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Are the body’s actions and the mind’s perceptions the result of shared neural processing, or are they performed largely independently?
The brain has two major processing streams, and some have proposed that this division segregates visual processing for action and
perception. The ventral pathway is claimed to support conscious experience (perception), whereas the dorsal pathway is claimed to
support the control of movement (action). Others have argued that perception and action share much of their visual processing within the
primate cortex. During visual search, the brain performs a sophisticated deployment of eye movements (saccadic actions) to gather
information to subserve perceptual judgments. The relationship between the neural mechanisms mediating perception and action in
visual search remains unexplored. Here, we investigate the visual representation of target information in the human brain, both for
perceptual decisions and for saccadic actions during visual search. We use classification image analysis, a form of reverse correlation, to
estimate the behavioral receptive fields of the visual mechanisms responsible for saccadic and perceptual responses during the same
visual search task. Results show that the behavioral receptive fields mediating the perceptual decisions are indistinguishable from those
driving the oculomotor decisions, suggesting that similar neural mechanisms are responsible for both perception and oculomotor action
during search. Diverging target representations would result in an inefficient coupling between eye movement planning and perceptual
judgments. Thus, a common target representation would be more optimal and might be expected to have evolved through natural
selection in the neural systems responsible for visual search.
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Introduction
Studies of the neurophysiology of the macaque monkey (Unger-
leider and Mishkin, 1982; Sakata et al., 1997; Snyder et al., 1997)
provide evidence for the existence of two functionally distinct
neural streams in the brain that mediate the processing of visual
information. Behavioral studies of patients with brain damage led
to the proposal that perception is mediated by the ventral stream
projecting from the primary visual cortex to the inferior temporal
cortex, and that action is mediated by the dorsal stream project-
ing from the primary visual cortex to the posterior parietal cortex
(Goodale et al., 1991; Goodale and Milner, 1992; Milner and
Goodale, 1997). For motor control of eye movements, others
have proposed that pathways for perception and oculomotor
control largely overlap, leading to significant sharing of visual
information (Krauzlis and Stone, 1999; Gegenfurtner et al., 2003;
Stone and Krauzlis, 2003; Dassonville and Bala, 2004). Further-
more, in the case of saccadic eye movements, visual cortical path-
ways through the frontal eye field (Schall, 2002) and the lateral
intraparietal cortex (Goldberg et al., 2002) play critical roles, as

do brainstem and cortical pathways through the superior collicu-
lus (McPeek and Keller, 2004). In addition, recent studies have
related areas in the ventral stream to target selection of saccades
(Moore, 1999; Mazer and Gallant, 2003). Thus, considerable
controversy exists concerning the extent to which the visual in-
formation available for perception can be used for saccadic tar-
geting. If separate dorsal and ventral visual pathways control eye
movements and perception, then different neural areas will con-
trol saccadic and perceptual decisions. These different neural ar-
eas will likely perform different computations and use neurons
with different receptive fields. If so, the representations of the
target for perception and visual saccades will differ. On the other
hand, if information is shared across the dorsal and ventral
streams and saccadic and perceptual search decisions are deter-
mined by a shared pool of neurons, then the processing and
receptive fields used to support saccadic and perceptual decisions
will be the same.

We used classification image analysis (Ahumada and Lovell,
1971; Gold et al., 2000; Eckstein and Ahumada, 2002; Neri and
Heeger, 2002; Levi and Klein, 2003; Rajashekar et al., 2006),
which allowed us to measure and compare the behaviorally de-
fined, spatial receptive fields of the visual mechanisms responsi-
ble for saccadic and perceptual decisions. With this method, the
entire brain is viewed as a single system in which input is the
stimulus and output is either the saccadic or perceptual decision.
Classification image analysis reveals the overall receptive field of
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the system based on the organism’s choices in the visual task.
Here, we applied the technique to find the behaviorally defined
receptive fields underlying perceptual and saccadic decisions
during search. We measured perceptual and saccadic decisions of
six observers in separate visual search experiments that used the
same set of stochastic stimuli.

