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Although the proximal stimulus shifts position on our retinae with each saccade, we perceive our
world as stable and continuous, Most theories of visual stability implicitly assume a mechanism that
spatially adjusts perceived locations associated with the retinal array by using, as a parameter, extra
retinal eye position injormation, a signal that encodes the size and direction of the saccade. The re
sults from the experiment reported in this article challenge this idea. During a participant's saccade to
a target object, one of the following was displaced: the entire scene, the target object, or the back
ground behind the target object. Participants detected the displacement of the target object twice as
frequently as the displacement of the entire background. The direction of displacement relative to tile
saccade also affected detectability. Weuse a new theory, the saccade target theory (McConkie & Cur
rie, 1996),to interpret these results. This theory proposes that retinal (as opposed to extra-retinal) fac
tors, primarily those concerning the saccade target object, are critical for tile detection of intrasac
cadic stimulus shifts.

How we "see" or perceive the world is not strictly de
termined by our retinal image. The constant, stable envi
ronmental structure that we perceive must be derived
from a sensory input stream that is noisy and discontin
uous. For example, if the world or parts of it move suffi
ciently during a fixation, we perceive displacement and
motion. However, when the light pattern on the retina
moves because of a saccade, we do not perceive motion
or displacement; rather, we perceive stability (traditionally
known as space constancy). How does this happen?

Inexplaining stability, researchers have addressed two
issues: (I) why retinal motion is not perceived as motion
in the world during a saccade and (2) why the displace
ment of the light pattern on the retina is not perceived as
displacement in the world from one fixation to the next.
Researchers have made great gains in understanding the
mechanisms involved in the suppression of a perception
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ofmotion during a saccade. Specifically, when the image
of the world sweeps across the retina during a saccade,
velocities of up to hundreds of degrees/second can be
reached. Because the retinae cannot successfully transduce
a high-spatial-frequency component ofthe proximal stim
ulus at this speed, any perception of such a component
shifting across the retinae is physically impossible (Grus
ser, 1972). At the same time, selective suppression ofthe
magnocellular visual pathway suppresses the resultant fast,
low-spatial-frequency retinal image blur that accompa
nies the saccade (Burr, Morrone, & Ross, 1994). Finally,
visual masking from the postsaccade fixation suppresses
any perception ofa smeared but structured retinal image
that is present at lower velocities near the end of the sac
cade (Campbell & Wurtz, 1978; Grusser, 1972; Volk
mann, Schick, & Riggs, 1968). Unfortunately, we do not
have a comparable understanding of why the displace
ment of the light pattern on the retina after a saccade is
not perceived as displacement in the world. Theories
concerning this issue can be divided into two groups. We
will refer to these two groups as extra-retinal and target
object theories.

EXTRA-RETINAL THEORIES

Extra-retinal theories rest on the assumption (which
goes back to Helmholtz, 1866/1963) of the existence of
a visual, neurosensory pathway that maps retinal locations
to unique corresponding positions in a neural map that
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represents perceived positions in the world (see, e.g., von
Holst & Mittelstaedt, 1971). With this assumption, eye
movements introduce a "problem" for visual stability.

Extra-retinal-based theories propose that, in order to see
the world as stable, the system encodes the size and direc
tion of the saccade in a neural signal. The system then uses
the size and direction encoded in this neural signal as pa
rameters to remap all retinal locations to new perceived
positions (Bridgeman, van der Heijden, & Velichkovsky,
1994; Matin, 1986). Researchers in the field have com
monly referred to this neural signal as extra-retinal eye
position information (or EEPI, after Matin, 1986).

A further (albeit, implicit) assumption is that the re
mapping occurs over the entire retinal array (a global as
sumption) and that the remapping occurs automatically
with each saccade. For example, several neurons in the
lateral intraparietal area have been shown to exhibit ret
inotopic remapping of their receptive fields before a sac
cade is made (Duhamel, Colby, & Goldberg, 1992). This
remapping could support stability by contributing to the
integration of information across saccades. A critical
finding from Duhamel et al. is that this retinotopic re
mapping does not happen with shifts of attention to the
saccade target when a saccade is not made. This suggests
that visual stability could be the result of a low-level,
automatic mechanism that operates independent of at
tention. In addition, Haarmeier, Thier, Repnow, and
Petersen (1997) report the case ofa patient with bilateral
extrastriate cortex lesions that damaged a portion of the
parieto-occipital region. This region may discriminate
between self-induced and externally induced visual mo
tion signals by comparing them with a reference signal
encoding an eye movement. This patient suffered from
false perception of motion of the world whenever he en
gaged in self-induced smooth-pursuit eye movements.

In sum, these studies all suggest that a low-level mech
anism may operate to stabilize perception by taking into
account information from many retinal locations (Du
hamel et aI., 1992).

