenous saccade to the target should not
be affected by the simultaneous programming of an exogenous
saccade to the onset distractor (and vice versa). Furthermore,
programming of both saccades should proceed until one of the
programs is completed and subsequently executed. Therefore, long
latency, initial saccades to the target were expected to be less
frequent on onset trials (trials on which an onset distractor was
presented) than on no-onset trials (trials on which no onset dis-
tractor was presented) because in cases in which it took relatively
long to complete the programming of a saccade to the target, one
would expect the saccade program to the onset distractor to be

1041

completed first. On average, the latency of initial saccades to the
target should therefore be longer on no-onset trials than on onset
trials because of arelatively low frequency of long latency, initial
saccades to the target on onset trials. On the other hand, according
to the competitive integration model, the programming of an
endogenous saccade is affected by the simultaneous programming
of an exogenous saccade. That is, saccade programs are mutually
inhibitory, resulting in a longer latency of the initial saccade.
Therefore, it was expected that the latency of initial saccadesto the
target would be longer on onset trials, in which two saccades were
programmed simultaneously, than on no-onset trials, in which
there was no mutual inhibition between saccade programs.

A further goal of Experiment 1 was to examine in detail eye-
movement measures such as the trajectory, amplitude, and end-
point of saccades as well as the fixation duration between saccades
to develop a better understanding of the interaction between en-
dogenous and exogenous control of saccades.

Method

Participants. A total of 8 students of the Vrije Universiteit served as
paid volunteers. All reported having normal or corrected-to-normal vision.

Apparatus. A Pentium Il computer with a 21-in. color monitor con-
trolled the timing of the events and generated stimuli. Eye movements were
recorded by means of an EyeLink tracker with a 250-Hz temporal resolu-
tion and a 0.2° spatial resolution. The EyelLink tracker uses an infrared,
video-based tracking technology to compute the pupil center of both eyes.
An eye movement was considered a saccade when the velocity exceeded
35 degrees/s or the acceleration exceeded 9,500 degrees/s®. When partic-
ipants were fixating the central fixation point at the start of each tria, they
pressed a key, which caused a recalibration of the participant’s gaze point
on the central fixation point. After this, the trial started. Each participant
was tested in a dimly lit room. Participants held their head on a chin rest
that was located 75 cm away from the monitor.

Stimuli. At the start of each trial, participants viewed displays contain-
ing six equidistant red circles (1.3° of visual angle in diameter), positioned
on an imaginary circle with aradius of 9.6° around a central fixation point
(0.4°). After 600 ms, one of the circles turned gray, signaling the location
to which a saccade had to be made (the target). The target was presented
at aclock position of 1, 5, 7, or 11. On half the trials, simultaneously with
the target color change, an additional red distractor appeared with an abrupt
onset on the imaginary circle at a clock position of 2, 4, 8, or 10. This
resulted in an angular separation between target and onset distractor of 30°,
90°, or 150°. All objects were removed after 1,200 ms, after which the
central fixation point reappeared for the next trial. The colors of the
circles—red and gray—were made equiluminant (14.2 cd/m?), and the
circles appeared on ablack background. See Figure 2 for an example of the
stimulus display.

Procedure and design.  There were two types of trials: onset trias, on
which an additional distractor was added to the display simultaneously
with the color change of the target, and no-onset trias, on which no
additional distractor was presented. Participants performed a single session

1 Changing the color of the target instead of the no-onset distractors may
appear to make the endogenous—exogenous distinction between target and
onset distractor less strong compared with the original oculomotor para-
digm. However, Irwin et al. (2000) provided evidence that transient color
changes do not elicit exogenous saccades. Furthermore, in a previous study
(Godijn & Theeuwes, in press), we also changed the color of the target
instead of the no-onset distractors and found remarkably similar results as
Theeuwes et a. (1998, 1999).
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Figure2. Example of the display sequence in Experiment 1. Participants
viewed displays containing six equidistant red circles (represented by open
circles) on an imaginary circle around a central fixation point. After 600
ms, one of the circlesturned gray, signaling the location to which a saccade
had to be made (the target). Simultaneous with the transient target color
change, an additional red onset distractor, presented with an abrupt onset,
appeared somewhere along the imaginary circle on haf the trials. Partic-
ipants were instructed to make an eye movement toward the uniquely
colored gray circle as quickly as possible. T = target; OD = onset
distractor.

consisting of four blocks of 300 trials, half of which were onset trials and
half of which were no-onset trials.

Results

Discarded data. Trials on which the initia saccade latency
was below 80 ms (1.7% of trials) or above 600 ms (0.1% of trials)
were discarded from further analyses.

Initial saccade destination and latency. The initial saccade
was assigned to a particular object if the endpoint of the initial
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saccade had an angular deviation of less than 30° (i.e., half the
distance between objects) from the center of the object on the
imaginary circle around the central fixation point. However, when
the angular separation between target and onset was 30°, this
criterion made it impossible to discriminate saccades to the target
from saccades to the onset distractor. These trials were therefore
analyzed separately. On the no-onset trials, 97.2% of the initia
saccades were directed to the target, and 2.8% went elsewhere. On
the onset trials (90° or 150° of angular separation), 65.5% of the
initial saccades were directed to the target, 28.5% were directed to
the onset, and 6.0% went elsewhere. On the onset trials, initia
saccades had shorter latencies when they were directed to the onset
distractor (M = 161 ms) than when they were directed to the target
(M = 223 ms), t(7) = 11.67, p < .01. Furthermore, initial saccades
to the target had shorter latencies on no-onset trials (M = 206 ms)
than on onset trials (M = 223 ms), t(7) = 2.94, p <.02.
Saccade latency distributions. To examine the effect of the
onset distractor on saccade latencies, we calculated individual
cumulative distribution functions of the initia saccade latency,
irrespective of saccade destination for each separation between
target and onset distractor as well as for no-onset trials for each
observer. These were averaged using the vincentizing procedure
(Ratcliff, 1979; see Figure 3). A within-subjects analysis of vari-
ance (ANOVA) with separation condition (30°, 90°, and 150°) and
bin as factors revealed a main effect of separation condition, F(2,
14) = 20.96, p < .01. Ascan be seen in Figure 3, saccade latency
was shorter in the 30° separation condition (M = 194 ms) than in
the 90° (M = 211 ms) and 150° (M = 212 ms) separation
conditions. Furthermore, an interaction between separation condi-
tion and bin was found, F(18, 126) = 1.77, p < .04. Inthefirst bin,
no difference in saccade latency was found between the separation

—e- -30 deg —+—90 deg - #- 150 deg —&—no onset]

Cumulative probability

O - T T T T
130 150 170 190 210

Saccade latency (ms)

T T T T T

230 250 270 290 310

Figure 3. Cumulative distribution functions of the latency of the first saccade irrespective of saccade

destination. deg = degrees.
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conditions, F(2, 14) = 2.71, p > .10, but at the second bin, there
was an effect of separation condition on saccade latency, F(2,
14) = 10.03, p < .01. This difference increased up to latencies of
around 200 ms and then remained more or less constant.

