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Vision is an active process. Because primate vision is 
acute only at the fovea, gaze must shift to identify 
objects in the scene. However, vision is dramatically 
impaired during rapid gaze shifts. Therefore, the visual 
and ocular motor systems must be coordinated judi-
ciously. Because gaze can be directed to only one item 
at a time, some process must distinguish among possi-
ble locations to select the target for a saccade. The 
outcome of the selection process is defined by the goals 
of visually guided behavior. Analyses of the pattern of 
eye movements have revealed regularities such as con-
centrating on conspicuous and informative features of 
an image during scrutiny of simple geometric stimuli 
(Liversedge & Findlay, 2000), natural images (Hender-
son, 2011) or text (Rayner & Liversedge, 2011), leading 
to the view that we can direct gaze in a statistically 
optimal manner (Najemnik & Geisler, 2009). Saccade 
target selection is coordinated with movements of other 
parts of the body during natural behaviors (Hayhoe & 
Ballard, 2011; Land & Tatler, 2009). Research focused 
on the neural mechanisms of visual search and saccade 
target selection began 20 years ago (Schall & Hanes, 
1993) and is now undertaken by many research groups. 
This topic has been reviewed thoroughly both in the 
previous edition of this book (Schall, 2004) and in sub-
sequent publications (Bichot & Desimone, 2006; Bisley 
& Goldberg, 2010; Constantinidis, 2006; Gottlieb & 
Balan, 2010; Paré & Dorris, 2011; Schall & Cohen, 2011; 
Schiller & Tehovnik, 2005; Wardak, Olivier, & Duhamel, 
2011), so this chapter will orient the reader to the 
general issues, highlight more recent findings, and 
frame the major remaining questions. The citations will 
be selective and recent; the interested student can find 
classic references in the previous version of this chapter.

Visual Search: Salience, Attention, and 
Stages of Processing

To investigate how the brain selects the target for an 
eye movement, multiple stimuli that can be distin-
guished in some way must be presented. Referred to as 

visual search, this experimental design has been used 
extensively to investigate visual selection and attention 
(reviewed by Geisler & Cormack, 2011; Wolfe & Horow-
itz, 2004). Search is efficient (with fewer errors and 
faster response times) if stimuli differ along basic visual 
feature dimensions, such as color, form, or direction of 
motion. In contrast, if the distractors resemble the 
target or no single feature clearly distinguishes the 
stimuli, then search becomes less efficient (more errors, 
longer response times).

These observations have been explained most com-
monly by postulating the existence of a map of salience1 
derived from converging bottom-up and top-down 
influences (Bundesen, Habekost, & Kyllingsbaek, 2011; 
Tsotsos, 2011). Salience refers to how distinct one 
element of the image is from surrounding elements. 
This distinctness can occur because the element has 
visual features that are very different from the sur-
roundings (a ripe, red berry in green leaves). The dis-
tinctness can also occur because the element is more 
important than others (the face of a friend among 
strangers). The distinctness derived from visual features 
and importance confers upon that part of the image 
greater likelihood of receiving enhanced visual process-
ing and a gaze shift. In the models of visual search 
referred to above, one major input to the salience map 
is the maps of the features (color, shape, motion, depth) 
of elements of the image. Another major input is top-
down modulation based on goals and expectations. The 
representation of likely targets that is implicit in and 
dependent on the feature maps becomes explicit in the 
salience map. Peaks of activation in the salience map 
that develop as a result of competitive interactions rep-
resent locations that have been selected for further pro-
cessing and thus covert orienting of attention.

Saccade target selection coincides with the alloca-
tion of visual attention that has been the focus of con-
siderable research (e.g., chapters 23, 24, 71, 75, 76–78). 
Attentional allocation and saccade production interact 
in various ways. Some investigators have explained the 
connection between saccade production and attention 

63	 Selection of Targets for Saccadic Eye 

Movements: An Update

Jeffrey D. Schall

8857_063.indd   907 4/18/2013   5:38:18 PM



2

Werner—The New Visual Neurosciences

         

908    Jeffrey D. Schall

allocation by proposing that the allocation of attention 
amounts to a subthreshold command to shift gaze. 
This view is known as the oculomotor readiness hypoth-
esis (Klein, 1980) or the premotor theory of attention 
(Rizzolatti, 1983). Although an influential guiding 
hypothesis, numerous observations are inconsistent 
with a strict interpretation of this hypothesis (reviewed 
by Awh, Armstrong, & Moore, 2006), and I will review 
more below. Indeed, I will emphasize the very basic 
fact that the focus of visual attention can be directed 
away from the focus of gaze showing that the link 
between shifting gaze and directing attention is not 
obligatory. Various lines of evidence demonstrate that 
the neural process of selecting a target for orienting is 
functionally distinct from the neural process of prepar-
ing a saccade. This distinction has been confirmed by 
experimental manipulations that independently influ-
ence the distinct and successive stages (Sternberg, 
2011).

Overview of Neural Substrates

As readers of this volume know, saccades are ultimately 
produced by a network of neurons in the brainstem 
(chapters 60, 61; see also Cullen & Van Horn 2011). 
This network that shapes the pattern of activation of the 
motor neurons innervating extraocular muscles 
requires two inputs—where to shift gaze and when to 
initiate the movement. Key brain structures controlling 
the initiation of saccades by the brainstem include the 
superior colliculus (SC) (chapter 64; see also White & 
Munoz, 2011b) and the frontal eye field (FEF; Johnston 
& Everling, 2011; Schall & Boucher, 2007) operating in 
a recurrent network through the basal ganglia (Vokoun, 
Mahamed, & Basso, 2011) and thalamus (Tanaka & 
Kunimatsu, 2011). Saccade endpoints are specified by 
the spatial pattern of activation in these structures, 
which can be appreciated most clearly in the SC (see 
figure 63.1). Presaccadic neurons that lead to initiation 
of saccades have movement fields wherein they are 
most active before saccades of a particular direction 
and amplitude and progressively less active before sac-
cades deviating from the optimal. Thus, before each 
saccade, neurons over a rather broad extent of SC are 
activated in a graded manner. The space of saccade 
direction and amplitude is mapped in a topographic 
fashion corresponding to the map of visual space in the 
superficial layers of the SC. To produce a signal leading 
to a saccade of a particular direction and amplitude, 
the activation of many cells in a region of the motor 
map are combined as vectors. Through this vector com-
bination saccadic endpoints can be more precise than 
the size of individual neuron movement fields.

Evidence for the vector combination hypothesis is 
obtained either by electrically stimulating two points in 
the SC or FEF (Robinson, 1972) or by presenting a pair 
of visual targets close together (Findlay, 1982). This 
results in a larger zone of activation occurring across 
the map (see figure 63.1B). A saccade resulting from 
the vector average of the zone of activation directs gaze 
to a location between the targets. The problem of 
saccade target selection is highlighted, though, when a 
circular array of stimuli is presented, resulting in a 
spatial distribution of activation in the SC with multiple 
peaks that are balanced around the map (see figure 
63.1C). The vector combination of this distribution of 
activity amounts to a resultant of no net length—not a 
very useful outcome. To produce a useful saccade, the 
activation in the map of the SC and associated struc-
tures must be limited to the neurons contributing to 
generating just that saccade. Thus, if more than one 
location in the SC map becomes activated, then addi-
tional processing must resolve which of the peaks of 
activation should become dominant among the rest for 
an accurate saccade to just one among alternative 
stimuli. This additional processing is selection of the 
target.

