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But [attention’s] towering growth would appear to have been
achieved at the price of calling down upon its builders the
curse of Babel, “to confound their language that they may not
understand one another’s speech.” For the word “attention”
quickly came to be associated . . . with a diversity of meanings
that have the appearance of being more chaotic even than
those of the term “intelligence.” (Spearman, 1937, p. 133)

Attention is a foundational concept in cognitive psychology. Many re-
searchers have credited it with a central role in the “cognitive revolu-
tion” of the 1950s and 1960s (e.g., Broadbent, 1958; Egeth, 1992;
Neisser, 1967). It is, however, a concept with a stormy history, as the
above quotation indicates, and there was little agreement until recently
about how it should be defined. Spearman (1937) chronicled many pro-
posed definitions including clearness, vivacity or intensity of percepts
or concepts, an attitude of mind, a definite process or special stage in a
process, the relative proportion of activated traces to all memory
traces, some form of energy or desire involving will or effort, and the
sensation of exertion of will. Since 1937, definitions or metaphors such
as a filter (Broadbent, 1958), a skill (Neisser, 1976), a selective attenua\;
tor (Treisman, 1964), a resource (Kahneman, 1973), a “spotlight beam”
within which processing is enhanced (Posner, 1980), a ”zoom. lens
(Eriksen & Yeh, 1985), a “glue” that binds features together (Trelsn'lan
& Gelade, 1980), and a decoupler of modules from public communica-
tion channels (Navon, 1989), among others, have added to the confu-
sion. Moreover, a number of different aspects of attention (e.g., capac-
ity, selectivity, control, relation to consciousness, rela'tion to arou§al)
have been engaged by specific paradigms and empha51ze.d.by particu-
lar writers (e.g., Solso, 1991). Recently, however, some definite progress
has been made in understanding how attention to locations and / or ob-
jects in visual space is controlled. This research has been cafried out
within several closely related experimental paradigms including those
that allow conclusions to be made about physiological mechanisms. It
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has emphasized the way in which shifts of attention in visual space can
be evoked by stimuli and by goals, and how these shifts are related to
the control of eye movements. Although there are no final answers yet,
the body of data amassed so far has several clear implications for our
understanding of attention control processes. It also suggests integra-
tive models and further research. We summarize some of these impli-
cations and propose one possible integrative model that has interesting
implications for how we understand attention more generally.

Shifts of visual attention are changes in the spatial location to which
we attend. They usually accompany eye movements but can also occur
independently of eye fixation. For example, suppose you are sitting in
arestaurant having dinner with a friend. While your eyes are fixed on
your companion’s face and you are listening intently to what is being
said, your attention may stray to the interesting person at the next ta-
ble. Your eyes have not moved but for a moment you are not attending
to the object of your gaze. Two of the primary goals of contemporary
research on this phenomenon are to determine when attention shifts
are under voluntary control and when they are more reflexive, and to
examine the nature of the relationship between attention shifts and
eye movements.

More than a century ago, Helmholtz conducted an experiment to test
his ability to shift visual attention independently of eye fixation (see
Warren & Warren, 1968). He fixed his eyes on an illuminated pinhole
in the centre of a dark field of large printed letters and, on each trial,
illuminated the display with an electric spark. The illumination did not
last long enough for an eye movement to be made away from the fixa-

- tion point while the display was visible, and Helmholtz was unable to

perceive all of the letters or even all of those near the fixation point. By
deciding in advance of the illumination which part of the display to at-
tend to, however, he was able to recognize single groups of letters in
the attended region. Moreover, he was able to voluntarily shift his at-
tention to different regions of the display while maintaining eye fixa-
tion on the central, illuminated pinhole. This experiment is often cited
as the first scientific demonstration of the independence of visual at-
tention shifts and eye fixation.

James (1890) stated that when we selectively attend to an object, the
mind “takes possession” of it even though other objects are present
that the mind also could have taken possession of (cf., LaBerge, 1990a).
He described “paying attention” in terms of resources that have their
greatest concentration at the focal point and a decreasing concentration
as a function of increasing distance from the focal point. James also
proposed that there are two domains of attention — the immediate sen-

" sory domain and the voluntary intellectual domain. The first involved, in
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his terms, the accommodation or adjustment of sensory organs. The
second domain involved anticipatory preparation from within the cog-
nitive centres concerned with the object attended to. This proposal
foreshadows one of the central aspects of more recent investigations —
the distinction between voluntary and involuntary attentional pro-
cesses. Titchener (1910), among others, studied involuntary processes
after observing that abrupt flashes in the visual periphery appear to
draw attention to their locations. Thus, contemporary research on the
control of attentional processes was anticipated in proposals made 100
years or more ago.

Despite the pioneering efforts of Helmholtz and James, studies con-
ducted long after their proposals produced very little supporting evi-
dence (e.g., Grindley & Townsend, 1968; Mertens, 1956; Mowrer, 1941).
In fact, it was not until the 1970s and the advent of location cueing ex-
periments that significant empirical evidence began to accumulate to
substantiate the claim that visual attention can be aligned indepen-
dently of eye fixation.

Location Cueing and Shifts of Visual Attention

Visual attention is often described in terms of a focal point that is
aligned with different locations in space as we inspect our visual world.
These attentional alignments can also be initiated in response to cues
about the probable locations of impending targets that interest us.
Many location cueing experiments have been conducted to study the
“beneficial” effect of a valid cue and the “negative” effect of an invalid
cue on target detection and identification responses (e.g., Posner, Nis-

sen, & Ogden, 1978; Posner & Snyder, 1975; Posner, Snyder, & David- .

son, 1980). Typically (e.g., 70% of trials), the location information con-
veyed by a cue is a valid indicator of where the target will appear on
that trial (see Figure 1). And, in the remaining cases (e.g., 30% of trials),
cue information is either invalid or neutral. Like valid and invalid cues,
neutral cues provide a temporal warning signal about the impending
target’s onset. But they are referred to as “neutral” because they are
supposed to provide no information about target location. Their pur-
pose is to serve as a baseline measure for a cost-benefit analysis of loca-
tion cueing effects. That is, the mean response times or accuracies for
trials involving valid and invalid cues are compared to the same mea-
sures for trials involving neutral cues. The “valid vs. neutral compari-
son” provides a measure of the benefit of valid cueing, and the “invalid
vs. neutral comparison” provides a measure of the cost of invalid cueing
(see Figure 1).