Separate ANOVAs were performed to compare the saccade
latency distribution of the no-onset condition with each of the three
separation conditions. Saccade latencies were shorter in the 30°
condition than in the no-onset condition, F(1, 7) = 8.52, p < .02,
but there was no interaction between the distributions of these two
conditions, F(9, 63) = 1.03, p > .40. There was no difference in
saccade latency between the no-onset condition and the 90° sep-
aration condition, F(1, 7) < 1, but there was an interaction be-
tween the distributions of these conditions, F(9, 63) = 3.28, p <
.01. Figure 3 shows that at the first bin, saccade latencies were
shorter in the 90° separation condition than in the no-onset con-
dition, but this difference reverses for longer saccade latencies.
There is no difference in mean saccade latency between the no-
onset condition and the 150° condition, F(1, 7) = 1.19, p > .30,
and the interaction between the distributions of the no-onset con-
dition and the 150° separation condition did not reach significance,
F(9, 63) = 1.59, p > .10. However, the absence of a significant
interaction between the no-onset condition and the 150° condition
was probably due to alarge standard error at the final bin. Without
this bin, the interference did reach significance, F(8, 56) = 3.63,
p < .0L

Saccade endpoints in the 30° separation condition. To exam-
ine whether a global effect (e.g., Findlay, 1982) was present, we
examined the distribution of saccade endpoints in the 30° separa-
tion condition. The proportion of saccades to five adjacent areas
with a width of 15° on the imaginary circle around the fixation
point was examined. The five areas represented (a) the area adja-
cent to the target, (b) the target area, (c) the area intermediate
between the target and the onset distractor, (d) the onset distractor
area, and (e) the area adjacent to the onset distractor. Furthermore,
to examine the time course, we split the trials into four quartiles
based on saccade latency. Figure 4 shows the proportion of initial
saccades landing in the five respective areas for the four quartiles.
A within-subjects ANOV A was conducted with quartile and land-
ing area as main factors. A main effect of landing area was found,
F(4, 28) = 12.25, p < .01. As can be seen in Figure 4, the target
areawas the most frequent saccade destination, and alarge number
of saccades also landed in the intermediate area. An interaction
between landing area and quartile, F(12, 84) = 12.21, p < .01,
indicated that the distribution of saccade endpoints changed as a
function of saccade latency. In the first quartile (i.e., the fastest
saccades), a large number of saccades were directed to the onset
distractor area, but the intermediate area was the most frequent
saccade destination. This global effect was still present at the
second quartile but disappeared in the third and fourth quartiles, in
which the distribution of saccade endpoints was centered around
the target area.

Trajectories of saccades to the target. To examine the trgjec-
tories of saccadesto the target, we calculated the angular deviation
of the saccade path relative to the required saccade path from
fixation to the target for each 4-ms sample point of the saccade.?
Positive and negative angular deviations were assigned in such a
manner that an onset distractor located 90° away from the target
within the same hemifield was aways at —90°, an onset distractor
located 90° away from the target within the opposite hemifield was

1043

aways at 90°, and an onset located 150° away from the target was
always at 150° (see Figure 5 for examples). Two types of saccades
that ultimately ended near the target were identified: (a) redirected
saccades (e.g., Corneil, Hing, Bautista, & Munoz, 1999; McPeek
& Keller, 2001; Minken, Van Opstal, & Van Gisbergen, 1993),
which were initially directed toward a distractor object but turned
around in midflight toward the target and (b) regular saccades,
which were not redirected (see Figure 5). To distinguish between
these two types of saccades, we calculated the angular deviation
relative to the saccade path from fixation to the target for the fourth
sample of the saccade (i.e., 16 ms after saccade initiation).® Sac-
cades that had an initial angular deviation of more than half the
distance between objects (i.e., more than 30° of angular deviation)
were considered redirected saccades. On onset trias, around 5%—
13% of the saccades that ended near the target had an initial
angular deviation of more than 30° in the direction of the onset
distractor (see Table 1). Note that on approximately 1%—-3% of the
trials, the initial angular deviation was more than 30° in the
opposite direction of the onset. Although these saccades were
classified as redirected saccades, the possibility could not be
excluded that some of these saccades were regular saccades with
an extreme curvature. In fact, previous research has shown that
oblique saccades can be strongly curved (e.g., Smit, Van Opstal, &
Van Gisbergen 1990), and, therefore, some overlap in curvature
between regular saccades and redirected saccades may be ex-
pected. To examine the saccade trajectories of regular saccades to
the target (saccades that were not redirected in midflight), we
averaged the angular deviation across al sample points of each
saccade with an initial angular deviation of less than 30°. Table 1
shows the median of the averaged angular deviation for each
condition.* A within-subjects ANOVA revealed a significant ef-
fect of onset distractor location on the median angular deviation,
F(2, 14) = 25.99, p < .01. There was a significant angular
deviation in the direction opposite the location of the onset dis-
tractor for each of the three onset distractor locations (see Table 1
and Figure 5).

Saccade amplitude and fixation duration. On no-onset trials,
saccades to the target had a mean amplitude of 9.5° (an undershoot
relative to the target location of just 0.1°). On onset trials, the
amplitude of saccades to the target was larger (mean amplitude =
9.1°; mean undershoot = 0.5°) than saccades to the onset distractor
(mean amplitude = 7.9°; mean undershoot = 1.7°), t(7) = 11.67,
p < .01. On thesetrials, approximately 40% of the initial saccades
to the onset distractor and 18% of the initial saccades to the target
had an undershoot of more than 2°. Furthermore, short amplitude

2 An alternative way to examine saccade trajectories is to calculate the
deviation of the saccade path relative to a straight line from fixation to the
saccade endpoint (e.g., Doyle & Walker, 2001). However, this is not a
measure of deviation but of saccade curvature.