A network of structures in the visual pathway con-
tributes to selecting targets for saccades. Neurons in 
primary visual cortex and extrastriate areas represent 
a variety of more or less elaborated features, surfaces 
and objects (chapters 25–28, 40, 41, 47, 55, 56), and 
these representations are influenced by the presence 
and nature of surrounding stimuli (chapter 30) and 
experience (chapter 70). Visual processing is not con-
cluded in the parietal and temporal lobes, for exten-
sive convergence of signals from numerous areas 
occurs in FEF (Markov et al., 2011; Schall et al., 1995) 
and SC (May, 2006). In fact, the latency of visual 
responses in FEF are comparable to those in middle 
temporal visual cortex (MT) and even precede the 
latencies of some neurons in V1 (Schmolesky et al., 
1998). The density of neurons in the supragranular 
layers that project to area V4 resembles a feedforward 
connection (Barone et al., 2000) with terminals on 
dendritic spines, mainly in supragranular layers of V4 
(Anderson, Kennedy, & Martin, 2011). Thus, FEF is 
positioned anatomically and temporally to influence 
neural processes in extrastriate visual areas. The influ-
ence conveyed by FEF to visual cortex is a central 
feature of network models of visual attention (e.g., 
Hamker & Zirnsak, 2006). However, recent evidence 
indicates that areas V4 and MT receive a different 
quality of influences from the frontal lobe (Ninomiya 
et al., 2012); thus, “top-down” modulation is not a 
unitary process.
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Figure 63.1  Pattern of presaccadic activation in the superior colliculus. (A) Left panel illustrates the visual field with a saccade 
(arrow) produced from the center to a target at 10° azimuth and 0° elevation. The vertical meridian is indicated by the row of 
circles. Right panel illustrates the map of the superior colliculus derived from a systematic survey of the direction and amplitude 
of saccades evoked by electrical stimulation of various parts of the superior colliculus. A visually guided saccade to a point 10° 
eccentric on the horizontal meridian is preceded by graded activation over an extended part of the superior colliculus map. 
The peak of activation (black) is centered at the appropriate point in the map, and surrounding neurons are progressively less 
active further from the center of activation (gray). The direction and amplitude of the saccade that is produced corresponds 
to that specified by the location of the center of gravity of the activation in the superior colliculus map. (B) Presentation of two 
nearby stimuli result in a broader zone of activation in the superior colliculus with two peaks. The center of gravity of the 
activation is a location in between the two stimuli. This results in a saccade directing gaze to neither stimulus. The map of the 
superior colliculus representing each hemifield is shown. (C) Presentation of eight stimuli produces activation in a large part 
of the superior colliculus map. The center of gravity of such balanced activation with multiple peaks amounts to a saccade with 
no amplitude. Thus, to produce a particular saccade, the activation in the superior colliculus map must evolve so that a single 
peak is present, corresponding to the desired saccade direction and amplitude.
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Neural Correlates of Target Selection

Extensive research has demonstrated how neurons in 
cortical areas that represent stimulus features are mod-
ulated by target and surrounding nontarget features 
under various task demands (Bichot, Rossi, & Desim-
one, 2005; Buracas & Albright, 2009; David et al., 2008; 
Mirabella et al., 2007; Mruczek & Sheinberg, 2007; 
Ogawa & Komatsu, 2006; Saruwatari, Inoue, & Mikami, 
2008). Another major input is top-down modulation 
based on goals and expectations enabled by neural cir-
cuits in the frontal lobe (Everling et al., 2006; Rossi et 
al., 2007; Zhou & Thompson, 2009).

We can define the functional salience map as the 
population of neurons that are not intrinsically feature 
selective but receive input from feature-selective 
neurons so that they signal the location of objects that 
are the target or are target-like in a manner that can be 
used to guide an action like an eye movement. Accord-
ing to this definition, compelling evidence obtained in 
multiple laboratories supports the conclusion that the 
neural representation of the salience map is distributed 
among multiple cortical areas and subcortical struc-
tures including FEF, parietal areas LIP and 7a, as well 
as the SC, basal ganglia, and associated thalamic nuclei. 
The heterogeneity of neural function within and diver-
sity of connectivity between these areas makes clear that 
this salience representation is instantiated by an inter-
connected circuit built from some but not all of the 
neurons in these structures. Evidence that the selection 
process observed in these sensorimotor structures can 
be identified with a salience representation includes the 
following observations.

When a search array appears (either by flashing on 
during fixation or after a previous scanning saccade), 
activation increases at all locations in the map2 corre-
sponding to the potential saccade targets. This happens 
because these neurons are not naturally selective for 
visual features. Following the initial volley, activation 
becomes relatively lower at locations that would 
produce saccades to nontarget objects and is sustained 
or grows at locations corresponding to more conspicu-
ous or important potential targets (see figure 63.2). 
This process has been observed independently by mul-
tiple laboratories in FEF (Cohen et al., 2009b; Lee & 
Keller, 2008; McPeek, 2006; Ogawa & Komatsu, 2006; 
Schall & Hanes, 1993), posterior parietal cortex (Balan 
et al., 2008; Buschman & Miller, 2007; Constantinidis 
& Steinmetz, 2005; Ipata et al., 2006; Ogawa & Komatsu, 
2009; Thomas & Paré, 2007), SC (Kim & Basso, 2008; 
McPeek & Keller, 2002; Shen & Paré, 2007; White & 
Munoz, 2011a), substantia nigra pars reticulata (Basso 
& Wurtz, 2002), and ocular motor thalamic nuclei 

(Schall & Thompson, 1994; Wyder, Massoglia, & Stan-
ford, 2004). In these studies monkeys are responding 
to one among multiple alternatives for the purpose of 
earning reinforcement, usually with a single saccade. 
The target selection process has also been observed 
during natural scanning eye movements (Bichot, Rossi, 

Figure 63.2  Illustration of visual and saccade target selec-
tion of representative single neurons in area V4 (adapted 
from Ogawa & Komatsu, 2004), superior colliculus (SC) 
(adapted from McPeek & Keller, 2002), lateral intraparietal 
area (LIP) (adapted from Thomas & Paré, 2007), and frontal 
eye field (FEF) (adapted from Thompson et al., 1996). The 
average discharge rate on trials when the target appeared in 
the response field (thick line) is plotted with the average 
discharge rate on trials when distractors appeared in the 
response field and the target was elsewhere (thin dashed 
line). Saccade target selection occurs in a distributed network 
of cortical and subcortical neurons.
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& Desimone, 2005; David et al., 2008; Phillips & Seg-
raves, 2010; Zhou & Desimone, 2011). Microstimula-
tion and inactivation have demonstrated causal roles in 
target selection of FEF (Monosov & Thompson, 2009; 
Wardak et al., 2006), SC (Lovejoy & Krauzlis, 2010; 
McPeek, 2008), and LIP (Balan & Gottlieb, 2009; 
Mirpour, Ong, & Bisley, 2010; Wardak, Olivier, 
Duhamel, 2004).

Manipulations that influence attention allocation in 
humans influence in parallel monkey performance and 
concomitant modulation of neural activity. For example, 
when search is less as compared to more efficient 
because target and distractor stimuli are more difficult 
to discriminate, then the selection process occupies 
more time and accounts for a greater proportion of the 
variability of reaction time (RT; Balan et al., 2008; 
Cohen et al., 2009b; Hayden & Gallant, 2005; Sato et 
al., 2001; Sato & Schall, 2003; Woodman et al., 2008). 
The well-known effects of target–distractor similarity on 
search performance that are expressed in response 
times and choices by macaque monkeys are paralleled 
in the magnitude and timing of the visual selection 
process measured in FEF neurons (Cohen et al., 2009b). 
When the target is more similar to distractors through 
either feature similarity or recent stimulus history, the 
level of neural activity in FEF representing the alterna-
tive stimuli is less distinct, leading to a higher likelihood 
of treating a distractor as if it were the target (Heitz et 
al., 2010; Thompson, Bichot, & Sato, 2005). This paral-
lel suggests that the statement “less efficient allocation 
of attention” describes a state of the network in which 
the activity representing a target and distractors is less 
capable of being distinguished by either a neurophysi-
ologist or a read-out circuit. Another influence believed 
to be mediated through the salience map is inhibition 
of return, the decreased likelihood of directing gaze to 
a location previously fixated. Neural correlates of this 
have been described in FEF (Bichot & Schall, 2002), 
LIP (Mirpour et al., 2009), and SC (Fecteau & Munoz, 
2005).

The representation of salience is regarded to guide 
covert as well as overt orienting independent of effec-
tor. The neural selection of the target as a visual loca-
tion to which to orient attention does not inevitably and 
immediately lead to reorienting of the eyes. It occurs if 
no overt response at all is made (Arcizet, Mirpour, & 
Bisley, 2011; Thompson, Bichot, & Schall, 1997) or if 
the saccade is directed away from a color singleton 
(Murthy et al., 2009; Sato & Schall, 2003). The selection 
process occurs as well if target location or property is 
signaled by a manual response (Ipata et al., 2009; 
Monosov & Thompson, 2009; Oristaglio et al., 2006; 
Thompson, Biscoe, & Sato, 2005).