While cost-benefit analysis has played an important role in the study
of attentional processes, there has also been a growing awareness of its
limitations in recent years (see e.g., Jonides & Mack, 1984; Wright,
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Figure 1: Pattern of data obtained by Posner et al. (1978) indicating the response-time
cost and benefit of invalid and valid location cueing.
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Richard, & McDonald, 1995). The main concern is about the neutral cue
baseline measure, and particularly when examining the effects of direct
location cues (those that appear at or near the locations of targets). More
specifically, neutral cues are difficult to present in a truly location-non-
specific manner. Several strategies have been adopted to compensate
for this including foregoing neutral cueing and using only a “valid vs.
invalid comparison” to get what amounts to a “cue effectiveness” mea-
sure (Wright & Richard, 1996). Without the neutral baseline, however,
it is unclear whether or not this comparison reflects costs or benefits.
That is, without a neutral baseline, there is no way of knowing the rel-
ative effectiveness of valid vs. invalid cues. Another strategy is to min-
imize the degree to which the neutral cue has a specific position by, for
example, presenting a uniform flash of the entire display background
(Mackeben & Nakayama, 1993). Selecting an appropriate neutral cue is
more straightforward when examining the effects of symbolic location
cues. All types of symbolic cues are usually presented in the central lo-
cation, and therefore do not convey potential target locations on the ba-
sis of their physical position. For a detailed discussion of this issue, see
Wright et al. (1995). In this chapter and many other articles in the liter-
ature, references to response facilitation and inhibition due to location
cueing are usually based on some form of cost-benefit analysis.

There are two main types of location cues. Symbolic cues (e.g., arrows
or digits) can be used to initiate an attention shift by virtue of symbolic
information about the probable location of the target. They are also
called central cues, in part, because they are usually presented at the
centre of the display (Posner, 1978). Direct cues (e.g., outline boxes, bars,
or dots) initiate attention shifts merely by appearing at or near the
probable location of the target, as in Figure 1. They are also called pe-
ripheral cues, in part, because they (and targets) are usually presented
at noncentral locations within the display (Posner, 1978). While the
terms central and peripheral refer to the location of the cue in the visual
field or on the retina, location does not fully indicate the fundamental
difference between the two types of cues. That is, central cues do not
have to be presented in the centre of the stimulus display to be effec-
tive, and peripheral cues remain effective even when presented cen-
trally (e.g., Eriksen & Colgate, 1971). For this reason, other pairs of
terms such as “push vs. pull cue” and “information vs. stimulus cue”
are also found in the attention shift literature. The primary difference
between them is that the direct type of cue summons attention to the
location of its onset without the need for interpretation of cue meaning.
On the other hand, the symbolic type of cue does require some initial
interpretation of cue meaning before attention can be shifted to the
cued location (e.g., Remington, 1980).
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Shifts of attention initiated by symbolic vs. direct cues have been re-
ferred to as “intrinsic vs. extrinsic” (Milner, 1974), “endogenous vs. ex-
ogenous” (Posner, 1978), and “voluntary vs. involuntary” (Jonides,
1981; Luria, 1973; Miiller & Rabbitt, 1989). The latter pair of terms is
common because shifts initiated by a symbolic cue can be voluntarily
suppressed while shifts initiated by a direct cue can be difficult to sup-
press (e.g., Jonides, 1981, 1983; Miiller & Rabbitt, 1989). When an ob-
server chooses to use a symbolic cue to aim an attention shift, the tar-
get’s probable location is incorporated into a computational goal for
carrying out the task (i.e., use the cue information to shift attention to
the expected target location). Therefore, in this chapter, we use the
more general term, goal-driven control, when referring to the initiation
of endogenous, voluntary, and intrinsic attention shifts.

While shifts of attention triggered by direct cues can be difficult to
suppress, there are some situations in which a direct cue onset will not
result in a reflexive shift of attention to its location. Yantis and his col-
leagues found that while abrupt-onset visual stimuli can trigger atten-
tion shifts to their locations, observers can also override such shifts if
they are actively focusing their attention elsewhere when the abrupt-
onset stimuli appear (e.g., Yantis & Jonides, 1990). In other words, an
attention shift is not a mandatory consequence of a direct cue onset.
Without this capacity to suppress attention shifts to stimuli that sud-
denly appear in our visual field, we would be distracted by many irrel-
evant visual events. And our performance of any task requiring sus-
tained attention and vigilance would be disrupted. Therefore, the
effect of direct cue onsets is not entirely involuntary. In this chapter, we
use the more general term, stimulus-driven control, when referring to
the initiation of exogenous, involuntary, and extrinsic attention shifts.