Materials and Methods
Task. Six observers searched for a bright Gaussian-shaped target among
four dimmer Gaussian-shaped distractors in a five-alternative forced-
choice (5-AFC) task (Fig. 1). Spatially uncorrelated Gaussian noise was
added to the stimulus. The locations containing the target and distractors
were indicated with five black boxes, equidistant on an imaginary circle
of radius of 7.9°. There were two experimental conditions. In the eye-
movement condition, observers were given 4 s to freely search for the
target. To allow a fair comparison between saccadic and perceptual per-
formance, we matched the visual processing times for saccadic and per-
ceptual decisions by measuring perception in a separate, short-duration
condition. In the perception condition, we used the same visual stimuli,
but each trial had a shorter duration that was chosen to match the visual
processing time for the associated saccadic decision, i.e., the latency of the
first saccade in the corresponding trial in the eye-movement condition
�80 ms [the approximate time needed for motor programming of the
saccade after the location decision has been made and visual processing is
completed (Hooge, 1996; Caspi et al., 2004)]. Median latency across
observers ranged from 178 ms (J.L.) to 326 ms (B.G.). The perception
condition was always run after the eye-movement condition so that the
perception-condition stimulus durations could be calculated for each
observer and each trial. In the perception condition, the observers were
instructed to fixate a central cross during the presentation of the test
stimuli. Observers pressed a button to initiate the trial. Eye position was
recorded to detect violations of central fixation. In both conditions, the
stimulus was immediately followed by a high-contrast mask to minimize
further visual processing, and observers used an arrow to indicate their
5-AFC perceptual decision about target location. In the eye-movement
condition, we saved the oculomotor (first saccade) 5-AFC decision,
whereas in the perception condition we saved the perceptual (button
press) 5-AFC decision. Observers participated in 40 sessions of 100 trials
for each of two conditions over a period of 20 business days (one session

for the eye movement condition and one session for the perceptual de-
cision condition per day).

Display. Stimuli were viewed binocularly on an Image Systems ML21
monitor (Image Systems, Plymouth, MN) with linearized luminance.
The mean luminance of the stimulus was 25 cd/m 2. The five search-
element locations were equally spaced at an eccentricity of 7.9° from the
fixation point and were indicated by boxes (2.07° � 2.07°). The target
(and distractors) was a spatial Gaussian with an SD of 0.188° (4.0 pixels).
The contrasts of the target and distractors (the pedestal) were chosen so
that the contrast difference resulted in perceptual search accuracy of 65%
(task signal-to-noise ratio, 2.835). The distractor contrast relative to the
noise resulted in a signal-to-noise ratio of 6.24 (peak contrast, 0.156). For
each trial, a different sample of zero-mean Gaussian spatial white noise
(root mean square contrast of 0.1953) was added to the stimulus. Each
stimulus image was stored and presented in both a perception and an
eye-movement trial, albeit with a different duration.

Eye-position recording. An infrared video-based eye tracker that sam-
pled at 250 Hz (SMI Eyelink; SensoMotoric Instruments, Teltow, Ger-
many) and synchronized with the 60 Hz monitor was used to measure
the position of the left eye. At the beginning of each session, calibration
was performed with nine crosses that were arranged in a 12° � 12° grid.
To minimize head movements, observers were positioned on a chin rest
and instructed to hold their head still. To control for residual head move-
ments during the session, the SMI system measures head position (with a
scene camera) and corrects the calibration for any head movements.

Eye-position analysis. Only eye movements that moved the eyes outside
of a 1.7° window surrounding the fixation point were treated as saccadic
decisions. Trials with anticipatory saccades (�90 ms latency) were dis-
carded from the analysis, although they accounted for only �1% of the
trials. Saccades were detected when both eye velocity and acceleration
exceeded a threshold (velocity �35°/s; acceleration �9500°/s 2).

Performance analysis. We converted the first saccade into a 5-AFC
oculometric decision about target location by associating its endpoint
with the closest display element. Thus, the oculometric decision was
considered correct if the endpoint of the saccade was closest to the target
location. The latencies of the first saccades were recorded for each trial.