Population Signals for Target Selection

Having identified key nodes in the network represent-
ing visual salience, further investigation of the mecha-
nism has been accomplished. All of the results described 
above were based entirely on modulation of discharge 
rates of individual neurons. It is clear, though, that 
saccade target selection is accomplished by pools of 
neurons (Bichot et al., 2001; Kim & Basso, 2008, 2010) 
and probably entails more than just modulation of 
spike rate because cooperation and competition 
between pairs of neurons is modulated during target 
selection (Cohen et al., 2010). Indeed, correlation in 
discharge rates of FEF neurons over longer time scales 
has been reported even before stimulus presentation 
(Ogawa & Komatsu, 2010). Other researchers have 
measured local field potentials (LFP) in V4, LIP, and 
FEF during visual search and attention tasks and 
described increased coherence in the gamma band 
between spikes and LFP within and across areas such as 
V4, LIP, and FEF (Bichot, Rossi, & Desimone, 2005; 
Buschman & Miller, 2007; Gregoriou et al., 2009). 
Although argued to enhance the representation of 
attended objects, the functional utility of such signals is 
not undisputed (Ray & Maunsell, 2010).

An alternative analysis of LFPs is simply to measure 
the time course of differences in polarization when the 
target is in or out of the receptive field. This approach 
corresponds to the measurement of an event-related 
potential (ERP) on the scalp known as the N2pc that is 
a signature of the locus and time of attention allocation 
(Woodman & Luck, 1999). The N2pc has been found 
in macaque monkeys (Woodman et al., 2007). Source 
localization procedures indicate that the N2pc arises 
from parietal and occipitotemporal sources in humans 
(Boehler et al., 2011) and macaques (Young et al., 
2010). In both efficient and inefficient search condi-
tions the target is selected significantly earlier in neural 
spike rate modulation than in LFP polarization (Cohen 
et al., 2009a; Monosov, Trageser, & Thompson, 2008), 
and the delay varies with search efficiency. It appears 
that local processing within FEF mediated by spike rates 
results in delayed changes of synaptic potentials mani-
fested in the LFP.

Interactions between the Frontal Lobe 
and Visual Cortex during Target 
Selection

I have described a target selection process that occurs 
more or less concurrently in multiple cortical areas and 
subcortical structures. Recent studies in macaque 
monkeys have investigated interactions between FEF 
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and LIP (Buschman & Miller, 2007), V4 (Gregoriou et 
al., 2009, 2012; Zhou & Desimone, 2011), and inferior 
temporal (IT) cortex (Monosov, Sheinberg, & Thomp-
son, 2010; Monosov & Thompson, 2009) as well as an 
ERP component recorded over visual cortex that 
indexes attention (Cohen et al., 2009a). While firm 
conclusions are premature because results were 
obtained with different tasks, neural signals, measure-
ment procedures, and areas, some results seem consis-
tent across laboratories. First, when search is inefficient, 
neural signals of attention allocation in FEF precede 
those in extrastriate visual areas. For example, a recent 
study demonstrated that spatial selection of a location 
in FEF precedes object recognition by IT neurons at 
that location (Monosov, Sheinberg, & Thompson, 
2010) and the selection in FEF is necessary for detec-
tion and identification of the target (Monosov & 
Thompson, 2009). Similarly, the target selection 
observed in spike rate and LFP in FEF preceded the 
N2pc (Cohen et al., 2009a), and the delay between 
selection in FEF and visual cortex increased with the 
number of distractor stimuli, demonstrating that the 
delay is not due simply to conduction lags. These results 
expose a puzzling question—if different times of target 
selection are measured in different nodes of the network 
and scales of signal, then when would we say that atten-
tion has been allocated? Given the variation in selection 
time across neurons even within an area, can we say that 
the target is selected when the earliest, the latest, or 
some intermediate population of neurons resolve target 
location? Such a basic question highlights our profound 
uncertainty about how signals arise in and are conveyed 
between the areas representing features, objects, and 
salience.

This influence of FEF on visual cortex can influence 
the quality of attentive visual processing (Monosov & 
Thompson, 2009; Moore & Fallah, 2004). Weak electri-
cal stimulation of FEF influences extrastriate visual 
cortex activity in a manner similar to what is observed 
when attention is allocated (Armstrong, Fitzgerald, & 
Moore, 2006; Ekstrom et al., 2009; Taylor, Nobre, & 
Rushworth, 2007; Walker, Techawachirakul, & Haggard, 
2009).

From Salience to Saccade

Explaining how sensory representations lead to accu-
rate movements is a classic problem. One approach to 
this problem is based on the premise that noisy evi-
dence guiding a response is accumulated over time 
until a threshold is achieved at which time the response 
is initiated (Ratcliff & McKoon, 2008; Usher & McClel-
land, 2001). A recent model inspired by this approach 

provides an explanation for how signals from neurons 
that represent target salience can be transformed into 
a saccade command (Purcell et al., 2010, 2012) (see 
figure 63.3). The model uses the activity of visually 
responsive neurons in the FEF representing object 
salience as evidence for stimulus salience that is accu-
mulated in a network of deterministic accumulators 
producing saccades to each possible target location to 
generate accurate and timely saccades during visual 
search. Response times are specified by the time at 
which the integrated signal reaches a threshold. The 
model included leak in the integration process and 
lateral inhibition between the ensemble of accumula-
tors as well as a form of inhibition that gates the flow 
of perceptual evidence to the accumulators. Alternative 
model architectures were excluded because they did 
not fit the actual distributions of response times nor 
produce activation profiles corresponding to the form 
of actual movement neuron activity. At present, this is 
the only model of visual search that accounts for the 
range and form of response time distributions (Wolfe, 
Horowitz, & Palmer, 2010). This union of cognitive 
modeling and neurophysiology indicates how the 
visual–motor transformation can occur and provides a 
concrete mapping between neuron function and spe-
cific cognitive processes.

The picture that emerges is that the process of visual 
selection occupies a certain amount of time that can be 
shorter and less variable if the target is conspicuous, or 
it can be longer and more variable if the target is less 
conspicuous. If subjects wish to prevent a saccade to a 
nontarget stimulus, then the preparation of the saccade 
can be delayed until the visual selection process has 
proceeded to a high degree of resolution. Neural activ-
ity mediating saccade preparation begins to grow as the 
selection process is completed and the rate of growth 
of activity leading to the movement varies apparently 
randomly such that sometimes gaze shifts sooner and 
sometimes gaze shifts later. Systematic adjustments of 
saccade latency, though, appear to arise through 
changes in the time that the accumulation of activity 
begins (Pouget et al., 2011).

Stimulus–Response Mapping

The gated feedforward cascade model assumes that 
saccade production is guided entirely by the visual 
salience representation. Thus, errant saccades would be 
explained by failure to represent evidence correctly. 
While this has been observed in some testing conditions 
(Heitz et al., 2010; Thompson, Bichot, & Sato, 2005), 
several other lines of research demonstrate that the 
salience representation can be correct even if responses 
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Figure 63.3  Object salience can be converted into saccade command through a gated accumulator network. Left: Data 
showing the evolving selective responses of visual salience neurons to the target “L” (thick) versus distractor “T” (thin) when 
presented in arrays of two (blue), four (green), or eight (red) objects. Middle: Gated accumulator model architecture in which 
the visual salience representation at the location of the actual target (vT) and distractors (vD) cascades into a network of units 
that produce saccades to the actual target location (mT) or distractor locations (mD) when their activation reaches a threshold. 
The activation accumulates through integration (∫dt) of the salience input limited by leak (k) and lateral inhibition (β). Right: 
Data showing accumulating activity of presaccadic movement neurons before saccades into (thick) and out of (thin) the move-
ment field aligned on array presentation (left) and saccade initiation (right). The model replicated the dynamics of this accu-
mulation process. (Adapted from Purcell et al., 2012.)

are incorrect. For example, in monkeys performing a 
saccade double-step task with visual search, visual 
neurons in the FEF locate the new location of the 
oddball in the search array correctly even when monkeys 
incorrectly shift gaze to the old location (Murthy et al., 
2009). Similarly, when manual response errors occur, 
the selection process in FEF locates the singleton in the 
search array correctly (Trageser et al., 2008). However, 
if the brain located the new location of the oddball 
correctly, why was an error made? A plausible answer 
appeals to the hypothesis that the response production 
stage, although guided by the perceptual stage can 
operate independently of the perceptual stage. Further 
evidence for this is the fact that these errors can be 
corrected very rapidly, even before the brain can regis-
ter that the gaze shift was an error (Murthy et al., 2007; 
see also Phillips & Segraves, 2010).