Several studies have been conducted to test the claim that direct cues
“capture” attention more readily than symbolic cues do. One of these
studies involved a comparison of direct cue and symbolic cue effective-
ness when subjects performed a target-identification task and a con-
current memory-load task (Jonides, 1981). Symbolic cue effectiveness
was diminished by increases in memory load but direct cue effective-
ness was not. It was concluded that attention shifts were initiated more
automatically by the direct cues than by the symbolic cues because the

latter required attentional resources that were also needed to perform

the competing memory load task. Direct cue effectiveness, on the other
hand, appeared to be independent of the need for attentional resources
(cf. Schneider, Dumais, & Shiffrin, 1984). Also, explicit instructions to
ignore the location cues decreased the effectiveness of symbolic cues
more than that of direct cues (Jonides, 1981). Furthermore, decreasing
cue validity (e.g., valid cue on 20% as opposed to 80% of trials as in the
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previous experiments) also decreased the effectiveness of symbolic
cues more than that of direct cues (Jonides, 1981; Krose & Julesz, 1989;
Miiller & Humphreys, 1991). Presumably, this is because subjects do
not voluntarily use low validity cues. These results therefore imply
that direct cue effects are more reflexive than symbolic cue effects.
Claims about the “automaticity” of direct cue effectiveness should
be qualified. This effectiveness appears to depend on the nature of the
cue’s onset and on the current state of the observer’s attentional focus.
Location cues can have either an abrupt-onset or a gradual-onset (see e.g.,
Todd & Van Gelder, 1979; Yantis & Jonides, 1984, 1990). Abrupt-onset
stimuli appear suddenly in the visual field and can be targets (e.g., let-
ters, flashes of light) or cues (e.g., bar markers, arrows, brightened
boxes). Gradual-onset stimuli (cues or targets) emerge less suddenly,
either because they are revealed by the removal of camouflage ele-
ments or because they are “turned on” so slowly that luminance
changes over time are below “onset thresholds” (see Figure 2).! The re-
sults of several experiments indicate that targets with abrupt onsets
capture attention more effectively than those with gradual onsets (e.g.,
Yantis & Jonides, 1984). In some cases, however, when search is initi-
ated by a symbolic cue, the time to respond to abrupt-onset targets
does not differ from that to respond to gradual-onset targets (Yantis &
Jonides, 1990). This finding suggests that the attention-capturing effec-
tiveness of an abrupt-onset stimulus appears to be attenuated if an ob-
server is, at the same time, actively focusing on a symbolic cue at an-

other location (see also, Folk, Remington, & Johnston, 1992). Thus, an

abrupt-onset stimulus can initiate an attention shift to its location in a
stimulus-driven manner, but the shift may not occur if attention is ac-
tively focused or engaged elsewhere.

Differences in direct cue and symbolic cue effectiveness as a func-
tion of cue-target-onset-asynchrony (CTOA) are another indication
that the former elicit stimulus-driven shifts and the latter elicit goal-
driven shifts. In particular, valid direct cues appear to be maximally ef-
fective when the CTOA is approximately 100 ms, but this effectiveness
begins to attenuate with further CTOA increases (e.g., Miiller & Find-
lay, 1988; Shepard & Miiller, 1989).2 On the other hand, the effective-
ness of symbolic cues appears to increase gradually as the CTOA is in-
creased from 0 to 300 ms, and effectiveness appears to be sustained at
a maximum level with further CTOA increases (e.g., Miiller & Findlay,
1988; Shepard & Miiller, 1989). In some cases, the effectiveness of di-
rect cues can be sustained at slightly lower than the maximum level
with CTOAs larger than 100 ms (Cheal & Lyon, 1991). Presumably, the
occurrence of a sustained direct cue effect at CTOAs larger than 100 ms
depends on whether this cue also functions as a symbolic cue after the
initial reflexive effects of cue onset subside.?

The Control of Visual Attention 139
GRADUAL
ONSET
' TARGET
ABRUPT
ONSET
TARGET

CAMOUFLAGE
DISAPPEARANCE
'PLACE N
HOLDERS
R
SEARCH \ §
E +
R &
. N

TARGET

Figure 2: Abrupt-onset and gradual-onset presentations of the target P. The stimulus se-
quence on the left involves the gradual removal of irrelevant camouflage lines from a
stimulus that is already present. The stimulus sequence on the right involves the abrupt
appearance of a stimulus in a previously blank location.

The transient nature of direct cue effectiveness is also evident when
studying the interference caused by irrelevant abrupt-onset stimuli. In
particular, if an irrelevant abrupt-onset stimulus is presented less than

100 ms after cue onset, a stimulus-driven shift will still be triggered by

the relevant direct cue. If an irrelevant abrupt-onset stimulus is pre-
sented more than 100 ms after the relevant direct cue, however, the
former can disrupt the shift of attention and cause it to be made instead
to the irrelevant stimulus location (Miiller & Rabbitt, 1989). Thus, di-
rect cueing appears to be resistant to interference for only about 100 ms.

In general, stimulus-driven attention shifts appear to be triggered
rapidly by abrupt-onset direct cues, and the transient nature of direct-
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Figure 3: Typical data indicating the time-course of response-time facilitation produced
by direct and symbolic locations cues as a function of cue-target-onset-asynchrony
(CTOA). The dashed line represents direct cueing effectiveness and the solid line repre-
sents symbolic cueing effectiveness.

cue effectiveness is indicated by a decline in response-time facilitation
when CTOAs are increased beyond 100 ms. Goal-driven shifts, on the
other hand, appear to be initiated less rapidly, and the time required to
focus attention on a symbolic cue and interpret it (and perhaps to dis-
engage attention after the interpretation) may account for reports that
symbolic cues require CTOAs of 300 ms or more to be maximally effec-
tive. The difference in the time course of effectiveness of the two types
of cues is summarized in Figure 3.