3To distinguish between redirected and regular saccades, we used the
fourth sampleinstead of the first few samples because at the start of the eye
movement, the angular deviation is typicaly relatively large, even for
regular saccades and especialy for oblique saccades (e.g., Smit, Van
Opstal, & Van Gisbergen, 1990).

4 We analyzed the median instead of the mean because with the criterion
of 30° angular deviation at the fourth sample, it was still possible that some
redirected saccades were included, which would have had an extreme
effect on the mean. The median suffers less from such extreme cases.
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saccades to the onset distractor (i.e., undershoot of at least 2°) were
followed by shorter fixation durations (M = 84.2 ms) prior to the
saccade to the target than long amplitude saccades (i.e., undershoot
of lessthan 2°) to the onset (M = 100.7 ms), t(7) = 3.00, p < .02.

Discussion

The results of Experiment 1 showed that latencies of saccadesto
the target were longer when an onset distractor was present than
when it was absent and that saccade latencies were longer when
the target and onset distractor were relatively far apart (90° or 150°
separation) than when they were relatively close together (30°
separation). Moreover, in the 30° separation condition, a high
proportion of saccades, particularly short latency saccades, landed
somewhere between the target and onset distractor (global effect).
All these results provide support for the competitive integration
model and are inconsistent with the independent horse-race model.

In addition to these results, we found an effect of the onset
distractor on saccades to the target. That is, the trgectories of
saccades to the target were deviated in the contralateral direction
relative to the onset distractor. This deviation of saccade trajectory
has been interpreted as aresult of suppression of the to-be-ignored
stimulus (i.e., the onset distractor). According to Tipper and col-
leagues (e.g., Tipper et a., 2000, 2001), suppression of the
saccade-related activity of the onset distractor results in a sub-
baseline level of activation at this location, causing the mean
vector of activity to shift away from the distractor location. If the
direction of the saccade is determined by the mean vector of
activity, this explains the deviation of the saccade trajectories to
the target.

It is presumable that when the eyes were captured by the onset
distractor, the suppression of saccade-related activity at this loca-
tion occurred too late to stop the saccade to the onset distractor.
Saccades to the onset distractor often stopped well before reaching
the onset distractor and fixated for a very short duration (around
100 ms) before moving on to the target. In fact, on a small
proportion of trials, the eyes initially went toward the onset dis-
tractor and moved on to the target location without stopping. These
results are further discussed in the General Discussion.

The short fixation durations between saccades to the onset
distractor and subsequent saccades to the target suggest that a
spatial representation of the target was acquired based on visual
information obtained prior to the saccade to the onset distractor. It
is presumable that this spatial representation of the target was used
to program the saccade to the target without requiring a new search
for the target after the saccade to the onset distractor. Furthermore,
if the saccade from the onset distractor to the target was based on
visual information obtained prior to the saccade to the onset
distractor, the target representation must have been created in
spatiotopic coordinates. This issue was further examined in Ex-
periments 2 and 3.

Experiment 2

To examine whether a spatiotopic representation of the target
was developed from visual information obtained prior to the sac-
cade to the onset distractor, we used a saccade-contingent switch
paradigm in which, on some trials, the location of the target was
switched with the location of a no-onset distractor during the
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Figure5. Two types of saccades—redirected saccades, which change their goa and turn around in midflight,
and regular saccades, which do not change their goal in midflight—shown for two onset distractor positions.
Note that although regular saccades do not change their goal during the saccade, they do show a significant
deviation relative to the target location in the opposite direction of the onset distractor. T = target; OD = onset

distractor.

saccade to the onset distractor. This procedure was similar to that
of McPeek, Skavenski, and Nakayama (2000). If participants were
able to create a spatiotopic representation of the target location
based on visua information from the initial fixation, they might
have been able to program the second saccade to the target based
on this spatiotopic representation, without requiring a new search
for the target after the saccade to the onset distractor. In this case,
it was expected that after the saccade to the onset distractor, the
eyeswould move on to the old (but no longer valid) target location.
If, on the other hand, a new search for the target was required after
the saccade to the onset distractor, it was expected that the eyes
would move on to the new target location.

Method

Participants. A total of 8 students of the Vrije Universiteit served as
paid volunteers. All reported having normal or corrected-to-normal vision.
Stimuli. There were four differences relative to Experiment 1. First, an
onset distractor was presented on all trials. Second, the angular separation
between target and onset distractor was aways 90° (in a clockwise or
counterclockwise direction). Third, on 20% of the trials, the location of the

Table 1

target and one of the no-onset distractors were switched during the exe-
cution of the first saccade. That is, the gray circle turned red, and one of the
no-onset distractors turned gray. The new target location was located 120°
from the old target location in a clockwise or counterclockwise direction.
This resulted in a 30° or a 150° angular separation between the new target
location and the onset distractor. Fourth, the target could appear at any of
the object locations (clock positions of 1, 3, 5, 7, 9, and 11).

Procedure and design. There were two types of trials: switch trials
(20%) and no-switch trials (80%). On switch trials, the target switched
locations with a no-onset distractor during execution of the first saccade;
on no-switch trials, it did not. To switch the location of the target during the
initial saccade, we transferred the gaze-position data, which were recorded
by the EyelLink system, to the subject computer through an etherlink with
a delay of 10 ms. The gaze-position data were used in rea time by the
experimental program to initiate the target switch as soon as the eyes had
moved at least 1° from the fixation point. After the target switch had been
completed, a message was sent to the output file, which was used to check
the timing of the target switch. It was determined that the target switch
reliably occurred during the initial saccade by comparing the completion
time of the target switch with the start and end times of the initial saccade.
Participants performed a single session consisting of four blocks of 240
trials. The switch and no-switch trials were randomly ordered within

Percentages of Redirected and Regular Saccades and Median Angular Deviations as a Function of the Location of the Onset

Distractor Relative to the Target

Initial angular deviation (%)

Regular saccades

Median angular

Onset distractor Redirected Redirected > —30° and deviation of regular Median angular deviation
location (deg) saccades = —30° saccades = 30° < 30° saccades (deg) relative to target location
-90 9.0 2.7 88.3 453 t(7) = 3.28, p< .01
90 23 12.7 85.0 -3.05 t(7) =291, p< .02
150 13 4.7 94.0 —2.63 t(7) =377, p< .01
No onset distractor 1.0 0.9 98.1 —-1.74 t(7) = 192, p> .05

Note. Redirected saccades are those that turn around in midflight; regular saccades are those that do not turn around in midflight. deg = degrees.
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blocks. Prior to the start of the experiment, participants were instructed to
make an eye movement toward the uniquely colored gray circle (the target)
as quickly as possible. They were further instructed to make an eye
movement as quickly as possible to the new target location when the target
switched locations with a no-onset distractor.