Saccade target selection has also been investigated 
under conditions that dissociate visual target location 
from saccade endpoint explicitly. Monkeys were trained 
to make a prosaccade to a color singleton or an antisac-
cade to the distractor located opposite the singleton; 
the shape of the singleton cued the direction of the 
saccade (Sato & Schall, 2003). As observed in previous 
studies, the response time for antisaccades was greater 
than that for prosaccades. A goal of this experiment was 
to account for this difference in terms of the neural 
processes that locate the singleton, encode its shape, 
map the stimulus onto the response, select the end-
point of the saccade, and finally initiate the saccade. 
Two types of visually responsive neurons were found in 
FEF. The first, called type I, exhibited the typical pattern 

of initially indiscriminant activity followed by selection 
of the singleton in the response field through elevated 
discharge rate regardless of whether the singleton’s fea-
tures cue a prosaccade or an antisaccade. Some of these 
type I neurons maintained the representation of single-
ton location in antisaccade trials until the saccade was 
produced. However, the majority of the type I neurons 
exhibited a dramatic modulation of discharge rate 
before the antisaccade was initiated (see figure 63.4A). 
After producing higher discharge rates for the single-
ton as compared to a distractor in the receptive field, 
the firing rates changed such that higher discharge 
rates were observed for the endpoint of the antisaccade 
relative to the singleton location. This modulation 
could be described as the focus of attention shifting 
from one location to the other before the saccade. The 
second type of neuron, called type II, resembled quali-
tatively the form of modulation of type I neurons in 
prosaccade trials, but in antisaccade trials, these neurons 
did not select the location of the singleton and only 
selected the endpoint of the saccade (see figure 63.4B).

This experiment revealed a sequence of processes 
that can be distinguished in the modulation of different 
populations of neurons in FEF. The time course of 
these processes can be measured and compared across 
stimulus–response mapping rules (see figure 63.4C). To 
summarize, type I neurons selected the singleton earlier 
than did type II neurons, and the time of this selection 
did not vary with stimulus–response mapping or account 
for the difference in RT. However, the singleton selec-
tion time of type II neurons in prosaccade trials was less 
synchronized with array presentation and more related 
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to the time of saccade initiation. In antisaccade trials 
the time of endpoint selection by type I neurons was 
significantly later than that of type II neurons. This 
result is as if the endpoint of a saccade must be identi-
fied before attention can shift to that location. The 
endpoint selection time of type I neurons in antisac-
cade trials was too late to explain the increase in RT 
relative to prosaccade trials. In contrast, the endpoint 
selection time of type II neurons in antisaccade  
trials accounted for some but not all of the delay and 

Figure 63.4  Elaboration of target selection process when 
mapping between location of visual target and endpoint of 
saccade is varied. (A) Activity of FEF neuron with activity 
indexing allocation of attention (type I). Average spike density 
function when the singleton fell in the neuron’s receptive 
field (thick line) and when the singleton was located opposite 
the receptive field (thin line) in prosaccade (top) and antisac-
cade (bottom) trials. Bracket on abscissa marks range of reac-
tion time in prosaccade (RTP) and in antisaccade (RTA) trials. 
Scale bar represents 100 spikes/s. (B) Activity of FEF neuron 
with activity indexing selection of the saccade endpoint (type 
II). (C) Cumulative distributions of modulation times in pro-
saccade (top) and antisaccade (bottom) trials for type I (thin) 
and type II (thicker) neurons with corresponding RT (thick-
est). The inset arrays indicate hypothesized functional cor-
relates. After presentation of the array, the singleton location 
is selected after a delayed labeled the singleton selection time 
(SSTP

I and SSTA
I) of type I neurons (indicated by the spotlight 

on the singleton); this occurs at the same time in prosaccade 
and antisaccade trials and does not relate to whether or when 
gaze shifts. In prosaccade but not antisaccade trials type II 
neurons select the singleton at a later time (indicated by 
SSTP

II), which accounts for some of the variability of RT. A 
comparison of activation in prosaccade and antisaccade trials 
reveals the time at which the shape of the singleton is encoded 
to specify the correct saccade direction, labeled the stimulus-
response time (SRT). This follows singleton selection and 
coincides for type I (thin blue) and type II (thicker blue) 
neurons in antisaccade trials. At the moment marked by SRT 
in antisaccade trials the representation of the singleton 
decreases, and the representation of the location opposite the 
singleton, the endpoint of the antisaccade, increases (indi-
cated by the weaker spotlight on the singleton and growing 
spotlight on the saccade endpoint). At this same time in pro-
saccade trials the representation of the saccade endpoint is 
enhanced by the selection that occurs in the type II neurons 
(indicated by the highlighted spotlight on the singleton). In 
antisaccade trials, further modulation selects the endpoint of 
the saccade after a delay labeled endpoint selection time 
(ESTA) (indicated by the highlighted spotlight on the antisac-
cade endpoint). This is accomplished concomitantly by type 
I (thin, red, dashed) and type II (thicker red, dashed) 
neurons. The time taken to select the endpoint of the saccade 
predicts some of the delay and variability of RT. (Adapted 
from Sato and Schall, 2003.)
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variability of RT. The results of this experiment demon-
strate that the process of saccade target selection 
requires a number of representations and transforma-
tions beyond simply representing stimulus salience and 
producing a saccade.

Testing the Premotor Theory of 
Attention

If shifting visual spatial attention corresponds to pre-
paring a saccade, then it should be impossible to dis-
sociate saccade preparation from the focus of attention 
even if the endpoint of a saccade is directed opposite 
the attended stimulus. This was tested by probing the 
evolution of saccade preparation using electrical stimu-
lation of the FEF (Juan, Shorter-Jacobi, & Schall, 2004). 
The focus of attention was dissociated momentarily 
from the endpoint of a saccade by training monkeys to 
perform visual search for an attention-capturing color 
singleton and then shift gaze either toward (prosac-
cade) or opposite (antisaccade) this color singleton 
according to its orientation (Sato & Schall, 2003). 
Saccade preparation was probed by measuring the 
direction of saccades evoked by intracortical micro-
stimulation of the FEF at different times following the 
search array. Eye movements evoked on prosaccade 
trials deviated progressively toward the singleton that 
was the endpoint of the saccade. Eye movements 
evoked on antisaccade trials deviated not toward the 
singleton but only toward the saccade endpoint oppo-
site the singleton. The interpretation of these results is 
framed by the findings described above, showing that 
on antisaccade trials most visually responsive neurons 
in FEF initially select the singleton while attention is 
allocated to distinguish its shape. Evidence consistent 
with these observations has been obtained in human 
participants using transcranial magnetic stimulation 
(Juan et al., 2008) and in a study probing explicitly the 
locus of attention (Smith & Schenk, 2007). Thus, the 
brain can covertly orient attention without preparing a 
saccade to the locus of attention. In other words, target 
selection and saccade preparation are distinct pro-
cesses because they can be modified separately (Stern-
berg, 2011). This separate modifiability occurs because 
different populations of neurons carry out different 
functions as reviewed above.