Questions have also been raised about whether the costs and benefits
of location cueing reflect changes in perceptual processing or whether
they arise from changes in an observer’s criterion for reporting the
presence or identity of stimuli (Lappin & Uttal, 1976; Shaw, 1983). Re-
searchers have attempted to determine whether faster response times
for targets presented on valid cue trials (benefits) arise from greater
perceptual sensitivity at the target location or from a more liberal deci-
sion criterion, and whether slower response times for targets presented
on invalid cue trials (costs) arise from lesser sensitivity at the target lo-
cation or from a more conservative criterion. Signal detection theory
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provides a way to measure perceptual sensitivity (d') independently of
the decision criterion (B) and is usually used to differentiate between
these two possibilities (e.g., Green & Swets, 1966/1974). Although the
results of early experiments using this approach were equivocal, more
recent data indicate that location cueing does affect perceptual process-
ing (e.g., Bonnel, Possamai, & Schmidt, 1987; Downing, 1988; Miiller,
1994; Miiller & Humphreys, 1991; Possamai & Bonnel, 1991). That is,
perceptual sensitivity to targets appearing at cued locations is greater
than that to targets at uncued locations. Moreover, the greatest change
in perceptual sensitivity at cued locations appears to follow the onset
of direct cues as opposed to symbolic cues (Miiller, 1994).

Visual Attention Shift Models

Several models have been proposed to account for attention shifts. One
of these is the analog spotlight model. According to some theorists, an-
alog mechanisms shift from one state to another by traversing the set
of intermediate states (e.g., Shepard, 1975). Advocates of analog atten-
tion shifts claim that as the focal point is “moved” from one location to
another, it also traverses the intermediate spatial locations like a meta-
phorical spotlight (see Figure 4). The validity of analog spotlight mod-
els has been tested by studying how costs or benefits of location cueing
vary with the distance between the cue and the target. These studies
are based on the assumption that as this distance is increased, more
time will be required to “redirect” an analog spotlight of attention from
an invalid cue location to the target location. Some studies indicate that
increases in invalid-cue/target distance lead to linear increases in re-
sponse time, which is consistent with the notion of a constant velocity
spotlight (e.g., Shulman, Remington, & McLean, 1979; Tsal, 1983).
Other researchers, however, have found nonlinear increases in re-
sponse time with increasing invalid-cue/target distance, which im-
plies that analog spotlight velocity is either variable or perhaps con-
stant but defined relative to distance in visual angle units scaled by
visual receptive field size (e.g., Downing & Pinker, 1985). Still others
have found that costs or benefits did not vary with invalid-cue/target
distance, which implies that if the attention shift involves an analog
spotlight, its velocity is proportional to the distance it moves (e.g.,
Remington & Pierce, 1984). Critiques of this research have implicated
other possible reasons for the constant-velocity results (e.g., Eriksen &
Murphy, 1987; Yantis, 1988). Although analog attention shift models
are appealingly simple, a lack of unequivocal empirical support has
limited their usefulness.

An alternative explanation of the proportional-velocity results is
that shifts of an attentional focal point are discrete. That is, during an
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Figure 4: Analog spatlight account of a visual attention shift from the centre of a display
to the location of the horizontal line stimulus. The black surface is the stimulus display,
and the grey surface is a mental representation of it. The spotlight is said to be analog
because it remains “turned on” when shifted.

attention shift, the beam is “turned off” and does not traverse the inter-
mediate locations between the initial point and the destination (see
Figure 5). A pure discrete spotlight model requires that costs and
benefits be unaffected by changes in invalid-cue/target distance. In
other words, the time required to turn off the spotlight at the initial
point and turn it back on again at the destination should not be a func-
tion of the distance between the two locations. Evidence supporting
such a model has been obtained, for example, in a series of studies in-
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Figure 5: Discrete spotlight account of a visual attention shift from the centre of a display
to the location of the horizontal line stimulus. The spotlight is said to be discrete because
itis “turned off” during a shift and then “turned on” again at the destination.

volving multiple simultaneous direct cues (Eriksen & Webb, 1989;
Eriksen, Webb, & Fournier, 1990). The main finding was that differ-
ences in the distances between these cues did not affect the time re-
quired to identify targets at the cued locations. While subjects
appeared to check the cued locations serially, the time required to do
so was independent of the distance between the locations. Other re-
sults have also suggested that, in some cases, attention shift time is in-
dependent of shift distance (Kwak, Dagenbach, & Egeth, 1991; Sagi &
Julesz, 1985; Skelton & Eriksen, 1976). Thus, there is considerable
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empirical support for the notion of discrete attention shifts and they
have been assumed to occur by many researchers who have attempted
to associate attentional processes with specific brain areas (e.g., Posner,
Petersen, Fox, & Raichle, 1988).

One of the limitations of analog and discrete spotlight models is the
lack of a mechanism that systematically varies the spatial extent of the
beam. This is a concern because there is evidence that attentional focus
that can range from a broad extent throughout the visual field to a fine
focus at a particular location of interest (e.g., Eriksen & Hoffman, 1974;
Eriksen & Yeh, 1985; Jonides, 1980; LaBerge, 1983; Ward, 1985). Eriksen
and his colleagues (e.g., Eriksen & St. James, 1986; Eriksen & Yeh, 1985)
proposed that the attentional focal point is characterized by a distribu-
tion of attention resources. They also proposed that the distribution of
resources and the spatial extent of focused attention have a reciprocal
relationship like that between the resolving power and spatial extent
of a camera’s zoom lens. That is, attentional resources become more
concentrated as the spatial extent of attentional focus is decreased. Fur-
thermore, when attention is shifted, it is was said to be defocused at
one location (an increase in the spatial extent of attentional focus) and
then refocused at another location (a decrease in the spatial extent).
Most descriptions of focusing models imply that they are analog in the
sense that the attentional focus remains “turned on” when its spatial
extent changes. Figure 6 shows how attention would be shifted be-
tween locations in the visual field if such a mechanism was required to
traverse intermediate states of focus (i.e., narrow to broader to broad-
est at the old location and then broadest to less broad to narrow at the
new location). Other researchers have suggested that an attentional
zoom lens may have only two states — a broad, diffuse focus encom-
passing the entire visual field and a narrow focus (perhaps 1° to 2° of
visual angle) on a specific location - and therefore that focusing in-
volves a discrete switch between these states (called the “Law of Two
Levels” in the early twentieth century and adopted by some contem-
porary researchers, e.g., Jonides, 1980). Still others have argued that
adjustments of the zoom lens are discrete while not making specific
claims about the number of different states of focal resolution (e.g.,
Shepard & Miiller, 1989, p. 152). In general, the distinction between an-
alog and discrete mechanisms can be understood as attention remain-
ing “turned on” or engaged during shifts from one spatial locus to an-
other in the analog case versus attention being “turned off” or
disengaged during shifts in the discrete case.