Results

Discarded data. Trials on which the initial saccade latency
was below 80 ms (anticipation errors; 3.1% of trials) or above 600
ms (0.3% of trials) were discarded from further analyses.

First saccade destination and latency. On 68% of the trials,
the first saccade went to the target, on 29% it went to the onset, and
on 3% it went elsewhere. The first saccade had a shorter latency
when it was directed to the onset (M = 155 ms) than when it was
directed to the target (M = 214 ms), t(7) = 1541, p < .01

Second saccade destination and fixation durations. The sec-
ond saccade was assigned to a particular object if the endpoint of
the second saccade was within 3° of visual angle from the center
of the object. On 93% of the no-switch trials on which the first
saccade went to the onset distractor, the second saccade went on
to the target. The critical trials, however, were those on which the
eyes initially went to the onset distractor, and the target location
was switched during the first saccade (switch trials). Similar to
Experiment 1, the 30° angular separation between the new target
location and onset distractor did not enable a reliable distinction
between saccades to the onset distractor and saccades to the new
target location. Therefore, only the 150° angular separation between
onset distractor and new target location was examined. On these
trials, 82% of the second saccades was directed to the old target
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location. Furthermore, the fixation duration on the onset distractor
was shorter when the second saccade was directed to the old target
location (M = 92 ms) than when it was directed to the new target
location (M = 213 ms), t(7) = 8.36, p < .01 (see Figure 6).

We also examined fixation durations on the old target location
on switch trials on which the eyes first went to the onset distractor
and on trials on which the eyes went directly to the (old) target
location. Note that when the eyes first moved to the onset distrac-
tor, the target switch occurred during this saccade, and it occurred
prior to the saccade to the old target location. However, when the
eyes went directly to the old target location, the switch occurred
during this saccade. The results showed that fixation durations on
the old target location were much shorter when the eyes first went
to the onset distractor (M = 233 ms) than when the eyes went
directly to the old target location (M = 311 ms), t(7) = 5.97,p <
.01.

Discussion

The results of Experiment 2 showed that on the vast mgjority
(82%) of target-switch trials on which the eyes first went to the
onset distractor, the eyes moved on to the old (but invalid) target
location. Thisindicates that on most trials, participants had created
a spatial representation of the target location based on visua
information obtained prior to the saccade to the onset distractor.
After programming a saccade to the onset distractor, they pro-
grammed a saccade to the (old) target location on the vast majority
of trials without requiring a new search for the target.

The question remains whether participants noticed the new
target location after the saccade to the onset distractor. It is

68 %
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29 %
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Figure 6. The destination and latency of saccades on trials on which the target location was switched with a
no-onset distractor during the initial saccade (switch trials) and on trials on which the target location was not
switched (no-switch trials). T = target; OD = onset distractor.
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possible that visual information obtained during fixation of the
onset distractor was sufficient to detect the new target location but
that the saccade that was based on the spatia representation of the
old target location could not be inhibited. A first indication that
visual information concerning the new target location was ob-
tained during fixation on the onset distractor is provided by the
fixation durations on the old target location. When the eyes first
went to the onset distractor prior to the saccade to the old target
location, fixation durations on the old target location were shorter
(233 ms) than when the eyes went directly to the old target location
(311 ms). When the eyes went directly to the old target location, a
search was required for the new target location during fixation on
the old target location. However, when the eyes first went to the
onset distractor, the new target location might have been found
during fixation on the onset distractor. After the subsequent sac-
cade to the old target location, a saccade to the new target location
was then programmed on the basis of the already created spatial
representation of the new target location. This issue was examined
in Experiment 3.

Experiment 3

In Experiment 3, we used a double-switch method to examine
whether the new target location could be detected during the
relatively short fixation on the onset distractor. A double-switch
method was used in which, in addition to the trials on which a
single target location switch occurred during the first saccade,
there were also trials on which the target location switched twice.
That is, during the second saccade, the target was switched back to
its initial location. Because the target location switched twice on
some trials, the terminology of old or new target location is
replaced by the terminology of initial or switched target location.
The initial target location is the location at which the target is
initially presented and at which the target returns after the second
switch. The switched target location is the location of the target
after the first switch. Thus, on trials on which the eyes first went
to the onset distractor, the first target location switch occurred.
When the eyes subsequently went on to the initial target location,
the target was switched back to itsinitial location. Therefore, when
the eyes reached the initial target location, this location once again
contained the target. If participants could not detect the first target
location switch during the short fixation on the onset distractor,
then on double-switch trials, it would have appeared asif no target
location switch had occurred. The original intention was to ask
participants after each trial whether they had noticed any target
switch. However, in apilot study, we found that the eye movement
behavior already provided this information.

Method

Participants. A total of 8 students of the Vrije Universiteit served as
paid volunteers. All reported having normal or corrected-to-normal vision.

Simuli. The stimuli were similar to those in Experiment 2 with the
following exceptions. The first target location switch occurred during the
first saccade execution on 50% of the trials on which the first saccade was
directed toward the onset. The switched target location was always directly
opposite the initial target location (180° angular separation), and the
angular separation between the switched target location and the onset
distractor was always 90° in a clockwise or counterclockwise direction.
Furthermore, a second target location switch occurred during the second
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saccade on 50% of the trials on which a first target location switch
occurred. That is, on these trials, the target location was switched back to its
initial location during the execution of the second saccade (see Figure 7).
Procedure and design.  There were three types of trials: single-switch
trials, double-switch trials, and no-switch trials. On single-switch trias
(25% of trials on which the eyes first went to the onset distractor), the
target switched locations with a no-onset distractor during execution of the
first saccade. On double-switch trials (25% of trials on which the eyes first
went to the onset distractor), in addition to the first target location switch,
a second target location switch occurred during execution of the second
saccade, which caused the target to be located back at its original location.
On al other trials, no target location switch occurred. The first target
location switch was initiated when the eyes had moved at least 1° from the
fixation point, and the angular deviation relative to the onset distractor was
less than 45°. Because the endpoint of initial saccades to the onset distrac-
tor was rather variable, the second target location switch was initiated on
the basis of a velocity criterion of 80 degrees/s. It was determined that the
first and second target location switch reliably occurred during the appro-
priate saccade by comparing the completion time of the target location
switch with the start and end times of the saccades. Participants performed
a single session consisting of four blocks of 192 trials. Single-switch,
double-switch, and no-switch trials were randomly ordered within blocks.
Prior to the start of the experiment, participants were instructed to make an
eye movement toward the uniquely colored gray circle as quickly as
possible. They were further instructed to make an eye movement as quickly
as possible to the switched target location when the target switched
locations with a no-onset distractor but to refrain from making this eye
movement if the target location had switched back to its initia location.