Testing the premotor theory requires specifying the 
anatomical level at which the mechanism maps onto the 
brain. If shifting attention is accomplished by the same 
neurons that are preparing a saccade, and if saccade 
commands are issued by layer 5 pyramidal neurons in 
FEF, and if FEF influences attention by projections to 
areas V4 and TEO, then numerous layer 5 neurons 

must be double labeled by tracer injections in SC and 
V4/TEO. A recent study found, though, that whereas 
only pyramidal neurons in layer 5 projected to the SC, 
the large majority of neurons in FEF projecting to 
extrastriate visual cortex are located in layers 2 and 3, 
and no neurons were found projecting to both SC and 
visual cortex (Pouget et al., 2009). Thus, we can reject 
the premise that shifting attention is accomplished by 
the population of neurons that prepare saccades. This 
conclusion is based on a strict mapping between popu-
lations of specific types of neurons and the cognitive 
processes of attention allocation and saccade prepara-
tion. However, a theory formulated too generally to 
map onto specific neural types loses the relevance of 
mechanism and force of falsifiability. This result entails 
that FEF delivers different signals to the visual and 
ocular motor systems. What, then, is the nature of the 
influence of FEF on visual processing? If it is not a copy 
of the saccade command, what else could it be? Ana-
tomical reconstruction of recording sites shows that 
neurons located in the supragranular layers of FEF are 
active during the process of attentional target selection 
(Thompson et al., 1996). Therefore, the kind of signal 
that extrastriate cortex receives from FEF is the target 
selection process described above that corresponds to 
the allocation of attention.

General Summary

Vision occurs naturally in a continuous cycle of fixa-
tions interrupted by gaze shifts. The guidance of these 
eye movements requires information about what is 
where in the image. The identity of objects is derived 
mainly from their visible features. Single neurons in the 
visual pathway represent the presence of specific fea-
tures by the level of activation. Each point in the visual 
field is represented by populations of neurons activated 
by all types of features. Topographic representations are 
found throughout the visual and oculomotor systems; 
neighboring neurons tend to represent similar visual 
field locations or saccades.

When confronted by an image with many possible 
targets, the visual system compares the features of ele-
ments across the visual field. The retinotopic maps of 
the visual field facilitate local interactions to implement 
such comparisons; in particular, a network of lateral 
inhibition can extract the locations of the most con-
spicuous stimuli in the visual field. The process of these 
comparisons can be influenced by knowledge so that 
inconspicuous but important elements in the image can 
be the focus of gaze. This selection process results in a 
state of activation in which neurons with potential 
targets in their receptive field are more active, and 
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neurons with nontargets in their receptive field are  
less active.

The outcome of this selection process can be repre-
sented at a level of abstraction distinct from the repre-
sentation of the features themselves. This is why the 
hypothetical construct of a salience map is useful. The 
state of neural selection of a salient target relative to 
surrounding nontarget elements amounts to the covert 
allocation of attention that usually precedes overt shifts 
of gaze. The time taken for the brain to achieve an 
explicit representation of the location of a target varies 
predictably according to how distinct the target appears 
in relation to nontarget elements.

Coordinated with this visual processing is activation 
in a network including the FEF and SC that is respon-
sible for producing the saccade. A saccade is produced 
when the activation at one location within the motor 
map reaches a critical threshold. One job of visual pro-
cessing, influenced by memory and goals, is to ensure 
that only one site—the best site—within the map of 
movements becomes activated. This is done when the 
neurons signaling the location of the desired target 
develop enhanced activation while the neurons respond-
ing to other locations are attenuated. When confronted 
with ambiguous images having multiple potential 
targets, partial activation can occur in parts of the 
motor map representing saccades to nontarget ele-
ments that resemble the target. Saccade target selection 
converts an initially ambiguous pattern of neural activa-
tion into a pattern that reliably signals one target  
location in a winner-take-all fashion. However, the rep-
resentation of likely targets for orienting does not auto-
matically and unalterably produce a saccade. Sometimes 
potential targets are perceived without an overt gaze 
shift, or gaze can shift to locations not occupied by 
salient stimuli. The explanation of this flexible coupling 
between target selection and saccade production 
requires separate stages or modules that select a target 
for orienting and that produce gaze shifts. The flexible 
relationship between target selection and saccade pro-
duction also affords the ability to emphasize speed or 
accuracy. Accuracy in fixating correctly can be empha-
sized at the expense of speed by allowing the visual 
selection process to resolve alternatives before produc-
ing a saccade. On the other hand, accuracy can be 
sacrificed for speed, allowing the visuomotor system to 
produce a saccade that may be inaccurate because it is 
premature relative to the target selection process.

Our understanding of how the visual system guides 
saccadic eye movements has improved considerably 
since the first version of this chapter appeared. While 
we continue to pursue remaining questions, we should 
retain our sense of marvel at the nimble and flexible 

manner of movements of these shiny globes of gristle 
that are called the windows to the soul.
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Notes

1.  Some authors prefer the term “salience” to refer only to 
conspicuity in the image, and the additional influence of 
goals is enabled through a “priority” map. In other formu-
lations the salience map combines bottom-up and top-
down influences; we will use the latter formulation.

2.  The quality of the visual field and saccade vector represen-
tation varies across these areas from very precise in SC 
(chapter 64) to clear but less precise in FEF (Bruce et al., 
1985; Suzuki & Azuma 1983) to very imprecise in parietal 
areas (Ben Hamed et al., 2001).

References

Anderson, J. C., Kennedy, H., & Martin, K. A. (2011). Path-
ways of attention: Synaptic relationships of frontal eye field 
to V4, lateral intraparietal cortex, and area 46 in macaque 
monkey. Journal of Neuroscience, 31, 10872–10881.

Arcizet, F., Mirpour, K., & Bisley, J. W. (2011). A pure salience 
response in posterior parietal cortex. Cerebral Cortex, 21, 
2498–2506.

Armstrong, K. M., Fitzgerald, J. K., & Moore, T. (2006). 
Changes in visual receptive fields with microstimulation of 
frontal cortex. Neuron, 50, 791–798.

Awh, E., Armstrong, K. M., & Moore, T. (2006). Visual and 
oculomotor selection: Links, causes and implications for 
spatial attention. Trends in Cognitive Sciences, 10, 124–130.

Balan, P. F., & Gottlieb, J. (2009). Functional significance of 
nonspatial information in monkey lateral intraparietal area. 
Journal of Neuroscience, 29, 8166–8176.

Balan, P. F., Oristaglio, J., Schneider, D. M., & Gottlieb, J. 
(2008). Neuronal correlates of the set-size effect in monkey 
lateral intraparietal area. PLoS Biology, 6, e158.

Barone, P., Batardiere, A., Knoblauch, K., & Kennedy, H. 
(2000). Laminar distribution of neurons in extrastriate 
areas projecting to visual areas V1 and V4 correlates with 
the hierarchical rank and indicates the operation of a dis-
tance rule. Journal of Neuroscience, 20, 3263–3281.

Basso, M. A., & Wurtz, R. H. (2002). Neuronal activity in 
substantia nigra pars reticulata during target selection. 
Journal of Neuroscience, 22, 1883–1894.

Ben Hamed, S., Duhamel, J. R., Bremmer, F., & Graf, W. 
(2001). Representation of the visual field in the lateral 
intraparietal area of macaque monkeys: A quantitative 
receptive field analysis. Experimental Brain Research, 140, 
127–144.

8857_063.indd   916 4/18/2013   5:38:20 PM



         

K2

Werner—The New Visual Neurosciences

Selection of Targets for Saccadic Eye Movements    917

Bichot, N. P., & Desimone, R. (2006). Finding a face in the 
crowd: Parallel and serial neural mechanisms of visual selec-
tion. Progress in Brain Research, 155, 147–156.

Bichot, N. P., Rossi, A. F., & Desimone, R. (2005). Parallel and 
serial neural mechanisms for visual search in macaque area 
V4. Science, 308, 529–534.

Bichot, N. P., & Schall, J. D. (2002). Priming in macaque 
frontal cortex during popout visual search: Feature-based 
facilitation and location-based inhibition of return. Journal 
of Neuroscience, 22, 4675–4685.

Bichot, N. P., Thompson, K. G., Rao, S. C., & Schall, J. D. 
(2001). Reliability of macaque frontal eye field neurons 
signaling saccade targets during visual search. Journal of 
Neuroscience, 21, 713–725.

Bisley, J. W., & Goldberg, M. E. (2010). Attention, intention, 
and priority in the parietal lobe. Annual Review of Neurosci-
ence, 33, 1–21.

Boehler, C. N., Tsotsos, J. K., Schoenfeld, M. A., Heinze, H. 
J., & Hopf, J. M. (2011). Neural mechanisms of surround 
attenuation and distractor competition in visual search. 
Journal of Neuroscience, 31, 5213–5224.