A strict prediction of extra-retinal theories is that any
mismatch between the EEPI signal and the postsaccadic
retinal signal will be attributed to a change in the world.
Researchers have used studies of intrasaccadic stimulus
shifts to examine the sensitivity and accuracy of pro
posed EEPI-based mechanisms. In these studies, a phys
ical stimulus is displaced during a viewer's saccade so
that its position in the world is different from one fixa
tion to the next. The viewer's task in these studies is usu
ally to detect any displacement ofthe stimulus. Contrary
to the strict prediction that any change will be detected,
stimulus shifts during saccades often escape detection. A
common finding has been that the likelihood of detect
ing a stimulus shift of a given size decreases as saccade
length increases (Bridgeman, Hendry, & Stark, 1975; Li
& Matin, 1990; Mack, 1970; McConkie & Currie, 1996;
Whipple & Wallach, 1978).

The typical interpretation of these detection failures
is that the extra-retinal information concerning eye po-

sition is imprecise or noisy and that the noise or amount
ofimprecision increases with saccade length (Li & Matin,
1990). Because of this, many researchers have concluded
that an extra-retinal-based compensation theory is an in
complete account of visual stability (Macknik, Fisher, &
Bridgeman, 1991; Skavenski, 1990).

If this is so, the perceptual system must employ a mech
anism to detect any mismatch between the magnitude of
a retinal image shift predicted by the EEPI signal and the
magnitude of an actual retinal image shift. The problem
then becomes how to determine how much of the mis
match is due to error in the system and how much is due
to displacement in the world. One possibility is a mech
anism that sets a threshold. For example, if the mismatch
is below the threshold, the system suppresses a percep
tion of displacement; if it is above the threshold, an ob
server will perceive displacement (Li & Matin, 1990).

TARGET OBJECT THEORIES

As the basis for explaining the failure to detect stimu
lus displacements accompanying saccades, another
branch ofresearch has focused on the role ofretinal, I (as
opposed to extra-retinal) factors. This line of research
has challenged several assumptions of EEPI-based the
ories. For example, Bridgeman (1981) and Brune and
Liicking (1969) observed that when a picture was shifted
during a saccade, rather than perceiving the entire picture
to shift, participants indicated that only the objects to
which they were sending their eyes seem to shift. These
results suggest that local stimulus information near the
landing site of the eyes is critical for the perception of
stimulus displacement. These studies leave open the ques
tion of exactly how this information is used to stabilize
perception.

McConkie and Currie (1996) also found evidence for
local, as opposed to global, processing of a shifted reti
nal image. In one experiment, while participants freely
viewed a full-color, natural scene, the scene was shifted
during preselected saccades. For a picture shift of a con
stant size, they found an inverse relationship between the
likelihood ofdetection and the length ofa saccade. Such
a result is consistent with the idea of a noise level in the
extra-retinal signal that increases with saccade length (Li
& Matin, 1990).

At the same time, McConkie and Currie (1996) ob
tained a result that was not accounted for by the current
versions of EEPI-based theories. First, the direction of
the saccade relative to the direction of the shift of the
picture influenced the frequency ofdetecting shifts. Spe
cifically, shifts in the same direction as that of the sac
cade were detected more often than shifts in the opposite
direction. McConkie and Currie explained this by not
ing that the eyes tend to undershoot their target objects
in scenes (Henderson, 1993). Shifting the picture in the
opposite direction to that of the saccade results in the eyes'
landing closer to their target then when the picture is
shifted in the same direction as that of the saccade. Thus,



detection of a shift is lower in the condition in which the
eyes land closer to the target object. Macknik et al. (1991)
also found that shift direction relative to saccade direc
tion influenced detection, but their results were the op
posite of those obtained by McConkie and Currie. This
effect, then, appears to be local in nature, which is com
patible with target object theories but not with current
versions of EEPI-based models.

In sum, EEPI-based theories propose that an extra
retinal signal is used to update, with each saccade, the
perceived visual directions of all objects currently in
view. Another line of research has focused on retinal fac
tors-s-specifically, those located in the region of a sac
cade target object. This theory, in line with O'Regan's
(1992) view, suggests that the visual system assumes a
stable world unless there is evidence to the contrary. The
saccade target object may playa unique role in the de
tection of intrasaccadic stimulus shifts.

The Saccade Target Object Theory
Although results supporting target object theories do

not rule out the involvement of an extra-retinal signal,
they do indicate a need for a revision in EEPI-based the
ories. Such a revision would need to give priority to the
remapping of local information near the landing site of
the eyes. As an alternative, however, we have proposed a
localist, retinal-based theory of visual stability, called
the saccade target object theory (McConkie, 1991; Me
Conkie & Currie, 1996). This theory does not assume
that the system must somehow correct for the problem of
a shifting retinal image in order to produce a perception
of a stable world. Rather, the theory assumes that visual
stability arises as a by-product of the successful applica
tion of several processing operations that are in the ser
vice of a fundamental perceptual goal: the selection and
identification ofa saccade target object. The theory pro
poses that these processes occur at the beginning ofeach
new fixation because they are required before any fur"
ther analysis of a scene can take place.