To summarize the points made in this section, stimulus-driven atten-
tion shifts appear to be initiated rapidly in response to the transient ef-
fect of abrupt-onset direct cues, but only if attention is not actively
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Figure 6: Analog zoom lens account of a visual attention shift from the centre of a display
to the location of the horizontal line stimulus. The zoom lens is shifted by increasing in
spatial extent and decreasing again around the destination.

engaged elsewhere. Goal-driven attention shifts made in response to

‘symbolic cues appear to be initiated voluntarily and less rapidly, and

only after interpretation of cue meaning. Most evidence indicates that
stimulus-driven shifts are discrete as opposed to analog.

Preattentive and Attentive Visual Processing

Neisser (1964) was among the first of the researchers in the modern
era to make a distinction between preattentive and attentive visual
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processes. Much of this work was based on the study of visual search
in controlled laboratory experiments. Observers in these experiments
typically searched for a target letter surrounded by distractor letters in
order to make a Target Present or Target Absent response as quickly as
possible. If the target was sufficiently different from the distractors in
such a way that it stood out, responses were rapid. For example, if the
target letter was roundish (e.g., O or Q) and the distractors were angu-
lar (e.g., M, N, Z, X, W), then the target’s location was often immedi-
ately apparent. Rapid detection of the target’s presence soon came to
be known as “pop out.” If the target was similar to the distractors (e.g.,
both were angular), then search was slower, effortful, and required
more time as the number of items in the search set was increased. This
“set-size effect” occurred, in other words, if the target did not stand out
from the distractors by virtue of a unique feature, but virtually no set-
size effect occurred if the target had a unique feature not possessed by
the distractor items. This was taken as evidence for two separate stages
of visual processing. More specifically, Neisser (1964) suggested that a
positive relationship between the number of search set items and Tar-
get Present or Target Absent response time implies that items are being
serially inspected to determine whether or not they are the target. Con-
versely, when the response time was virtually independent of the num-
ber of search set items, as is the case when the target stands out by vir-
tue of possessing a unique feature, a preattentive stage of processing
was thought to be mediating target detection. The preattentive/atten-
tive distinction has shaped much of the thinking about visual search
processes since Neisser s (1964) proposal.

Treisman and Gelade (1980) developed an explanation of these re-
sults that builds on the preattentive/attentive proposal outlined by
Neisser (1964). They suggested that, at the preattentive analysis stage,
feature information (e.g., colour, orientation, motion) is analyzed in
parallel throughout the visual scene by separate feature analysis mod-
ules. The presence of a unique-feature target (e.g., one with a unique
colour) was said to be immediately apparent because the target is the
only one of its type detected by the relevant feature module. On the
other hand, the presence of a conjunction target (e.g., one with a unique
shape/colour combination) was said to require attention because com-
parisons had to be made across feature modules to determine the fea-
ture combination of objects at particular locations. Conjunction-target
search could involve, for example, checking the information in the co-
lour module and then the shape module to find out the colour/shape
combination of, say, the third object from the left in a stimulus display.
Thus, in Treisman and Gelade’s (1980) terms, attention would be re-
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quired to “glue” these features together (integrate them) to form a per-
ceptual object. They called this proposal the feature-integration theory.
When a scene is inspected in a serial manner to locate a conjunction tar-
get, attention was therefore said to glue features together to determine
whether or not each object’s combination matched that of the target.

Feature-integration theory can be described with a map-based
model. In Figure 7, each of a number of feature maps are connected in-
directly through common inputs to a master map of locations. And each
feature map corresponds to a different dimension (e.g. colour, orienta-
tion, motion). When a unique-feature target pops out, it is registered
within the feature map in question (e.g., the target is the only red object

-in the display) and the observer immediately detects its presence.

-When this type of target is located, the feature map sends a signal that
causes focused attention to be aligned with the corresponding location
of the red object in the master map of locations. When a conjunction
target is located, as in Figure 8, focused attention is aligned in a serial
manner with each of a number of locations in the master map. And, at
each master map location, information about features at the corre-
sponding location within each feature map is accessed. In this way, ac-
cording to Treisman and Gelade (1980), feature integration occurs. One
property of the feature-integration process is that focused attention can
only be positioned at one location at a time within the location map
and, therefore, only one set of object features can be integrated at a
time. The spotlight metaphor is sometimes used to describe move-
ments of focused attention from one location to another within the
master map of locations.

The effects of location cueing on visual search efficiency have been
studied to test the claim that conjunction-target search involves serial
attentive processing while unique-feature-target search occurs on the
basis of preattentive analysis. It was expected that the presentation of
a location cue at the impending target’s location immediately prior to
the onset of the search display (within 100 ms) would have a greater ef-
fect on conjunction-target search times than on feature-target search
times. The results of several experiments confirmed this prediction
(e.g., Nakayama & Mackeben, 1989; Treisman & Gelade, 1980). The
presentation of a location cue did little to increase the speed of the al-
-ready rapid feature-target search. This is further evidence that the de-
tection of a unique-feature target is mediated primarily by preattentive
| processes because facilitating the alignment of focused attention had
no effect on the operations involved. On the other hand, the facilitative
effects of location cueing on conjunction-target search times indicates
that serial alignments of the attentional focal point are involved.
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Figure 7: A simplified map-based account of feature integration theory. In this case, the
larger white “upper-left/lower-right” bar pops out of the display because its unique co-
lour triggers activation in the colour map. See Treisman and Gormican (1988) for a de-
tailed description of the theory.
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Figure 8: Another simplified account of feature integration theory. In this case, the larger
black “upper-right/lower-left” bar does not pop out and must be serially searched for
because it has no unique feature within any of the feature maps.