Bruce, C. J., Goldberg, M. E., Bushnell, M. C., & Stanton, G. 
B. (1985). Primate frontal eye fields. II. Physiological and 
anatomical correlates of electrically evoked eye movements. 
Journal of Neurophysiology, 54, 714–734.

Bundesen, C., Habekost, T., & Kyllingsbaek, S. (2011). A 
neural theory of visual attention and short-term memory 
(NTVA). Neuropsychologia, 49, 1446–1457.

Buracas, G. T., & Albright, T. D. (2009). Modulation of neu-
ronal responses during covert search for visual feature con-
junctions. Proceedings of the National Academy of Sciences of the 
United States of America, 106, 16853–16858.

Buschman, T. J., & Miller, E. K. (2007). Top-down versus 
bottom-up control of attention in the prefrontal and poste-
rior parietal cortices. Science, 315, 1860–1862.

Cohen, J. Y., Crowder, E. A., Heitz, R. P., Subraveti, C. R., 
Thompson, K. G., Woodman, G. F., et al. (2010). Coopera-
tion and competition among frontal eye field neurons 
during visual target selection. Journal of Neuroscience, 30, 
3227–3238.

Cohen, J. Y., Heitz, R. P., Schall, J. D., & Woodman, G. F. 
(2009a). On the origin of event-related potentials indexing 
covert attentional selection during visual search. Journal of 
Neurophysiology, 102, 2375–2386.

Cohen, J. Y., Heitz, R. P., Woodman, G. F., & Schall, J. D. 
(2009b). Neural basis of the set-size effect in the frontal eye 
field: Timing of attention during visual search. Journal of 
Neurophysiology, 101, 1699–1704.

Constantinidis, C. (2006). Posterior parietal mechanisms  
of visual attention. Reviews in the Neurosciences, 17, 
415–427.

Constantinidis, C., & Steinmetz, M. A. (2005). Posterior pari-
etal cortex automatically encodes the location of salient 
stimuli. Journal of Neuroscience, 25, 233–238.

Cullen, K. E., & Van Horn, M. R. (2011). Brainstem pathways 
and premotor control. In S. Liversedge, I. Gilchrist, & S. 
Everling (Eds.), Oxford handbook of eye movements (pp. 151–
172). Oxford, England: Oxford University Press.

David, S. V., Hayden, B. Y., Mazer, J. A., & Gallant, J. L. (2008). 
Attention to stimulus features shifts spectral tuning of V4 
neurons during natural vision. Neuron, 59, 509–521.

Ekstrom, L. B., Roelfsema, P. R., Arsenault, J. T., Kolster, H., 
& Vanduffel, W. (2009). Modulation of the contrast response 

function by electrical microstimulation of the macaque 
frontal eye field. Journal of Neuroscience, 29, 10683–10694.

Everling, S., Tinsley, C. J., Gaffan, D., & Duncan, J. (2006). 
Selective representation of task-relevant objects and loca-
tions in the monkey prefrontal cortex. European Journal of 
Neuroscience, 23, 2197–2214.

Fecteau, J. H., & Munoz, D. P. (2005). Correlates of capture 
of attention and inhibition of return across stages of visual 
processing. Journal of Cognitive Neuroscience, 17, 1714–1727.

Findlay, J. M. (1982). Global visual processing for saccadic eye 
movements. Vision Research, 22, 1033–1045.

Geisler, W. S., & Cormack, L. K. (2011). Models of overt atten-
tion. In S. P. Liversedge, I. P. Gilchrist, & S. Everling (Eds.), 
Oxford handbook of eye movements (pp. 439–454). Oxford, 
England: Oxford University Press.

Gottlieb, J., & Balan, P. (2010). Attention as a decision in 
information space. Trends in Cognitive Sciences, 14, 240–248.

Gregoriou, G. G., Gotts, S. J., & Desimone, R. (2012). Cell-
type-specific synchronization of neural activity in FEF with 
V4 during attention. Neuron, 73, 581–594.

Gregoriou, G. G., Gotts, S. J., Zhou, H., & Desimone, R. 
(2009). High-frequency, long-range coupling between pre-
frontal and visual cortex during attention. Science, 324, 
1207–1210.

Hamker, F. H., & Zirnsak, M. (2006). V4 receptive field 
dynamics as predicted by a systems-level model of visual 
attention using feedback from the frontal eye field. Neural 
Networks, 19, 1371–1382.

Hayden, B. Y., & Gallant, J. L. (2005). Time course of atten-
tion reveals different mechanisms for spatial and feature-
based attention in area V4. Neuron, 47, 637–643.

Hayhoe, M. M., & Ballard, D. H. (2011). Mechanisms of gaze 
control in natural vision. In S. P. Liversedge, I. P. Gilchrist, 
& S. Everling (Eds.), Oxford handbook of eye movements (pp. 
607–620). Oxford, England: Oxford University Press.

Heitz, R. P., Cohen, J. Y., Woodman, G. F., & Schall, J. D. 
(2010). Neural correlates of correct and errant attentional 
selection revealed through N2pc and frontal eye field activ-
ity. Journal of Neurophysiology, 104, 2433–2441.

Henderson, J. M. (2011). Eye movements and scene percep-
tion. In S. Liversedge, I. Gilchrist, & S. Everling (Eds.), 
Oxford handbook of eye movements (pp. 593–606). Oxford, 
England: Oxford University Press.

Ipata, A. E., Gee, A. L., Bisley, J. W., & Goldberg, M. E. (2009). 
Neurons in the lateral intraparietal area create a priority 
map by the combination of disparate signals. Experimental 
Brain Research, 192, 479–488.

Ipata, A. E., Gee, A. L., Goldberg, M. E., & Bisley, J. W. (2006). 
Activity in the lateral intraparietal area predicts the goal 
and latency of saccades in a free-viewing visual search task. 
Journal of Neuroscience, 26, 3656–3661.

Johnston, K., & Everling, S. (2011). Frontal cortex and flexi-
ble control of saccades. In S. Liversedge, I. Gilchrist, &  
S. Everling (Eds.), Oxford handbook of eye movements (pp. 
279–302). Oxford, England: Oxford University Press.

Juan, C. H., Muggleton, N. G., Tzeng, O. J., Hung, D. L., 
Cowey, A., & Walsh, V. (2008). Segregation of visual selec-
tion and saccades in human frontal eye fields. Cerebral 
Cortex, 18, 2410–2415.

Juan, C. H., Shorter-Jacobi, S. M., & Schall, J. D. (2004). Dis-
sociation of spatial attention and saccade preparation. Pro-
ceedings of the National Academy of Sciences of the United States 
of America, 101, 15541–15544.

8857_063.indd   917 4/18/2013   5:38:20 PM



2

Werner—The New Visual Neurosciences

         

918    Jeffrey D. Schall

Kim, B., & Basso, M. A. (2008). Saccade target selection in the 
superior colliculus: A signal detection theory approach. 
Journal of Neuroscience, 28, 2991–3007.

Kim, B., & Basso, M. A. (2010). A probabilistic strategy for 
understanding action selection. Journal of Neuroscience, 30, 
2340–2355.

Klein, R. (1980). Does oculomotor readiness mediate cogni-
tive control of visual attention? In R. Nickerson (Ed.), Atten-
tion and Performance (pp. 259–276). New York: Academic 
Press. 

Land, M., & Tatler, B. (2009). Looking and acting: Vision and 
eye movements in natural behaviour. Oxford, England: Oxford 
University Press.

Lee, K. M., & Keller, E. L. (2008). Neural activity in the frontal 
eye fields modulated by the number of alternatives in target 
choice. Journal of Neuroscience, 28, 2242–2251.

Liversedge, S. P., & Findlay, J. M. (2000). Saccadic eye move-
ments and cognition. Trends in Cognitive Science, 4, 
6–14.

Lovejoy, L. P., & Krauzlis, R. J. (2010). Inactivation of primate 
superior colliculus impairs covert selection of signals for 
perceptual judgments. Nature Neuroscience, 13, 261–266.