Specifically (see McConkie & Currie, 1996, for more
details), the theory assumes that each saccade is nor
mally an attempt to direct the center of vision toward some
entity, which we call the saccade target object. Once the
system selects the saccade target, its position in the men
tal representation of the scene is noted.

At this point, eye movements do introduce a "prob
lem" for the perceptual system. Because there is no evi
dence that there is a carryover of a veridical, visual rep
resentation of the retinal array (Irwin, 1992b), the system
faces a fundamental perceptual goal of "finding" the
saccade target object at the beginning of each new fixa
tion. The theory assumes that near the end of each fixa
tion, the system selects and temporarily stores critical lo
cating features about the selected target object to
facilitate a search process when information from the
new fixation begins to become available. The nature of
these features is an open question. The theory assumes
that they are, most likely, visually based, but their nature
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could vary by task, stimulus, or eccentricity of the sac
cade target. Furthermore, the theory assumes that a shift
of visual attention before a saccade facilitates both the en
coding of these features and their retention across a sac
cade (Irwin, 1992a).

At the onset of the new fixation, the critical locating
features are used to find the saccade target object within
a limited retinal search region, probably near or at cen
tral vision.

When the saccade target is found in the stimulus array,
the system can identify the relationship between its reti
nallocation and its location in the mental representation
that the system noted before the saccade. Once these two
corresponding points ofreference are established, a bidi
rectional mapping exists between the contents of the rep
resentation of the scene and the retinotopic representa
tion of the scene currently in view. With this function,
identifying an object or location in one space gives im
mediate access to the corresponding object or location
in the other space.

We propose that intrasaccadic stimulus shifts disrupt
these target-locating processes by reducing the likeli
hood that the saccade target object will lie within the lim
ited retinal search region. When this happens, the system
initiates an error correction process, and the viewer ex
periences this as a lack of perceptual stability.

Unfortunately, the involvement ofa saccade target ob
ject in the studies reviewed above is inferred, rather than
being established by direct evidence. This is because these
studies allowed free viewing of the stimulus, and thus, it
was not possible to identify the object to which subjects
were sending their eyes on a given saccade. Moreover,
they shifted the entire stimulus. Thus, it is not possible to
unconfound the effects of a local shift (i.e., the saccade
target object) from those of a global shift (i.e., the entire
retinal image). The primary goal of the experiment re
ported in this article was to test specifically for the role of
a saccade target object in the detection of intrasaccadic
stimulus shifts.

Briefly, in the present experiment, we had participants
move their eyes to a predefined target object in a natural
scene (see Figure 1). During the saccade to the target ob
ject, the entire picture shifted (all shift), just the target
object shifted (object shift), the entire picture except for
the target object shifted (background shift), or there was
no shift (control). The task of a participant was to detect
any change in the picture.

We hypothesized two basic possible patterns of re
sults. (1) If there is a global remapping of the retinal
image into a stable spatiotopic store from one fixation to
the next, the more features in the picture that are shifted,
the more detectable the shift should be. Thus, the detec
tion rate would be highest for the all shift condition, in
which the entire picture changed location. Detection
should be next highest for the background shift condi
tion, in which all but the saccade target changed loca
tion. Detection should be least for the object shift condi
tion, in which only the target object moved. Such a result
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Saccade target
object (sign)

Initial eye
location in

picture

All shift down Object shift down Background shift up

Figure I. Sequence of stimulus events. The participants first fixated an initial fixation box and then pressed a button that caused a
1° X 1° star to appear 2° in their periphery (not shown in the figure). Top: During the saccade to the star, the star was removed, and
a full-color, 16-bit, digitized magazine picture appeared. Bottom: During the saccade to the target object and before the end of that
saccade, one ofthree experimental manipulations occurred. All the shift distances were 2° right or left, up or down. These frames in
this figure show an example of an all shift down, object shift down, and background shift up. There was also a control condition in
which the picture did not shift, but this is not shown in the figure.

would be compatible with the global assumption ofEEPI
based theories. (2) If only the saccade target object is
used to detect intrasaccadic stimulus shifts, the all shift
and object shift conditions should be equally detectable.
Detections of the background shift, on the other hand,
should be close to the frequency of false positives in the
control condition.

METHOD

Participants
Eleven individuals from the University of Illinois community par

ticipated as paid ($5/h) participants. All had 20/20 uncorrected vision.