150 Richard D. Wright and Lawrence M. Ward

Preattentive Location Encoding

Several researchers have attempted to determine whether attention is
confined to a single focal point or can be simultaneously divided be-
tween a number of different locations. Although some disagree, there
is a general consensus in the literature that the attentional focal point
is unitary and nondivisible (e.g., Posner, 1980). This claim is supported
by the results of experiments in which two symbolic cues are pre-
sented simultaneously and observers must try to direct their attention
to both cued locations at the same time in anticipation of the impend-
ing target (e.g., Kiefer & Siple, 1987; McCormick & Klein, 1990). The
data are a compelling indication that we are unable to do so and still
perform visual tasks with the same efficiency as when attending to
only a single location.*

In contrast, the results of more recent experiments involving the si-
multaneous presentation of two or more direct location cues have indi-
cated that single and multiple cueing can facilitate responses to targets
presented at cued locations (e.g., Richard, Wright, & Ward, 1996;
Wright, 1994; Wright & Richard, 1996; Wright, Richard, & McDonald,
1995, 1996). Perhaps, the critical difference between the two sets of ex-
periments could be cue type. When more than one location was symbol-
ically cued at the same time, average response facilitation across trials
was weaker than when a single location was symbolically cued. On the
other hand, when simultaneous direct cues were presented in our ex-
periments, average response facilitation across trials was roughly
equivalent on multiple cue trials (Wright & Richard, 1996).

Are these symbolic cueing and direct cueing results in conflict about
the indivisibility of the attentional focal point? In other words, must at-
tention necessarily be divided between two or more locations at the
same time in order to account for the multiple direct cueing results? We
have argued elsewhere that the answer is no; they do not refute the
unitary attentional focal point proposal (e.g., Wright, 1994; Wright &
Richard, 1996; Wright, Richard, & McDonald, 1996). In particular, we
suggested that a direct location cue appears to affect responses in two
ways: (1) its abrupt onset appears to trigger nonattentional sensory
processes that facilitate responses, and (2) it enables the attentional fo-
cal point to be aligned with its location, thereby allowing attentional
processes to facilitate responses. Thus, simultaneous multiple direct
cues may trigger sensory-driven (nonattentional) operations that facil-
itate responses to targets subsequently presented at their locations.
This argument has been shaped, in part, by the model proposed by La-
Berge and Brown (1989). In short, the symbolic multiple cueing data
may reflect alignments of an attentional focal point that is constrained
to a single location at any given time. But the results of our direct
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multiple cueing experiments may reflect the encoding of one or more
locations in a preattentive manner that is not spatially constrained to a
single location in the same way that the attentional focal point is. And,
we argue, preattentive encoding of these direct cued locations could
have been responsible for roughly equal response facilitation on single
vs. multiple cue trials. The key point is that the preattentive encoding
of direct cue locations we proposed would have no implications for ar-
guments about the unitary nature of the attentional focal point.

Like many others, we assume that a single attentional focal point can
be directed from one location in the visual field to another in a volun-
tary manner (e.g., in response to the interpretation of symbolic location
cues). This is a purely attentive operation. But it is also the case that the
visual system must encode locations on the basis of sensory operations
that occur prior to the “arrival” of the attentional focal point. If this
were not true, then how else could a direct location cue provide a sig-
nal to the attentional focal point about where it should go? If location
encoding were only possible after some form of attentional processing,
then direct cues could not function as triggers for guiding focused at-
tention to their location. Therefore, a processing event that can trigger
attentional processing (e.g., location encoding) does not require atten-
tional processing for its own initiation. The spatial locations of such
events (e.g., direct cue onsets) must undergo some degree of encoding
that is independent of attention. Unlike purely attentive processing,
there are fewer spatial constraints on preattentive sensory processing
(e.g., Marr, 1982; Neisser, 1964; Treisman & Gelade, 1980). Because our
visual system must be capable of encoding locations on the basis of
sensory operations, and because these operations are not spatially con-
strained in the same sense that attentive operations are, preattentive lo-
cation encoding is possible at more than one location at the same time.

Spatial Indexing and Preattentive Localization

The notion of preattentive location encoding has been implicit in many
proposals that are not part of the mainstream attention literature (e.g.,
Dawson, 1991; Pylyshyn, 1989; Ullman, 1984). They sometimes hold
that preattentive operations can be mediated by some form of spatial
indexing mechanism. In simple terms, indexing is the process by which

location information is made available to other visual operations.

The results of several experiments indicate that an index appears to
remain “attached” or assigned to objects as they move. As seen in Fig-
ure 9, observers in one type of study were shown a number of identical
objects (e.g., 10) and asked to keep track of a subset of them. Surpris-
ingly, they could usually track at least four at the same time as the ob-
jects moved randomly and independently (Pylyshyn & Storm, 1988;
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Figure 9: Example of the multiple-target tracking task.

Yantis, 1992). Of particular interest is that the high velocity of the ob-
jects seemed to preclude the possibility that a serial “scanning and en-
coding” procedure was used. Instead, tracking appeared to involve a
parallel procedure whereby processing was simultaneously directed to
each of the four target locations.