Results

Discarded data. Trials on which saccade latency was below
80 ms (anticipation errors; 7.5% of trials) or above 600 ms (0.2%
of trials) were discarded from further analyses.

First saccade. On 75% of the trials, the first saccade went to
the target, on 23% it went to the onset, and on 2% it went
elsewhere. The first saccade had a shorter latency when it was
directed to the onset distractor (M = 159 ms) than when it was
directed to the target (M = 215 ms), t(7) = 16.49, p < .01 (see
Figure 7).

Second saccade.  On no-switch trials when the eyes first went
to the onset distractor, the eyes subsequently moved on to the
target location on 86% of the trials with a relatively short fixation
on the onset distractor (M = 93 ms). On trials on which the target
location was switched during the saccade to the onset distractor,
the eyes still went on to the initial target location on 79% of the
trials, and only on 9%, the eyes correctly moved on to the switched
target location. Furthermore, when the eyes moved on from the
onset distractor to the switched target location, fixation durations
on the onset distractor were relatively long (202 ms).

Third saccade. The critical trials were the double-switch trials
on which the target location was switched during the saccade to the
onset distractor and switched back during the subsequent saccade
to the initial target location. Despite the fact that the target was
back at its initia location, which participants were fixating, a
subsequent saccade was made to the switched target location on
42% of these trials. The fixation duration on the initial target
location was shorter on these double-switch trials (mean fixation
duration = 148 ms) than on single-switch trials on which a
subsequent saccade to the switched target location was necessary
(mean fixation duration = 179 ms), t(7) = 3.37, p < .01.
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Figure 7. Displays and results of Experiment 3. On half the trials on which the eyes first went to the onset
distractor, the target location was switched with one of the distractor locations during the first saccade to the
onset distractor (switch trials). Furthermore, on half these trials, the target was switched back to its initia
location during the execution of the second saccade (double-switch trials). Shown are the destination and latency
of saccades for the first saccade, the second saccade for trials on which the first saccade went to the onset
distractor, and the third saccade for trials on which the first saccade went to the onset distractor and the second
saccade went to the initial target location. T = target; OD = onset distractor.

Discussion

The main result of Experiment 3 concerned the double-switch
trials on which the eyes first went to the onset distractor and then
ontotheinitial target location, which was invalid at the time of the
saccade. During the saccade to the onset distractor, the target
location was switched, but during the following saccade to the
initial target location, the target was switched back to the initial
location. Therefore, after the saccade to the initial target location,
the target was fixated and no further saccades were needed. Nev-
ertheless, on 42% of these trias, the eyes still moved on to the
location to which the target had originally been switched. This
indicates that on these trials, the switched target location was
detected during fixation on the onset distractor, even though an
erroneous saccade to the initial target location could not be inhib-
ited. Therefore, after the saccade to the onset distractor, the next
saccade was based on the spatial representation of theinitial target
location. It is presumable that the saccade program was already
well underway before visual information obtained during fixation
of the onset distractor allowed the detection of the switched target

location. The detection of the switched target location typically
occurred too late to inhibit the saccade to the initial target location.
Then, after the saccade to the initia target location, another sac-
cade was programmed on the basis of the spatial representation of
the switched target location obtained during fixation of the onset
distractor. There are two possible reasons why this additional
saccade to the switched target location was not executed on 58%
of these trials. It could have been that on these trias, the switched
target location was not detected during fixation of the onset dis-
tractor. A second possibility is that on these trials, visual informa-
tion of the target which had been switched back to its initial
location may have been obtained soon enough to inhibit an addi-
tional saccade to the switched target location.

General Discussion

The present study examined the programming of exogenous and
endogenous saccades. In Experiment 1, two models were tested:
the independent horse-race model and the competitive integration
model. According to the independent horse-race model, there are
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separate and independent systems for the programming of exoge-
nous and endogenous saccades. Endogenous and exogenous sac-
cades can be programmed simultaneously, and the program that is
completed first is executed. In contrast, the competitive integration
model assumes that endogenous and exogenous saccades are pro-
grammed within the same system. That is, saccade programming
occurs on a common retinotopic saccade programming map in
which information from different sources (e.g., endogenous and
exogenous) is integrated. The competitive integration model as-
sumes a lateral interaction structure in which saccade-related ac-
tivation at a specific location spreads to neighboring locations but
inhibits distant locations (see Figure 1). The two models were
tested with amodified version of the oculomotor capture paradigm
(e.g., Irwin et al., 2000; Theeuwes et a., 1998, 1999) in which
endogenous saccades were directed toward a color singleton target
and exogenous saccades were elicited by an abrupt onset distrac-
tor. The results of Experiment 1 provided substantial support for
the competitive integration model. First, saccade latencies to the
target were longer when an onset distractor was presented than
when it was not so long as the onset distractor was not adjacent to
the target. Second, saccade latencies were longer when the target
and onset distractor were presented relatively far apart (angular
separation of 90° or 150°) than when they were presented rela-
tively close together (angular deviation of 30°). Third, in the 30°
separation condition the eyes were often directed to a location
somewhere between the target and the onset distractor (global
effect; eg., Findlay, 1982). These findings support the latera
interaction structure of the competitive integration model. Activa
tion at a location in the saccade map spreads to neighboring
locations but inhibits distant locations. Because the independent
horse-race model assumes independence between saccade pro-
grams, these results are inconsistent with the independent horse-
race model.