Apparatus
The pictures were displayed on a Princeton Ultra-Synch monitor

in 756 X 486 pixel mode, controlled by an ATVista display con-

troller card in a 386 computer and refreshed at 60 Hz. In order to
hide the edge of the display screen, the plastic molding of the mon
itor was blackened, and a large 410 X 40 0 glare filter was placed in
front, making it difficult to see the borders of the computer display
or its case. In the ATVista display controller, four images were stored
in its image memory. This made it possible to switch from one
image to another simply by switching to a different region in image
memory. Such a change could occur at the end of any horizontal re
fresh scan; thus, the computer could initiate a switch at any point
during a vertical refresh of the screen, and it would be completed in
16.7 msec.

The observer's eyes were tracked with a fifth generation Dual
Purkinje Image Eyetracker that sampled eye position every mil
lisecond and produced 12-bit data values for horizontal and verti
cal positions. The equipment was adjusted so that a 10 movement
produced a 200 value change in the eyetrack signal. Saccades were
identified within 10 msec of their initiation, and on the onset of a
predefined critical saccade, an image change was initiated imme
diately. Saccade onsets were detected on line as a difference of



10 values or more (i.e., 3 min of arc) between the current sample
and one taken 4 msec earlier, followed by four additional samples
indicating movement in the same direction. Thus, the saccadic de
tection threshold was movement between 12° and ISo/sec (depend
ing on the spatial resolution of the eye tracker during calibration).
Since image change could begin at any point during a vertical re
fresh cycle, the display of the old image was discontinued no later
than 10 msec after the onset of a saccade. The new image com
pletely overwrote the old within 16 msec.

Design and Procedure
Figure I shows the sequence of events in each type oftrial. Weused

six pictures, approximately 13.6°-16.2° horizontal X 11.00~11.5"
vertical. Five pictures were outdoor scenes; one was an indoor
scene. Each trial began by having the participant direct his or her
gaze to a fixation point on an otherwise blank screen. A small star
appeared 2° in their periphery, to which the participant was in
structed to shift his or her gaze. During the saccade to this star, it
disappeared, and a full-color, natural scene appeared (top picture in
Figure I). The purpose ofthe star was, first, to avoid a sudden onset
of a picture during a fixation, which could trigger an automatic sac
cade, and second, to control for eye position relative to a saccade
target object. One hundred milliseconds into this first fixation on
the picture, one object in the picture (e.g., the small, square sign
below the tall "La Petite Taverne" vertical marquee in Figure I) in
stantaneously moved 1/5° and then returned to its original position
32 msec later; this signaled to the participant which object to look
at (Boyce & Pollatsek, 1992). The distance of the eyes to the center
of the target object was always 6°. Since the distance to the target
object was fixated at 6°, we did not want the participant to see the
wiggled object from the same position in the scene each time it was
presented. In order to vary location of the eyes relative to the target
object, the star was located at some point on an imaginary circle with
a radius of 6° centered on the target object. Imagining a horizontal
line running through the center of this circle, the star, or starting
point of eyes, was 0°, 20°, 40°, or 60° of arc above or below this
line. In half the pictures, the eyes approached the target object from
the right; in the other half, the eyes approached from the left. Be
cause these were natural pictures, it was not possible to have all pos
sible starting points in each picture. For example, a target object
may have been located relatively near the top ofa particular picture.
In that case, it was more natural to have the eyes approach the ob
ject from below. Thus, in four ofthe pictures, the starting point was
above the imaginary horizontal line, and in two of the pictures, the
starting point was below the imaginary horizontal line.

During the saccade to the target object, one offour types of changes
occurred in the scene: (1) a control condition with no change; (2) an
all shift condition with a change in the position of the entire scene;
(3) an object shift condition, in which only the target object shifted,
with the background remaining stable; (4) a background shift con
dition, in which the target remained at the same location on the
screen but the rest of the scene shifted. All the shifts were 2°, about
1/3 of the saccade length. Three pictures shifted right and left an
equal number oftimes; the other three shifted up and down an equal
number of times. The participants then reported whether or not they
noticed any change in the picture by pressing a button. The picture
remained on until the participant responded. The size of the target
object ranged from an average of 2.5° X 2.5° to 0.7" X 0.7°, and
each was selected so that it could change position by the required
amount without violating normal, real-world spatial constraints.

Six pictures each had four starting points (star locations) and four
picture shift conditions (all, background, object, and control), for
96 combinations. Each participant experienced each combination
twice, resulting in 192 trials per participant. The pictures and con
ditions were presented in random order.
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RESULTS

We excluded 1 participant from the analysis because
of an inability to distinguish between the control condi
tion and the other shift conditions. This left 10 subjects.
In addition, we excluded one stimulus picture because
the participants could not detect the 1/50 shift that signaled
the target object location. Of the remaining 1,600 cases,
we discarded 280 cases because of eye-tracking loss of
lock. We discarded 51 more cases because saccades to the
star resulted in the eyes' landing more than 20 from its
center. Finally, we excluded an additional 139 cases be
cause saccades to the preshift target object (see the top
panel, Figure I) resulted in the eyes' landing more than
2.so from its center. Thus, about 29% of the potentially
analyzable data were lost, and the final data set con
tained 1,136 cases.