Markov, N. T., Misery, P., Falchier, A., Lamy, C., Vezoli, J., 
Quilodran, R., et al. (2011). Weight consistency specifies 
regularities of macaque cortical networks. Cerebral Cortex, 
21, 1254–1272.

May, P. J. (2006). The mammalian superior colliculus: Laminar 
structure and connections. Progress in Brain Research, 151, 
321–378.

McPeek, R. M. (2006). Incomplete suppression of distractor-
related activity in the frontal eye field results in curved 
saccades. Journal of Neurophysiology, 96, 2699–2711.

McPeek, R. M. (2008). Reversal of a distractor effect on 
saccade target selection after superior colliculus inactiva-
tion. Journal of Neurophysiology, 99, 2694–2702.

McPeek, R. M., & Keller, E. L. (2002). Saccade target selection 
in the superior colliculus during a visual search task. Journal 
of Neurophysiology, 88, 2019–2034.

Mirabella, G., Bertini, G., Samengo, I., Kilavik, B. E., Frilli, D., 
Libera, C. D., et al. (2007). Neurons in area V4 of the 
macaque translate attended visual features into behavior-
ally relevant categories. Neuron, 54, 303–318.

Mirpour, K., Arcizet, F., Ong, W. S., & Bisley, J. W. (2009). 
Been there, seen that: A neural mechanism for performing 
efficient visual search. Journal of Neurophysiology, 102, 3481–
3491.

Mirpour, K., Ong, W. S., & Bisley, J. W. (2010). Microstimula-
tion of posterior parietal cortex biases the selection of eye 
movement goals during search. Journal of Neurophysiology, 
104, 3021–3028.

Monosov, I. E., Sheinberg, D. L., & Thompson, K. G. (2010). 
Paired neuron recordings in the prefrontal and inferotem-
poral cortices reveal that spatial selection precedes object 
identification during visual search. Proceedings of the National 
Academy of Sciences of the United States of America, 107, 13105–
13110.

Monosov, I. E., & Thompson, K. G. (2009). Frontal eye field 
activity enhances object identification during covert visual 
search. Journal of Neurophysiology, 102, 3656–3672.

Monosov, I. E., Trageser, J. C., & Thompson, K. G. (2008). 
Measurements of simultaneously recorded spiking activity 
and local field potentials suggest that spatial selection 
emerges in the frontal eye field. Neuron, 57, 614–625.

Moore, T., & Fallah, M. (2004). Microstimulation of the 
frontal eye field and its effects on covert spatial attention. 
Journal of Neurophysiology, 91, 152–162.

Mruczek, R. E., & Sheinberg, D. L. (2007). Activity of inferior 
temporal cortical neurons predicts recognition choice 
behavior and recognition time during visual search. Journal 
of Neuroscience, 27, 2825–2836.

Murthy, A., Ray, S., Shorter, S. M., Priddy, E. G., Schall, J. D., 
& Thompson, K. G. (2007). Frontal eye field contributions 
to rapid corrective saccades. Journal of Neurophysiology, 97, 
1457–1469.

Murthy, A., Ray, S., Shorter, S. M., Schall, J. D., & Thompson, 
K. G. (2009). Neural control of visual search by frontal eye 
field: Effects of unexpected target displacement on visual 
selection and saccade preparation. Journal of Neurophysiol-
ogy, 101, 2485–2506.

Najemnik, J., & Geisler, W.S. (2009). Simple summation rule 
for optimal fixation selection in visual search. Vision Research, 
49, 1286–1294.

Ninomiya, T., Sawamura, H., Inoue, K., & Takada, M. (2012). 
Segregated pathways carrying frontally derived top-down 
signals to visual areas MT and V4 in macaques. Journal of 
Neuroscience, 32, 6851–6858.

Ogawa, T., & Komatsu, H. (2004). Target selection in area V4 
during a multidimensional visual search task. Journal of Neu-
roscience, 24, 6371–6382.

Ogawa, T., & Komatsu, H. (2006). Neuronal dynamics of 
bottom-up and top-down processes in area V4 of macaque 
monkeys performing a visual search. Experimental Brain 
Research, 173, 1–13.

Ogawa, T., & Komatsu, H. (2009). Condition-dependent and 
condition-independent target selection in the macaque 
posterior parietal cortex. Journal of Neurophysiology, 101, 
721–736.

Ogawa, T., & Komatsu, H. (2010). Differential temporal 
storage capacity in the baseline activity of neurons in 
macaque frontal eye field and area V4. Journal of Neuro-
physiology, 103, 2433–2445.

Oristaglio, J., Schneider, D. M., Balan, P. F., & Gottlieb, J. 
(2006). Integration of visuospatial and effector information 
during symbolically cued limb movements in monkey 
lateral intraparietal area. Journal of Neuroscience, 26, 8310–
8319.

Paré, M., & Dorris, M. C. (2011). The role of posterior parietal 
cortex in the regulation of saccadic eye movements. In  
S. P. Liversedge, I. P. Gilchrist, & S. Everling (Eds.), Oxford 
handbook of eye movements (pp. 257–278). Oxford, England: 
Oxford University Press.

Phillips, A. N., & Segraves, M. A. (2010). Predictive activity  
in macaque frontal eye field neurons during natural  
scene searching. Journal of Neurophysiology, 103, 
1238–1252.

Pouget, P., Logan, G. D., Palmeri, T. J., Boucher, L., Paré, M., 
& Schall, J. D. (2011). Neural basis of adaptive response 
time adjustment during saccade countermanding. Journal 
of Neuroscience, 31, 12604–12612.

Pouget, P., Stepniewska, I., Crowder, E. A., Leslie, M. W., 
Emeric, E. E., Nelson, M. J., et al. (2009). Visual and motor 
connectivity and the distribution of calcium-binding pro-
teins in macaque frontal eye field: Implications for saccade 
target selection. Frontiers in Neuroanatomy, 3, 2.

Purcell, B. A., Schall, J. D., Logan, G. D., & Palmeri, T. J. 
(2012). From salience to saccades: Multiple-alternative 

8857_063.indd   918 4/18/2013   5:38:21 PM



         

K2

Werner—The New Visual Neurosciences

Selection of Targets for Saccadic Eye Movements    919

gated stochastic accumulator model of visual search. Journal 
of Neuroscience, 32, 3433–3446.

Purcell, B. A., Heitz, R. P., Cohen, J. Y., Schall, J. D., Logan, 
G. D., & Palmeri, T. J. (2010). Neurally constrained model-
ing of perceptual decision making. Psychological Review, 117, 
1113–1143.

Ratcliff, R., & McKoon, G. (2008). The diffusion decision 
model: Theory and data for two-choice decision tasks. 
Neural Computation, 20, 873–922.

Ray, S., & Maunsell, J. H. (2010). Differences in gamma fre-
quencies across visual cortex restrict their possible use in 
computation. Neuron, 67, 885–896.

Rayner, K., & Liversedge, S. P. (2011). Linguistic and cognitive 
influences on eye movements during reading. In S. Liv-
ersedge, I. Gilchrist, & S. Everling (Eds.), Oxford handbook 
of eye movements (pp. 751–766). Oxford, England: Oxford 
University Press.

Rizzolatti, G. (1983). Mechanisms of selective attention in 
mammals. In J. Ewert, R. Capranica, & D. Ingle (Eds.), 
Advances in Vertebrate Neuroethology (pp. 261–297). New York: 
Elsevier. 

Robinson, D. A. (1972). Eye movements evoked by collicular 
stimulation in the alert monkey. Vision Research, 12, 1795–
1808.

Rossi, A. F., Bichot, N. P., Desimone, R., & Ungerleider, L. G. 
(2007). Top down attentional deficits in macaques with 
lesions of lateral prefrontal cortex. Journal of Neuroscience, 
27, 11306–11314.

Saruwatari, M., Inoue, M., & Mikami, A. (2008). Modulation 
of V4 shifts from dependent to independent on feature 
during target selection. Neuroscience Research, 60, 327–339.

Sato, T., Murthy, A., Thompson, K. G., & Schall, J. D. (2001). 
Search efficiency but not response interference affects 
visual selection in frontal eye field. Neuron, 30, 583–591.

Sato, T. R., & Schall, J. D. (2003). Effects of stimulus–response 
compatibility on neural selection in frontal eye field. 
Neuron, 38, 637–648.