Classification images. Classification image analysis relies on the use of
stimuli containing external noise and is based on the logic that when a
noisy distractor element is mistaken for the target, its noise must have
randomly contained some luminance variation that fooled the decision
mechanism into choosing it. The technique is closely related to the re-
verse correlation technique used with success to estimate single-cell re-
ceptive fields (Sutter, 1975; Marmarelis and Marmarelis, 1978). By aver-
aging the noise fields for all the incorrect decisions, one can estimate the
spatial information that is used to drive the decisions (Ahumada and
Lovell, 1971; Abbey and Eckstein, 2002; Murray et al., 2002; Solomon,
2002). With the additional assumption that the observer is performing
the task by using mechanisms that sum information linearly across space,
the method generates an unbiased estimate of the linear receptive field of
the visual mechanism responsible for performance (Ahumada and
Lovell, 1971; Abbey and Eckstein, 2002) (for methods in the presence of
nonlinearities, see Victor, 2005) [previous studies have shown that the
linearity assumption (Victor, 2005) is a good approximation for the case
of perceptual and saccadic decisions in contrast discrimination tasks of
aperiodic, spatially compact targets such as Gaussians embedded in spa-
tially uncorrelated Gaussian noise (Beutter et al., 2003)]. For each ob-
server and condition (perception vs saccades), classification images were
obtained by computing the mean of the 32 � 32 pixel noise fields (1.5° �
1.5°) corresponding to locations that were incorrectly chosen (percep-
tion and first saccade, correspondingly, for each condition). Radial aver-
ages of classification images were obtained by averaging across all angles
those pixels falling within the same distance interval from the center pixel
(e.g., 1.5–2.5, 2.5–3.5 pixels). Statistical comparisons of the radial aver-
ages of classification images were performed with the two-sample Ho-
telling T 2 statistic given by (Harris, 1985) as follows:

T2 �
N1N2

�N1 � N2�
�x2 � x1	

1K �1�x2 � x1	,

Fixation
500 ms

Stimulus
4 sec

Eye movement condition: 4 s
OR

Perception condition: Matched to saccade  
latency minus 80 ms

Mask: 200 ms

Response image

time

Figure 1. Visual task. The observers’ task was to find the box containing the target. The
timeline for an individual trial of the eye movement condition was as follows. A fixation image
was presented. The trial was initiated by the observer. After 500 ms, the test image containing
target, distractors, and noise was presented for 4 s. The observer searched freely for the target.
After 4 s, an image containing the outline of the boxes was presented, and the observers used an
arrow to choose a target location. The timeline for the perceptual decision condition was similar,
except that the test image was presented for a brief time matching the latency of the corre-
sponding saccade in the eye movement condition �80 ms.
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where x1 and x2 are vectors containing the observed radial averages of the
two classification images, and N1 and N2 refer to the number of observa-
tions or images used to compute the two classification images. For the
two-sample test, a pooled covariance K is computed combining the sum
of square deviations and the sum of squared products from both samples.
To test for significance, the two-sample T 2 statistic can be transformed to
an F statistic by using the following relationship:

F �
N1 � N2 � p � 1

p�N1 � N2 � 2�
T 2,

where p is the number of dependent variables (number of vector ele-
ments in the radial average of the classification images); N1 and N2 are
defined as before. The obtained F statistic can be compared with an
Fcritical with p degrees of freedom for the numerator and N1 
 N2 � p �1
degrees of freedom for the denominator.

Results
The average saccadic and perceptual decision accuracies (�SE,
across observer) were 55 � 6 and 66 � 3%, respectively; there-
fore, �45% of the eye-movement condition trials and �34% of
the perception-condition trials, i.e., the erroneous ones, were in-
cluded in our analysis. For correct saccadic decision trials, the
average distance (�SE across observer) from the endpoint of the
first saccade to the target center was 1.23° � 0.07°. In 23 � 2.9%
of the trials, the second saccade was directed toward the target,
whereas in the remaining 22% of the trials, the target was either
fixated after a subsequent saccade or not fixated at all.

Figure 2 shows pairs of classification images for two different
observers generated from erroneous trials. Although the images
are noisy, each appears to contain a radially symmetric blob-like
feature similar to the stimulus. For observer A.H., the amplitudes
(represented by image intensity) were similar for the saccadic and

perceptual images, but for observer J.L., the amplitude of the
saccadic classification image appears slightly lower.