Likelihood of Detection
Figure 2 shows the frequency ofdetecting a shift in each

ofthe four different shift conditions. A repeated measures,
general linear analysis, using 10 subjects and shift con
dition as a factor, showed a significant effect [F(3,27) =
68.76,p < .001]. Single degree comparisons (usingMSe =

0.053 from the general linear analysis) were used to test
for differences in detection frequencies between the shift
conditions as described by the above hypotheses. First, a
comparison between the object shift and the all shift con
ditions (83% and 74% detection rates, respectively)
failed to reach significance [F(l,27) = 2.22]. Second, a
comparison between the average of the object and all
shift conditions (78.5%) and the background shift con
dition (34%) revealed that shifts involving the saccade
target object were more detectable than shifts involving
the background alone [F(l,27) = 67.10,p < .001]. Third,
the difference between the object and the background shift
conditions was also significant [F(l,27) = 61.46, p <
.001]. Finally, a comparison between the background
shift condition and the control/false alarm condition (4%
detection) revealed that a shift of the background re
sulted in detections that were significantly above the
false alarm rate [F(l,27) = 23.29,p < .002].

The observation that shifting only the saccade target
(object shift condition) is more detectable than holding
the saccade target stable and shifting everything else in
the picture (background shift condition) supports the
idea that visual stability depends primarily on local reti
nal information concerning the saccade target object.
The same can be said for the observation that shifting the
target object alone (object shift condition) is as detect
able as shifting the entire picture (all shift condition).

Because increasing saccade length while holding the
magnitude of a stimulus shift constant is known to de
crease detection (Bridgeman et aI., 1975; Li & Matin,
1990; Mack, 1970; McConkie & Currie, 1996), it is impor
tant to know whether saccade length is constant in each
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Figure 2. Likelihood of detection in the four shift conditions. Error bars are standard de
viations of the mean.

shift condition. Using shift condition as a factor and pre
view distance (i.e., as measured from the eye's location
at the star to the center of the preshift target object) as a
dependent measure, a repeated measures, general linear
model analysis yielded no effect of shift condition on
preview distance [F(3,9) = 1.0). Specifically, in each con
dition, the average preview distance was 6°.Wealso looked
at oculomotor accuracy in saccading to the target object.
That is, we used the distance between the landing site of
the eyes after the saccade to the target object and the cen
ter of the preshift target object as a dependent measure
and shift condition as a factor in a repeated measures,
general linear model analysis and found no effect of shift
condition on accuracy [F(3,9) = 0.82). Specifically, the
eyes, on average, undershot the center of the preshift tar
get object in each shift condition by about 0.5°. Since the
participants were equally accurate at finding and saccad
ing to the target object in each shift condition, differences
in the detection likelihoods in Figure 2 cannot be explained
by differences in actual saccade length or accuracy.

Another concern is the possibility that repeating each
scene multiple times, with the same target object, could
have led to additional encoding ofthe target objects. This
could have produced the higher detection of their dis
placement in the all and object shift conditions. This con
cern was addressed by looking at the detection likelihoods
for those trials in which the pictures were presented for
the first two times- (early view) and those in which the
pictures were presented at all subsequent times (later

view). Ifpicture repetition is responsible for the main ef
fect presented above, trials in which the picture is pre
sented only for the first two times should not show the
pattern of data shown in Figure 2.

Figure 3 shows the early view and later view data. It
appears that detection levels may increase slightly with
picture repetition, but the pattern ofdetection rates across
the four shift conditions is similar to that in Figure 2. The
interaction between shift condition and picture repetition
failed to reach significance: [F(3,24) = 0.68]. Thus,
there was little difference in the overall pattern of detec
tion between the early view of a picture and later views.

Response Time and Multiple Bases for Detection
The significantly higher detection rate in the object

and all conditions over the background condition does
not support the idea of a mechanism that remaps the vi
sual direction ofall the objects in the scene. On the other
hand, the observation that the background detection rate
was higher than the control (i.e., false alarm) rate would
not be expected on the basis of the saccade target theory.
In both conditions, the target-error distance is the same.
We assume that the detection of the stimulus change in
the background condition is based on a different mecha
nism: the detection ofa change in the spatial relationships
between the target object and other contextual objects
(probably those that are closest to it). However, we further
assume that the system cannot detect changes in spatial
relations until after the processes involved in establishing
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Figure 3. Likelihood of detection for early view verses later view. Error bars are stan
dard deviations of the mean.

the mapping function between the retina and the mental
representation are complete. This is because we assume
that it involves a comparison between current retinal infor
mation and previous represented information. We refer to
this as the late spatial relations detection assumption.