Schall, J. D. (2004). Selection of targets for saccadic eye move-
ments. In L. M. Chalupa & J. S. Werner (Eds.), The visual 
neurosciences (pp. 1369–1390). Cambridge, MA: MIT 
Press.

Schall, J. D., & Boucher, L. (2007). Executive control of gaze 
by the frontal lobes. Cognitive, Affective & Behavioral Neurosci-
ence, 7, 396–412.

Schall, J. D., & Cohen, J. Y. (2011). The neural basis of saccade 
target selection. In S. P. Liversedge, I. P. Gilchrist, &  
S. Everling (Eds.), Oxford handbook of eye movements (pp. 
357–382). Oxford, England: Oxford University Press.

Schall, J. D., & Hanes, D. P. (1993). Neural basis of saccade 
target selection in frontal eye field during visual search. 
Nature, 366, 467–469.

Schall, J. D., Morel, A., King, D. J., & Bullier, J. (1995). Topog-
raphy of visual cortical afferents to frontal eye field in 
macaque: Functional convergence and segregation of pro-
cessing streams. Journal of Neuroscience, 15, 4464–4487.

Schall, J. D., & Thompson, K. G. (1994). Macaque oculomotor 
thalamus: Saccade target selection. Society for Neuroscience 
Abstracts, 20, 145.

Schiller, P. H., & Tehovnik, E. J. (2005). Neural mechanisms 
underlying target selection with saccadic eye movements. 
Progress in Brain Research 149, 157–171.

Schmolesky, M. T., Wang, Y., Hanes, D. P., Thompson, K. G., 
Leutgeb, S., Schall, J. D., et al. (1998). Signal timing across 

the macaque visual system. Journal of Neurophysiology, 79, 
3272–3278.

Shen, K., & Paré, M. (2007). Neuronal activity in superior 
colliculus signals both stimulus identity and saccade goals 
during visual conjunction search. Journal of Vision, 15, 
1–13.

Smith, D. T., & Schenk, T. (2007). Enhanced probe discrimi-
nation at the location of a colour singleton. Experimental 
Brain Research, 181, 367–375.

Sternberg, S. (2011). Modular processes in mind and brain. 
Cognitive Neuropsychology, 28, 156–208.

Suzuki, H., & Azuma, M. (1983). Topographic studies on 
visual neurons in the dorsolateral prefrontal cortex of the 
monkey. Experimental Brain Research, 53, 47–58.

Tanaka, M., & Kunimatsu, J. (2011). Thalamic roles in eye 
movements. In S. Liversedge, I. Gilchrist, & S. Everling 
(Eds.), Oxford handbook of eye movements (pp. 235–256). 
Oxford, England: Oxford University Press.

Taylor, P. C., Nobre, A. C., & Rushworth, M. F. (2007). FEF 
TMS affects visual cortical activity. Cerebral Cortex, 17, 391–
399.

Thomas, N. W. D., & Paré, M. (2007). Temporal processing 
of saccade targets in parietal cortex area LIP during visual 
search. Journal of Neurophysiology, 97, 942–947.

Thompson, K. G., Bichot, N. P., & Sato, T. R. (2005). Frontal 
eye field activity before visual search errors reveals the inte-
gration of bottom-up and top-down salience. Journal of Neu-
rophysiology, 93, 337–351.

Thompson, K. G., Bichot, N. P., & Schall, J. D. (1997). Dis-
sociation of target selection from saccade planning in 
macaque frontal eye field. Journal of Neurophysiology, 77, 
1046–1050.

Thompson, K. G., Biscoe, K. L., & Sato, T. R. (2005). Neuronal 
basis of covert spatial attention in the frontal eye field. 
Journal of Neuroscience, 25, 9479–9487.

Thompson, K. G., Hanes, D. P., Bichot, N. P., & Schall, J. D. 
(1996). Perceptual and motor processing stages identified 
in the activity of macaque frontal eye field neurons during 
visual search. Journal of Neurophysiology, 76, 4040–4055.

Trageser, J. C., Monosov, I. E., Zhou, Y., & Thompson, K. G. 
(2008). A perceptual representation in the frontal eye field 
during covert visual search that is more reliable than the 
behavioral report. European Journal of Neuroscience, 28, 2542–
2549.

Tsotsos, J. K. (2011). A computational perspective on visual atten-
tion. Cambridge, MA: MIT Press.

Usher, M., & McClelland, J. L. (2001). The time course of 
perceptual choice: The leaky, competing accumulator 
model. Psychological Review, 108, 550–592.

Vokoun, C. R., Mahamed, S., & Basso, M. A. (2011). Saccadic 
eye movements and the basal ganglia. In S. Liversedge,  
I. Gilchrist, & S. Everling (Eds.), Oxford handbook of eye move-
ments (pp. 215–234). Oxford, England: Oxford University 
Press.

Walker, R., Techawachirakul, P., & Haggard, P. (2009). Frontal 
eye field stimulation modulates the balance of salience 
between target and distractors. Brain Research, 1270, 54–63.

Wardak, C., Ibos, G., Duhamel, J. R., & Olivier, E. (2006). 
Contribution of the monkey frontal eye field to covert visual 
attention. Journal of Neuroscience, 26, 4228–4235.

Wardak, C., Olivier, E., & Duhamel, J. R. (2004). A deficit in 
covert attention after parietal cortex inactivation in the 
monkey. Neuron, 42, 501–508.

8857_063.indd   919 4/18/2013   5:38:21 PM



2

Werner—The New Visual Neurosciences

920    Jeffrey D. Schall

Wardak, C., Olivier, E., & Duhamel, J. R. (2011). The relation-
ship between spatial attention and saccades in the fronto-
parietal network of the monkey. European Journal of 
Neuroscience, 33, 1973–1981.

White, B. J., & Munoz, D. P. (2011a). Separate visual signals 
for saccade initiation during target selection in the primate 
superior colliculus. Journal of Neuroscience, 31, 1570–1578.

White, B. J., & Munoz, D. P. (2011b). The superior colliculus. 
In S. P. Liversedge, I. Gilchrist, & S. Everling (Eds.), Oxford 
handbook of eye movements (pp. 195–214). Oxford, England: 
Oxford University Press.

Wolfe, J. M., & Horowitz, T. S. (2004). What attributes guide 
the deployment of visual attention and how do they do it? 
Nature Reviews Neuroscience. 5, 495-501.

Wolfe, J. M., Horowitz, T. S., & Palmer, E. M. (2010). Reaction 
time distributions constrain models of visual search. Vision 
Research, 50, 1304–1311.

Woodman, G. F., Kang, M. S., Rossi, A. F., & Schall, J. D. 
(2007). Nonhuman primate event-related potentials index-
ing covert shifts of attention. Proceedings of the National 
Academy of Sciences of the United States of America, 104, 15111–
15116.

Woodman, G. F., Kang, M. S., Thompson, K., & Schall, J. D. 
(2008). The effect of visual search efficiency on response 
preparation: Neurophysiological evidence for discrete flow. 
Psychological Science, 19, 128–136.

Woodman, G. F., & Luck, S. J. (1999). Electrophysiological 
measurement of rapid shifts of attention during visual 
search. Nature, 400, 867–869.

Wyder, M. T., Massoglia, D. P., & Stanford, T. R. (2004). Con-
textual modulation of central thalamic delay-period activ-
ity: Representation of visual and saccadic goals. Journal of 
Neurophysiology, 91, 2628–2648.

Young, M. S., Heitz, R. P., Schall, J. D., & Woodman, G. F. 
(2010). Modeling the neural generators of monkey event-
related potentials indexing covert shift of attention. Program 
No. 304.1 2010 Neuroscience Meeting Planner. San Diego, CA: 
Society for Neuroscience, Online.

Zhou, H. H., & Desimone, R. (2011). Feature-based attention 
in the frontal eye field and area V4 during visual search. 
Neuron, 70, 1205–1217.

Zhou, H. H., & Thompson, K. G. (2009). Cognitively directed 
spatial selection in the frontal eye field in anticipation of 
visual stimuli to be discriminated. Vision Research, 49, 1205–
1215.

8857_063.indd   920 4/18/2013   5:38:21 PM