In Experiments 2 and 3, we used a saccade-contingent, target-
switch paradigm (see McPeek et al., 2000) to examine whether a
spatiotopic representation of the target location was created on the
basis of visual information obtained prior to the exogenous sac-
cade to the onset distractor. On some trials, the location of the
target was switched during the initial saccade to the onset distrac-
tor. The results showed that even though the target was at a new
location during fixation of the onset distractor, the eyes still went
on to the old target location. This indicates that on the mgjority of
trials, a spatiotopic representation of the (initial) target location
was created prior to the exogenous saccade to the onset distractor
and that the subsequent saccade was based on this representation.
If we assume that the saccade map contains a retinotopic repre-
sentation, then the oculomotor system must have a way in which
to compensate for the intervening saccade to the onset distractor.
If the representation of target location is created in spatiotopic
coordinates, then this may enable the appropriate location in the
saccade map to be activated to guide the eyes to the target location
after the saccade to the onset distractor. In the section on the
neurophysiology of the competitive integration model, we briefly
speculate on how such a spatiotopic representation might be ac-
complished in the brain.

In Experiment 3, we found that on 42% of the trials on which the
target was switched back to itsinitial location during the saccade
from the onset distractor to the initial target location, the eyes
nevertheless moved on to the location to which the target had
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initially been switched despite the fact that the target was already
being fixated at its initial location. It is presumable that when
information concerning the switched target location was obtained
during fixation on the onset distractor, the saccade program to the
initial target location was already well underway and could no
longer be inhibited.

Despite the differences between the three experiments of the
present study, the results are very similar. The percentage of trials
on which the eyes were captured by the onset distractor ranged
from 23% to 29%. After the initial saccade to the onset distractor
in al three experiments, the eyes stopped for a brief period of time
(mean fixation durations were about 90—100 ms) and generally
went on to the location at which the target was initially presented.
The results are also quite similar to those of Theeuwes et al. (1998,
1999), athough the percentage of trials on which the eyes were
captured was dlightly higher in Theeuwes et al. (1998, 1999;
30%—40%). It is possible that this difference was due to procedural
differences concerning the presentation of the stimuli. That is, in
Theeuwes et a. (1998, 1999), the no-onset distractors changed
color, but the color of the target did not, whereas in the present
study, the target changed color, but the no-onset distractors did not.
In addition, there were other methodological differences between
Theeuwes et al. (1998, 1999) and the present study. For example,
in Theeuwes et a. (1998, 1999), there was also a manual response
task. Maybe participants were more concerned with accurate man-
ual responses than with accurate initial saccades. In the present
study, there was no manual response task, and participants could
fully concentrate on the saccade task.

In the following sections, we discuss the assumptions of the
competitive integration model in more detail, and we discuss how
the competitive integration model accounts for the results of the
present study.

Architecture of Saccade Map

As discussed in previous sections, the main assumption of the
competitive integration is that exogenous and endogenous sac-
cades are programmed in the same system. That is, thereisasingle
saccade map in which exogenous and endogenous saccade-rel ated
activity are integrated. Activity at one location spreads to neigh-
boring locations (see Figure 1C) but inhibits distant locations (see
Figure 1B). This architecture is consistent with other models of
saccade programming (e.g., Findlay & Walker, 1999; Kopecz,
1995; Trappenberg et al., 2001).

Temporal Trigger

According to the competitive integration model, a saccade is
executed when a certain activation threshold is reached at a loca
tion in the saccade map. Thus, the spatial and temporal aspects of
the model are intimately related. This is similar to the models of
Trappenberg et al. (2001) and Kopecz (1995), but it is in contrast
with Findlay and Walker (1999). According to Findlay and Walk-
er'smodel, there are separate “when” and “where” systems. There
is competition between a fixate center, which is part of the when
system, and a move center, which is part of the where system.
When the activity in the fixate center falls below a certain thresh-
old, a saccade is triggered. To explain the increased latency of
saccades to a target when an onset distractor is presented, Findlay
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and Walker need to assume in their model that onsets activate the
fixate center causing a delay in saccade execution (Findlay &
Walker, 1999). This counterintuitive assumption seems at odds
with the fact that onsets typically elicit saccades with extremely
short latencies (e.g., Fischer & Weber, 1993). Nevertheless, Find-
lay and Walker's model could account for a range of oculomotor
phenomena, including the remote distractor effect and the global
effect. The competitive integration model of the present study does
not assume separate fixate and move centers; instead, the fixation
location is part of the saccade map. That is, when observers are
actively fixating a specific location, the centra portion of the
saccade map is strongly activated (also see Kopecz, 1995). There
is lateral inhibition between the fixation location and peripheral
locations precisely like the latera inhibition between distant pe-
ripheral locations. This is consistent with evidence that fixation-
related cells are similar to saccade-related cells (buildup neurons)
but with afoveal receptive field (Krauzlis, Basso, & Wurtz, 1997;
Munoz & Waurtz, 1992, 1993). The fact that fixation-related and
saccade-related activation occurs in the same activation map does
not mean that fixation-related activity plays a minor role. In fact,
the activity at fixation is critical for the temporal trigger. If the
fixation location in the saccade map is strongly activated, this
prevents the threshold from being reached at periphera locations
because of the lateral inhibition from the fixation location. When
a saccade is required, the fixation-related activation may be inhib-
ited (typicaly referred to as oculomotor disengagement), releasing
peripheral locations from the lateral inhibition from the fixation
location. Klein and Shore (2000) have suggested that in the ocu-
lomotor capture paradigm (Theeuwes et al., 1998, 1999), the color
change of the no-onset distractors, which indicates the presence of
the color singleton target, may initiate oculomotor disengagement
as the observer prepares to make a saccade. In the context of the
competitive integration model, as soon as the no-onset distractors
change color, activation at fixation is inhibited in a top-down
manner, facilitating the programming of a saccade to a peripheral
target. In the present study, there was no global color change of the
no-onset distractors; nevertheless, the timing from the fixation
display to the target display was constant so that fixation-related
activity may have been inhibited as the target display was being
anticipated.

Saccade Destination

In accordance with Tipper and colleagues (e.g., Tipper et a.,
2000, 2001), we assume that the displacement of the eyes is
determined by the mean vector of activity in the saccade map. The
eyes will typically land nearby the location corresponding with the
location in the saccade map at which the threshold was reached.
However, because other locations may be somewhat activated
when the threshold is reached, deviations from this threshold
location may occur. When two nearby locations are strongly acti-
vated at the time that a threshold is reached at either location (or
at an intermediate location; see Figure 1C), the saccade will
typically land somewhere between the two locations (global ef-
fect). However, when two distant locations are active, there is
lateral inhibition between the locations, slowing the speed at which
the threshold can be reached. Therefore, before the threshold can
be reached at one of two distant locations, more activation is
required at one of the locations, and because of the lateral inhibi-
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tion from the threshold location, the activation at the other location
will be diminished. No global effect will occur in this case.