With this assumption, there are two bases ofdetection.
If the saccade target is displaced, as in the all and object
shift conditions, an early detection is likely as a result of
initially failing to locate the target object. If spatial rela
tionships change, as in the background and object shift
conditions, the system may detect, at a later point in time,
the spatial relation differences between the currently
viewed scene and a previously formed mental represen
tation. This leads to two predictions for the present data.
First, since the system can detect shifts in the object con
dition on either basis, this theory predicts a higher de
tection rate than in any of the other experimental condi
tions. We observed this pattern in Figure 2, although the
difference between the object shift and the all shift con
ditions was not statistically significant.

Second, if detection is occurring from an early pro
cess in some conditions (i.e., object and all, in which the
target object is shifted) and from a later process in some
conditions (i.e., background and object, in which the spa
tial relations are changing), the theory predicts differ
ences among the conditions in terms of response times.
Specifically, detections should be faster in the all shift
condition than in the background shift condition. The
object shift condition, which includes detections of both

types ofchanges, should be in between. However, the re
sponse times will probably be closer to the all shift con
dition, since the frequency of detecting from the early
process alone is so high.

A repeated measures, general linear analysis, using 10
subjects and three factors, was carried out, and single de
gree comparisons (using MS e = 80,335) were used to test
for predicted differences among the three experimental
shift conditions. A contrast between the averages of the
object (1,088 msec) and all (1,067 msec) shift conditions
(i.e., 1,078 msec) and the background shift condition
(1,291 msec) revealed a marginally faster response time
for the object and all shift conditions than for the back
ground shift condition [F(l,18) = 3.77,p = .0679].
However, there was no significant difference between
background shift and all shift response times [F(l, 18) =
3.11]. Thus, the response time data are ordered exactly
as would be predicted by the early versus the late detec
tion hypothesis, but the differences between the means
were not significant. Also, an examination of the cumu
lative frequency curves for the response times indicates
that the curve for the all shift condition begins to rise
100 msec earlier than that for the background shift con
dition (600 vs. 700 msec).

Effect of Target-Error Distance
on Detection Likelihood

The saccade target theory predicts that if saccade
length is held constant, the distance between the fixation
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location (or landing site) after a saccade to the target ob
ject and the location ofthe postshift target object (which
we call the target-error distance) should playa role in
detecting a shift ofthe saccade target object. Specifically,
when the eyes land further from the target object because
ofa stimulus shift, it is less likely that the target-locating
processes will find the saccade target within the limited
retinal search region, thus leading to an increased likeli
hood of detection.

The all shift condition presents the cleanest case by
which to test this hypothesis, because we assume that de
tection in this condition is due to an initial failure to lo
cate the target object within the limited retinal research
region, and not to other factors that we assume are oper
ating in the object shift condition, such as detection of
changed spatial relations. An analysis ofeye landing po
sition relative to the location of the preshift target in the
all shift condition showed that the participants, on aver
age, tended to undershoot this location by about OS.
This being the case, an all picture shift in the same direc
tion as the saccade should, on average, exacerbate any
undershoot and increase the distance between the landing
site of the eyes and the postshift saccade target object lo
cation. On the other hand, a shift in the direction oppo
site the saccade should reduce the target-error distance.
The data showed the following patterns: In the same di-

rection case, the target-error distance was 2.31°; in the
opposite direction case, it was only 1.71°.

A repeated measures, general linear model, using fre
quency of detection as a dependent measure, supported
this target-error distance hypothesis by showing that an
all shift in the same direction as the saccade had a sig
nificantly higher detection rate than an all shift in the op
posite direction [same, 84%; opposite, 53%; F(l,9) =
28.75,p < .005]. Although this result is compatible with
the saccade target theory, it is not compatible with cur
rent EEPI-based theories.

The role oftarget-error distance in the object shift con
dition is more complex because there are two possible
bases ofdetection in this condition: target object displace
ment and changed spatial relations. Both the all and back
ground shift conditions have a single basis for detection:
target object displacement in the all shift condition, and
changed spatial relations in the background shift condi
tion. The question arises: How do these two factors com
bine to produce a perception of target object shift in the
object shift condition?

Figure 4 shows the probability of detection, averaged
over participants, as a function of postshift target-error
distance in each of the shift conditions. In the case of a
background shift, the postshift and preshift target loca
tions are the same. In all cases, the distances are absolute
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Figure 4. Likelihood of detection as a function of target-error distance for the indepen
dence model of object data and the observed data from the background, all, and object shift
conditions. Error bars are standard deviations of the mean.



measures, in the sense that the distinction between over
and undershoots is ignored and all the distances are pos
itivenumbers. The object, all, and background shift curves
were constructed by recording a target-error distance for
each trial along with its detection response, either 0 (no
detect) or I. For each participant, the data were sorted on
the basis oftarget-error distance. Bin widths of 1°(oftar
get-error distance) were defined, and a probability ofde
tection was calculated for each bin. These probabilities
were averaged across subjects, to produce the data points
in Figure 4.