Many attention researchers were aware of this finding for several
years before it began to influence their work. Part of the reason for this
slow acceptance is that high-speed multiple target tracking is difficult
to explain in terms of attentional operations. When an observer is asked
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to visually track a subset of moving objects, attention seems to be re-
quired. On the other hand, the data indicate that tracking several mov-
ing objects in parallel is unlikely to be the result of rapid shifts of a sin-
gle attentional focal point. Therefore, if these data are valid, it is
tempting to conclude that the focal point is divisible into multiple at-
tentional foci. In terms of the spotlight metaphor, this is referred to as
“splitting the beam of attention.” As we have pointed out, however,
there is compelling evidence that a single attentional focal point is
aligned with different locations in visual space in a serial manner. So if
one tried to explain the tracking data in terms of purely attentional pro-
cessing, the result would be an account that is inconsistent with the cur-
rent consensus about the unitary nature of the attentional focal point.

Another possible explanation is that while observers must pay atten-
tion when performing a tracking task, the maintenance of individual
target locations is not due to alignments of focused attention. Perhaps
the first clear description of target location encoding that is indepen-
dent of attention was Ullman’s (1984) proposal about intermediate-level
visual processing. Intermediate-level processing, like low-level sen-
sory processing, is said to be rapid, sometimes parallel, and not always
completely available to conscious awareness. On the other hand, it can
be influenced and controlled in a goal-driven manner in accordance
with the perceptual task that the observer intends to perform (see Fig-
ure 10 and Wright & Richard, this volume).?

. In the case of multiple target tracking, maintenance of target loca-
tions by intermediate-level processes would be rapid and parallel. But
the initiation of these processes and the selection of the subset of ob-
jects to be tracked would be under the observer’s control. This is con-
sistent with Ullman’s (1984) claim that the intermediate level shares
some properties with low-level sensory operations and some proper-
ties with high-level cognitive operations. When tracking a subset of
four targets, attention is required to control the operation of an inter-
mediate-level tracking procedure; but the encoding of each tracked
target’s location at any given time is due to a sequence of intermediate-
level procedures rather than a series of rapid alignments of a single
attentional focal point.

Pylyshyn (1989, this volume) developed an intermediate-level ac-
count of high-speed multiple target tracking that was based on a pre-

-attentive location-encoding mechanism. In particular, a limited num-

ber of indexes (approximately four) were said to be allocated to
different objects, and this allocation could be maintained indepen-
dently of attention as the objects moved. He called these indexes
FINSTs for Fingers of INSTantiation. The location information pro-
vided by FINSTs is said to be crude. Their primary role when tracking
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Figure 10: Three levels of visual processing. The intermediate level can be influenced in
a goal-driven and a stimulus-driven manner.

targets is simply to stay “glued” to the moving object. If, at some point,
the observer is required to verify that a particular object is a target, he
can respond on the basis of whether or not the object is indexed. Thus,
Pylyshyn’s proposal addresses the preattentive maintenance of contin-
ually changing location information.

It has also been suggested that a form of spatial indexing is involved
in preattentive encoding of objects that suddenly appear in the visual
field. Recall that when attention is actively focused or engaged at a par-
ticular location, an abrupt onset of an irrelevant stimulus in the visual
periphery will not “distract” the observer and cause attention to be dis-
engaged and captured at the irrelevant stimulus location (Yantis &
Jonides, 1990). But abrupt-onset stimuli appear to maintain some level
of enhanced processing at their locations for a brief period of time de-
spite engagement of the attentional focal point elsewhere. And if atten-
tion is disengaged within this brief period, a stimulus-driven shift may
still be triggered to the location of one of these stimuli (Yantis &
Johnson, 1990; Yantis & Jones, 1991). On the basis of their finding that
as many as four abrupt-onset stimuli can do this, Yantis and Johnson
(1990) proposed that such stimuli generate interrupt signals like those
sent from peripheral devices to the central processing unit of a com-
puter. If actively focused or engaged attention blocks these signals,
they can be temporarily stored in a hierarchical queue or buffer while
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attention is engaged. In other words, their locations remain preatten-
tively indexed even while the attentional focal point is unavailable.
Miiller and Humphreys (1991) developed a similar proposal. Note that,
according to these researchers, the maximum number of location inter-

‘rupt signals generated and temporarily stored in the buffer (four or

five) is the same as the number of spatial indexes Pylyshyn and Storm
(1988) thought to be available for tracking multiple moving objects.

In our opinion, the primary role of a spatial index is to convey loca-
tion information. One common misunderstanding about index alloca-
tion is the extent to which this operation is thought to cause processing
facilitation or inhibition. We suggest that an index serves only to pro-
vide subsequent operations with information about its location, and al-
location does not facilitate or inhibit subsequent processing there. It is
simply a marker for encoding and keeping track of a relevant location.
This was Pylyshyn's (1989) motivation for describing spatial indexes

“as “fingers” that point to locations while attention is elsewhere.

Some of the properties of spatial indexes include the following: (1)

there seem to be about four of them; (2) they can remain allocated to

objects in a dynamic manner as indicated by the performance of mul-
tiple target tracking tasks; (3) they can be allocated in a stimulus-
driven manner to the locations of abrupt-onset stimuli and other visual
transients, and in a goal-driven manner in accordance with the per-
ceiver’s computational goal (e.g., track four objects as they move); (4)
signals from indexed locations may be stored in a queue and objects at
these locations will be given “attentional priority” in the event that at-
tention becomes disengaged and available for further processing; and
(5) indexes are merely markers and do not themselves cause facilita-
tion or inhibition of processing as a result of their allocation at a partic-

- ular location (see also, Pylyshyn, this volume).