Location-Specific Inhibition

Apart from the lateral inhibition within the saccade map, we
assume an additional inhibition mechanism that acts directly on the
activation at a specific location (e.g., Tipper et a., 2001). This
additional location-specific inhibition resolves the conflict when
two distant locations are strongly activated and biases saccade
programming toward desired locations. According to Tipper and
colleagues (e.g., Tipper et a., 2000, 2001), the inhibition of a
location results in a sub-baseline activation at that location, caus-
ing the mean vector of activity in the saccade map to be deviated
away from the inhibited location. This is consistent with the
finding of the present study that saccades to the target were
deviated away from the onset distractor (also see Doyle & Walker,
2001; Sheliga et al., 1994, 1995).

Time Course of Endogenous and Exogenous Activation

The present study has provided substantial evidence that exog-
enous activation arrives in the saccade map well before endoge-
nous activation does. First, latencies of exogenous saccades to the
onset distractor were much shorter than latencies of saccadesto the
target. Second, in the 30° separation condition, there was a shift
over time in the distribution of landing points from the onset
location toward the target location. In other words, the mean
endpoint of short latency saccades was close to the onset distractor,
and the mean endpoint of long latency saccades was close to the
target location (see Figure 4). Third, for the 10% fastest saccades
(see Figure 3), which typically went to the onset distractor, there
was no effect of target location, suggesting that target-related
activation had not yet arrived in the saccade map. Otherwise,
because of the lateral interaction structure of the saccade map,
saccade latencies of these saccades would have been shorter with
a 30° separation than with a 90° or 150° separation between target
and onset distractor. Fourth, when the eyes move to both the onset
distractor and the target on asingletrial, they always first move to
the onset distractor before moving to the target and never vice
versa.

The difference in time course between endogenous and exoge-
nous activation is presumably due to additional processing re-
quired for endogenous saccades. That is, the properties of the
stimuli must be related to the goals of the observer to determine the
appropriate response.

Control Sgnals

Although the competitive integration model is particularly con-
cerned with the processing that goes on in the saccade program-
ming map, it is important to consider some aspects of processing
preceding this final saccade programming stage. Before a saccade
to atarget can be programmed, a spatia representation of the target
location must be created, and top-down control signals must be
delivered to the saccade programming map. In Experiments 2 and
3, we have shown that when an exogenous saccade to the onset is
made, a spatiotopic representation of the target can be used to
program the subsequent saccade without requiring a new search
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for the target. The top-down control signals not only refer to the
activation of relevant locations but also the inhibition of irrelevant
locations. This location-specific inhibition is applied to irrelevant
peripheral locations that initially evoke saccade-related activity
(e.g., onset distractors) as well as to the fixation location when the
generation of an eye movement isdesired. Thus, in the competitive
integration model, fixation disengagement is achieved by top-
down inhibition of the fixation location.

Neurophysiology of the Model

Although the competitive integration model is a functional
model, it is in part motivated by the neurophysiology of saccade
programming. The SC playsacritical role in saccade programming
(for reviews, see Schall, 1991; Sparks & Mays, 1981; Wurtz,
Basso, Paré, & Sommer, 2000). It receives input from awide range
of areas, such as the FEF, the supplementary eye fields (SEF), and
the posterior parietal cortex (PPC). It has been suggested that the
intermediate layers of the SC integrate endogenous and exogenous
saccade-related activation (Trappenberg et a., 2001). The SC
contains a retinotopic map of the visua field (e.g., Wurtz et 4.,
2000), and there is substantial evidence for short-distance excita-
tion and long-distance inhibition within the map (e.g., Munoz &
Istvan, 1998; Olivier, Porter, & May, 1998), consistent with the
competitive integration model. It has been suggested that a fron-
toparietal circuit, involving the FEF and PPC, is responsible for
developing spatial representations required for saccade program-
ming and delivering the control signals to the SC (e.g., Chelazzi &
Corbetta, 2000). The FEF and the dorsolateral prefrontal cortex
(dIPFC) are prime candidates for inhibiting specific locations in
the SC. The inhibitory role of these areas is based on lesion
studies, which have shown that either FEF lesions (e.g., Guitton,
Buchtel, & Douglas, 1985; Rafal, Machado, Ro, & Ingle, 2000) or
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dIPFC lesions (e.g., Pierrot-Deseilligny, Rivaud, Gaymard, &
Agid, 1991; Walker, Husain, Hodgson, Harrison, & Kennard,
1998) result in a deficit in inhibiting reflexive saccades. Further-
more, electrical microstimulation of the FEF results in suppression
of saccades in a variety of tasks (Burman & Bruce, 1997).

Given the retinotopic representation of the SC, the oculomotor
system must have away to compensate for eye displacement when
fast corrective saccades, such as redirected saccades, are to be
accurately directed to atarget location. One possibility points to a
role for the lateral intraparietal area (L1P) in the PPC, because cells
in this area shift their receptive field just before the execution of a
saccade in anticipation of the upcoming saccade (Duhamel, Colby,
& Goldberg, 1992). Thus, the LIP may play an important role in
compensating for eye movements when control signals are deliv-
ered to the SC on the basis of visual information obtained during
a preceding saccade. Despite the presumed retinotopic representa-
tion of the saccade map, we present the competitive integration
model in the following section as if the saccade map contains a
spatiotopic representation.

Competitive Integration in the Present Sudy

Figure 8 shows the time course of activation in the saccade map
during atypical trial on which the eyes move to the target accord-
ing to the competitive integration model. At the start of the trial,
before target and onset distractor are presented, there is strong
activation around the central fixation location (Figure 8A). After
the presentation of the target display, the fixation location receives
top-down inhibition as the observer prepares to make a saccade.
Exogenous activation related to the onset distractor reaches the
saccade map (Figure 8B). Before the activation at the onset loca
tion can reach threshold, target-related input reaches the saccade
map, and top-down inhibition acts on the location of the onset
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Figure 8. Time course of activation in the saccade map according to the competitive integration model.
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distractor (Figure 8C). Activation at the target location eventually
reaches threshold, and a saccade is directed to the mean vector of
activity in the saccade map (Figure 8D). Because of the inhibition
at the onset distractor location, the eyes move to the target location
but with a dight deviation away from the onset distractor. If the
activation at the onset distractor location reaches the threshold
before it can be inhibited, the time course is basically the same,
with the only difference being that the eyes first move to the onset
distractor. Thus, the onset distractor location does receive top-
down inhibition, but it sets in too late to prevent the exogenous
saccade to the onset distractor. If the location of the onset distrac-
tor is inhibited shortly after the threshold is reached, the saccade
falls short of the onset distractor, and the reduced activation at that
location will alow the threshold to be reached at the target location
relatively quickly. In other words, we propose that both the re-
duced amplitude of saccades to the onset distractor and the ex-
tremely short fixation durations on the onset distractor are the
result of top-down inhibition at the onset distractor location.