Analyses of trend were carried out for the curves. A
significant linear component was found in the all shift
curve [F(1,26) = 20.85,p < .01], the condition allowing
detection based only on the early processes. This con
firms the prediction from the saccade target theory ofan
increase in detection with an increase in target-error dis
tance. A significant linear trend was also found in the
object shift curve [F(1,15) = 4.68, P < .05], but in the
opposite direction. The slight rise with target-error dis
tance in the background shift condition was not signifi
cant [F(I,9) = 0.8].

As can be seen in Figure 4, the object shift curve be
gins above the all shift curve, but the two curves con
verge at target-error distances above 2.0°. This suggests
that the effect ofchanged spatial relations facilitates de
tection only when the eyes are near the target object.
Comparing curves for the object and the all shift condi
tions indicates a significant difference at a target-error
distance of 1.5° [F( I ,8) = 11.88,p < .009], but not at 2.so
[F(1,9) = 0.86] or 3.so [F(1,6) = 0.87].
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shift conditions by correcting the observations for guess
ing by using the transformations

0A.LL(d) = TJ(d) + [1- TJ(d)] * .05,

0BKG(d) = bed) + [1- bed)] * .05, (3)

where°ALL(d) is the observed likelihood ofdetection of
an all shift at a given target-error distance, and 0BKdd)
is the observed likelihood of detection of a background
shift at a given target-error distance.

A predicted curve for the object shift condition was de
rived by using Equation 3 to obtain estimates for TJ(d)
and bed) for each data bin for each subject, using Equa
tion 2 to produce a prediction for the object shift condi
tion and then averaging predictions across subjects.' The
resulting curve is shown in Figure 4. There was no sig
nificant difference between the observed and the predicted
data points [F(1,9) = 2.99,F(1,9) = 0.33,andF(1,7) =

1.43for target error distances of 1.5°,2.5°,and 3.5°,respec
tively]. Thus, the data fail to reject the additive model.

In sum, then, the analysis of detection as a function of
target-error distance supports the idea that there are two
bases for detection in the object shift condition. Further
more, as target-error distance increases, the likelihood of
detecting target object displacement increases. Finally,
given the assumptions made in the model, Figure 4 sup
ports the hypothesis that these two bases combine in an
independent manner to produce detection in the object
shift condition.

DISCUSSION

Independence Model
We can further ask whether the effects of these two

bases for detection combine in an independent, additive
manner suggested by Equation 1(such a model specifies
that the observer correctly detects a change in the object
shift condition if the perceptual system perceives target
object displacement, if it perceives changed spatial rela
tions, or if the observer guesses correctly):

where TJ(d) is the probability of perceiving target object
displacement as a function of target-error distance, d;
bed) is the probability of perceiving changed spatial re
lations as a function of target-error distance; and Guess,
a constant, is .05, the false alarm rate in the control con
dition. The likelihood ofa correct response, fed), is be
tween 0 and I.

Expressing the likelihood of detection as fed) = I 
(likelihood ofno detection)and rearranging terms, we get

fed) = .05 + [bed) + TJ(d) - bed) * TJ(d)] * .95. (2)

Estimates for the unknowns in Equation 2 can be de
rived from actual observations in the all and background

fed) = TJ(d) + bed) + Guess, (1)

Traditionally, visual stability across saccades has been
accounted for by postulating an extra-retinal signal that
globally remaps retinal space during each saccade. The
saccade target theory (McConkie, 1991; McConkie & Cur
rie, 1996) provides an alternative account that does not
assume an extra-retinal signal or an automatic, global re
mapping of retinal space. Instead, it postulates that local
information is used in establishing a mapping function
between the mental representation (developed from infor
mation obtained during past fixations) and retinal space
(which can be used as needed to coordinate between
these two domains).

The experiment reported here has demonstrated the
relative importance ofthe saccade target object in detect
ing image displacements; detection is much higher when
only that one object is displaced than when everything
else in the image is displaced. Furthermore, detection of
intrasaccadic displacements is a function of the direction
of the displacement relative to the direction of the sac
cade (with or against), a finding that can be accounted
for on the basis of the distance the eyes land from their
target under the different conditions. The experiment pro
vided evidence for the existence of two bases for detect
ing displacements, one being the retinal location of the
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saccade target object at the end of the saccade, and the
other being a discrepancy between current and previously
obtained information in the image, here represented as a
difference in spatial relationships between the saccade
target object and other, nearby objects.

In addition, there appears to be a time difference in
when these are detected, as is proposed in the saccade
target theory: Detection on the basis of retinal location
occurs earliest, and detection on the basis of spatial re
lations occurs later. The theory assumes that the first of
these is part ofa process by which coordination ofpercep
tion between eye fixations is achieved, with the second
occurring only during perception that is enabled by this
earlier process. The strengths ofthese two signals are both
a function ofeye position with respect to the saccade tar
get object (e.g., the retinal location ofthat object), but the
nature of these functions is quite different. Finally, the
two signals appear to combine their effects on detection in
the object shift condition in an independent manner.