For further analysis, the classification images were averaged
across angles to generate a one-dimensional radial profile. To
compare the spatial receptive-field shapes, we factored out am-
plitude differences and normalized the radial averages. Figure 3
plots these normalized radial profiles for the first saccade (blue
circles) and for the perceptual decision (red squares) for all six
observers. Note first that the saccadic and perceptual receptive-
field profiles are indistinguishable for all six observers (Hoteling
T 2 test; p � 0.05). In addition, comparison of the profile of the
target (black line) reveals that the receptive fields for both sac-
cades and perception appear to be slightly wider than the target
and also show clear lateral inhibition typical of neural receptive
fields. To quantify these differences, we fit the receptive-field
profiles to difference of Gaussian (DOG) functions (Fig. 3, solid
red and blue lines, and Table 1). The data were well fit by DOG
functions (Table 1, � 2 analysis). The mean (�SE across observer)
SDs of the excitatory Gaussians (0.201 � 0.012° for perception;
0.199 � 0.009° for saccades) were larger than the SD of the target
(0.188°). This analysis shows that not only are the receptive-field
profiles of the visual mechanisms for saccades and perception
similar, they are more similar to each other (t(5) � 0.13) than they
are to the target profile itself (t(5) � 1.08).

Discussion
Our results show that for a visual search task with matched pro-
cessing times, there is little or no difference between the repre-
sentations of the target used by the visual mechanisms responsi-
ble for target selection for saccadic and perceptual responses. This

Figure 2. Classification images. Classification images were presented for two observers for
saccades and perception. To calculate the classification images, we averaged noise fields from
trials with an incorrect (1) perceptual decision (perception condition) or (2) first saccade deci-
sion (eye-movement condition).

Figure 3. Radial profiles of estimated visual mechanisms: saccades (blue) and perceptual
decisions (red). Data are shown for six observers. Symbols correspond to radial average values
from classification images. Solid lines (red and blue) correspond to the best-fit DOG functions.
Error bars indicate SEM. The black solid line shows the radial profile of the Gaussian target.
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result is consistent with previous work showing that overall target
localization performance for blurred discs and Gaussian blobs is
similar over a wide range of signal strengths for saccades and
perception in a visual search task (Beutter et al., 2003). The
slightly lower overall accuracy of the saccadic decisions for some
of our observers can be attributed to a difference in internal noise
(Beutter et al., 2003; Gegenfurtner et al., 2003) in perceptual and
saccadic decisions but not to a difference in the representation of
the target.a A possible objection to the present study is that the
target we used is simple and thus it should be no surprise that
both the saccade and perceptual systems have similar behavioral
receptive fields that match the target; however, our results show
that the behavioral receptive fields for the saccade and perception
systems differed systematically from the target and were more
similar to each other than to the target. The areas of the behav-
ioral receptive fields (excitatory area  0.5– 0.8 deg2; excitatory
and inhibitory areas  0.9 –1.2 deg2) are within the range of
receptive field sizes at 8° eccentricity measured in area V1 of
monkeys (areas  0.1–1.0 deg2) (Van Essen et al., 1984).

Our findings suggest that a shared neural locus encoding the
spatial luminance profile of the target is responsible for both
perceptual and oculomotor decisions. Furthermore, in the con-
text of visual search, it is difficult to imagine the benefit of evolv-
ing multiple visual systems with differing target representations
given that the purpose of eye movements is to reorient the high
resolution fovea to maximize the acquisition of information for
conscious perceptual judgment. A recent study (Najemnik and
Geisler, 2005) has suggested that observers’ eye movements dur-
ing search are optimally planned to maximize the gathering of
information to be used for a final perceptual decision. Indeed, in
this ideal search model, the information used to plan saccades
and the final perceptual decision arise from a common mecha-

nism. Saccadic planning and perceptual
decisions based on different target repre-
sentations would lead to a disjointed strat-
egy to plan saccadic eye movements to
gather information about the location of
the target and thus would lead to subopti-
mal performance. Given the importance
of visual search in the foraging behavior of
ancient humans, one might expect that the
common visual processing for perception
and saccades would be favored by evolu-
tion through the process of natural
selection.

Finally, the classification images pro-
vide a receptive-field fingerprint for this
shared perceptual– oculomotor mecha-
nism, which will be useful for guiding fu-
ture research examining the actual neural
locus and mechanism responsible for this
process. Our findings will also aid the de-
velopment of models of the human sac-
cadic and visual perceptual systems and
their interrelationship. Indeed, any model
saccadic mechanism constructed with sig-
nals from the frontal eye field, the lateral
intraparietal cortex, the superior collicu-
lus, and the ventral stream must not only
simulate human saccadic performance,

but must account for the observed classification images as well.
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