Spatial Competition in Other Paradigms

A number of other paradigms have also provided evidence for
spatial competition of saccade programming. However, it is im-
portant to note that these paradigms typically could not make a
distinction between endogenous and exogenous saccades, and,
therefore, they were not suitable to test the independent horse-race
model. A number of studies have used a task in which an onset
target is either presented alone or together with an onset distractor
(e.g., Waker et a., 1997; Weber & Fischer, 1994). The findings
aretypicaly similar to the present paradigm: Saccade latencies are
longer when a distractor is presented at a relatively large distance
from the target than when no distractor is presented. Also, when
the distractor is presented relatively close to the target, a global
effect is found. However, in these distractor studies (e.g., Walker
et a., 1997), there is no difference in mean saccade latency
between trials on which a distractor is presented close to the target
and trials on which no distractor is presented. This seems incon-
sistent with the suggestion of the competitive integration model
that activation in the saccade map spreads to neighboring loca-
tions. As shown in Figure 1C, if activation spreads to neighboring
locations, the threshold should be reached sooner than without
spreading of activation. Therefore, this finding may be interpreted
as evidence against spreading of activation in the saccade map.
However, these distractor effects should be interpreted with cau-
tion. For example, it has been suggested (Ottes, Van Gisbergen, &
Eggermont, 1985) that on some trials, participants may delay their
response when target and distractor are presented close together to
avoid an inaccurate saccade. Such a strategy may obscure any
reduction in saccade latency because of the spreading of activation.

The results of Walker et al. (1997) suggested that a global effect
only occurs when the angular distance between target and distrac-
tor is 20° or less. However, in the present study as well asin Ottes
et al. (1985), aglobal effect was also found at an angular distance
between target and distractor of 30°. The reason for this difference
is unclear. One speculation is that the area within which a global
effect occurs may depend on differences between studiesin the use
of (inhibition) strategies that may be adopted to avoid inaccurate
global saccades.

GODIIN AND THEEUWES

The study of Walker et a. (1997) also demonstrated the critical
importance of eccentricity in the programming of saccades. La-
tencies of saccades to the target were increased as the distractor
was presented closer to fixation. Relative to a no-distractor control
condition, the saccade latencies to the target were still increased
when the distractor was presented at an eccentricity of 10°. Walker
et a. interpreted this as evidence for a fixation zone extending to
about 10° away from the fovea. These data can aso be interpreted
without reference to a fixation zone. It is possible that there is a
continuum from the fovea to the periphery as proposed by the
competitive integration model but with a reduced sensitivity of
locations in the saccade map as a function of eccentricity (Findlay
& Walker, 1999, authors' fourth response [R4]).

Further evidence for spatial competition of saccade program-
ming has been provided by studies examining the effects of short-
term priming on the oculomotor system (McPeek & Keller, 2001;
McPeek et al., 2000). McPeek et a. (2000) presented participants
with displays containing three diamond shapes positioned on an
imaginary circle. The color of one of the diamond shapes was
different from the other two, and participants were required to
saccade toward this uniquely colored target. On each tria, the
target color was randomly chosen to be red or green, and the
distractors were of the opposite color. The results showed that the
initial saccade was often directed to one of the distractors, espe-
cially when the target and distractor colors differed between trials.
Asin the present study, initial saccadesto adistractor often landed
somewhere between the fixation point and the distractor with a
significant undershoot, and subsequent fixation durations were
extremely short (around 100 ms). McPeek et a. also used a
saccade-contingent target switch similar to Experiment 2 of the
present study. The results showed that when the target location was
switched with that of a distractor during the initial saccade to one
of the distractors, the subsequent saccade was directed to the old
and invalid target location on 90% of thetrials. Thus, similar to the
present study, the second saccade was based on a spatia repre-
sentation of target location obtained prior to the initial saccade to
the distractor.

One paradigm that can make a distinction between endogenous
and exogenous saccades is the antisaccade task (e.g., Hallet, 1978;
Hallet & Adams, 1980; Guitton et al., 1985; Mokler & Fischer,
1999). In this task, participants are required to make a saccade in
the opposite direction of an abrupt onset. Erroneous saccadesto the
onset may be considered exogenous, and saccades correctly di-
rected to the opposite location may be considered endogenous. The
results are typically quite similar to the oculomotor capture para-
digm. When the eyes are captured by the onset, a subsequent
corrective saccade will follow after a relatively short fixation
duration. Furthermore, these exogenous saccades sometimes un-
dershoot the onset by a significant margin. Similar to the present
study, Mokler and Fischer (1999) found that relatively short am-
plitude saccades to the onset were followed by shorter fixation
durations compared with relatively long amplitude saccades to the
onset. Despite the similar results, there are a number of significant
differences between the antisaccade task and the oculomotor cap-
ture paradigm. Firgt, in the antisaccade task, the location of the
onset is not irrelevant to the task. In fact, the required saccade
destination is defined in terms of the location of the onset. Fur-
thermore, the effect of separation between onset and target can not
be adequately examined, and there can be no condition in which no
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onset is presented. Therefore, the oculomotor capture paradigm is
more suitable to test the assumptions of the competitive integration
model and the independent horse-race model. Nevertheless, the
similarities between the results of the present study and these other
paradigms suggest that the present results may be generalized to
other tasks and that they are not specific to the oculomotor capture
paradigm.

Conclusion

The present study provides strong evidence for competitive
integration of endogenous and exogenous saccade-related activity.
One of the strengths of the competitive integration model isthat its
assumptions are based on a variety of eye-movement parameters
(latency, endpoint, amplitude, trajectory, fixation duration). How-
ever, its assumptions require further testing from different para-
digms. In contrast to the independent horse-race model, it is not
restricted to competition of saccade programming between an
exogenous and an endogenous saccade, so that it can be tested in
a variety of paradigms, which do not make a distinction between
exogenous and endogenous saccades.
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