These observations are all consonant with the saccade
target theory and raise problems for an EEPI theory, par
ticularly one that makes the assumption of a global reti
nal remapping. One way to revise an EEPI theory, to
make it more compatible with these results, is to assume
that local information in the region of the fovea has pri
ority in evaluating whether the image is at the expected
place on the retina. This is reasonable, given the fact that
this information is being resolved with greater acuity.
Although this can account for why the system is more
sensitive to the displacement of objects lying in or near
the fovea than for objects further away, it does not ex
plain why shift direction relative to the saccade direction
should have an effect. Moreover, people are more likely
to detect displacements that result in the saccade target
object's being placed further from the center of vision.
This cannot easily be explained on the basis that the sys
tem is less sensitive to displacements at more peripheral
locations. Furthermore, the stimuli used in this study
were complex photographic images; there was no place
without stimulus information, even ifit was only texture.

Thus, it is not clear how a revised EEPI theory can ac
count for the shift direction effect without including a
mechanism that evaluates the distance of a particular
part of the pattern (probably the object to which the eyes
are being sent) with respect to the center of vision. This
change would, ofcourse, be an incorporation ofessential
characteristics of the saccade target theory itself.

At this point, it is reasonable to ask about any remain
ing differences between these two models. Clearly, the
global remapping assumption is not a critical component
ofEEPI-based models, although traditionally it has been
assumed. The critical difference between the two models
is the use ofEEPI. EEPI-based models make the hard as
sumption that the brain continually uses EEPI to main
tain a space-constant representation of the visual world,
in order to maintain a perception of stability. The basis

for detecting intrasaccadic stimulus shifts is the resolu
tion of this representation and the accuracy of the EEPI
signal. For the detection of shifts, the saccade target theory,
as formulated in the introduction, requires neither ofthese
assumptions.

Although it is clear from many studies that the brain
does encode EEPI, the critical question for the saccade
target theory is whether it can explain the detection of
shifts without an EEPI signal. If it can, this would mean
that the saccade target theory is fundamentally different
from other theories that explain the detection of stimu
lus shifts by reference to EEPI. However, if it cannot,
EEPI-based theories and the saccade target theory may
complement each other at some level. These questions
must await further research.

Further questions concern the role ofattention. For ex
ample, it is possible that signaling the saccade target ob
ject by wiggling it may have exogenously drawn attention
to that object. This may have caused the participants to
be more sensitive to changes in its location than would
have been the case in ordinary viewing. This is a valid
concern; however, McConkie and Currie (1996) did use
a paradigm in which participants freely viewed scenes
and still found indirect evidence that the system was de
tecting picture shifts based on a saccade target object.

Finally,although attention undoubtedly plays some role
in any perceptual/cognitive process that occurs just be
fore a saccade, the fact that detections were higher when
the target shifted in the same direction as the saccade, as
opposed to the opposite direction, indicates that attention
alone is not sufficient to account for our findings. In other
words, displacement detection did not depend solely on
whether the target was attended, but on where the eyes
landed, as the target-error distance analyses demonstrated.

In sum, by assuming that a fundamental perceptual goal
of the system is to "find" a saccade target object within
a limited retinal search region, the saccade target theory
proposes that intrasaccadic stimulus shifts are detected
because they disrupt feature-level, saccade target identi
fication routines at the beginning ofa new fixation. If ap
propriate visual information is available to support these
identification routines, we perceive a stable world.
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NOTES

I. We are not assuming any specific retinal-based neuromechanism.
By the term retinal, we mean the perceptual system's selective use of in
formation from the retinal array, as opposed to the perceptual system's
use of extra-retinal information.

2. We were not able to conduct this analysis with trials in which the
picture was seen only for the first time, because of insufficient data.
Nevertheless, the means in this case followed the same pattern as the
means shown in Figure 2: Detection likelihoods for the object shift, all
shift, background shift, and control conditions were .83, .50, .30, and
.05 respectively.

3. To make a same versus opposite classification, each saccade was
represented as a vector, decomposing the direction of the saccade into
a horizontal x-component and a verticaly-component. Whichever com
ponent was largest (the x- or the y-component) defined the primary sac
cade component. Classification occurred by whether the primary sac
cade component was in the same or the opposite direction as the picture
shift. When the star (or initial starting point of the eyes) was at 0°, 20°,
or 40°, the primary saccade component was generally horizontal; at 60°,
it was generally vertical.

4. The predicted object shift curve used actual background shift data
from the 0.5", 1.5° bins. To derive predictions for target-error distances
greater than 1.5°, the model simply assumed that any detection of
changed spatial relations would remain constant at 37%.
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