The Activity Distribution Model

The spotlight and zoom lens models described in the previous section
were proposed as metaphors of the attentional focal point. They do
not, however, describe the sensory-driven events that trigger its align-
ment with different locations. It is implied that attention is somehow
captured by the appearance of a direct location cue or is somehow
guided to a symbolically cued location in a voluntary manner. But no

“account is given of the processes that control alignments of the atten-

tional focal point.

In the 1980s, David LaBerge and his colleagues developed a model
to account for goal-driven and stimulus-driven control of attentional
alignments (e.g., LaBerge & Brown, 1989). They proposed that pre-
attentive sensory operations lead to the accumulation of “activity
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distributions” within representations of the visual field. This is quite
a different proposal than its predecessors. In particular, when the an-
alog spotlight metaphor is used to describe a shift of visual attention,
this alignment involves a movement component. In contrast, when an
activity distribution model is used to describe the shift, no movement
occurs. Instead, neural activity is dynamically distributed throughout
a representation of the visual field (see Figure 11) and, as visual events
occur, activity in neighbouring regions can accumulate to form a num-
ber of activation peaks at different locations. When a sufficient
amount of activation accumulates at a particular location (e.g., a cued
location), a channel of focused attention will open up there.

Advocates of activity distribution models claim that response facili-
tation produced by valid location cueing is a consequence of a “head
start” in the accumulation of activation at the impending target’s loca-
tion. Similarly, they claim that differences in response facilitation pro-
duced by differences in the time between cue and target onset arise
from differences in the amount of activation that accumulates at the
cued location before target onset. At the optimal delay between cue
and target onset, the greatest amount of activation is present at the
cued location prior to the target’s appearance there. Note that these ac-
tivity distributions are not accumulations of attentional resources and
therefore should not be confused with attentional gradient models
(e.g., Downing & Pinker, 1985). As seen in Figure 11, neural activation
occurs at a preattentive level, and stimulus-driven alignments of fo-
cused attention at a particular location are the result of this activation.

The stimulus-driven components of the model initiate the accumu-
lation of neural activation at the represented locations of abrupt-onset
stimuli and other visual transients. The goal-driven components deter-
mine, in accordance with the observer’s computational goals, the cho-
sen represented location at which neural activation accumulates.
When either the stimulus-driven or goal-driven accumulation of acti-
vation is great enough, a channel of focused attention is opened at that
location. Attention, then, is described in a “positive” way as depending
on the buildup of activation at the attended site. Note that attention has
also been described by others in a “negative” way in terms of buildup
of inhibition at unattended sites (e.g., Treisman & Gormican, 1988).
This implies that some kind of filter or mask allows only the attended
location to be processed because this is the only location with an ab-
sence of inhibition. The positive vs. negative distinction is sometimes
referred to as “amplification” vs. “filtering” (e.g., Martindale, 1991).
There is empirical evidence in favour of both views and LaBerge (1995,
this volume; LaBerge & Brown, 1989) proposed that they play comple-
mentary roles in attentional alignment and focusing.
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Figure 11: A simplified version of LaBerge and Brown’s (1989) activity distribution
model. The black surface is the stimulus display, and the grey surface is an intermediate-
level representation of it within which activity distributions accumulate. The upper sur-
face is a higher-level representation within which a channel of focused attention can be
opened if the accumulation of activity at a particular location exceeds a threshold level.
The peaked distributions are a form of preattentive location encoding.
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Spatial indexing can also be accounted for by the model because sev-
eral stimulus onsets can occur at the same time and lead to the accumu-
lation of multiple activity distributions independently of the channel of
focused attention. This is tantamount to preattentive location encod-
ing. Response facilitation is said to occur when a'target is presented at
a location at which there has already been some prior accumulation of
neural activation. As seen in Figure 11, this can occur at several loca-
tions at the same time. LaBerge and Brown (1989) did not intend their
model to fully account for the complex nature of attentional align-
ments. But theirs was one of the first formal models to suggest how a
single indivisible attentional focal point could be aligned in a se':rial
manner with different locations while, at the same time, locations
could be encoded preattentively in a parallel sensory-driven manner.
In our terms, the model is a possible account of how the destinations of
attention shifts are indexed by preattentive localization operations. As
discussed in the next section, preattentive destination indexing may
play the same role in the initiation of saccadic eye movements.

Visual Attention and Eye Movements

While we are able to shift visual attention independently of eye fixa-
tion, there are some situations (e.g., performance of laboratory atten-
tion tasks) in which this seems unnatural and effortful. Visual analysis
is more efficient if, instead, we pay attention to objects on which our
eyes are fixated. Moreover, the locations of attentional focus and eye
fixation correspond so frequently that many researchers feel that there
must be a close relationship between them.

Consider the orienting reflex that occurs in most large animals, in-
cluding humans, to sudden sounds, lights, movements, and other
abrupt changes in the perceptual field (see Rohrbaugh, 1984, f9r are-
view). This could be a saccade in the direction of an orienting stimulus
that results in the foveation of that stimulus and a finer analysis of its
object properties. Foveation is an integral part of this reflex, whi<3h also
includes postural adjustments, and possibly head and body motion tc?-
ward the stimulus. It is plausible that a mechanism for attentional ori-
enting evolved along with that controlling foveation and the other ori-
enting responses involved in this reflex, several of which are often
taken as indicating attending (decreased heart rate, pupil dilation,
pause in breathing). Furthermore, the foveating saccades would be
nonfunctional if attentional focus were independent of them, since the
necessary higher-level processing of the orienting stimulus for mean-
ing would be less likely. Thus, a close relationship between human eye
movements and attention shifts may, in part, be a consequence of the
evolution of the orienting reflex in our ancestors.
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Several researchers have studied this relationship but its details have
not been easy to uncover (e.g., Groner & Groner, 1989; Henderson,
1992; Klein, 1980; Posner, 1980; Remington, 1980; Shepard, Findlay, &
Hockey, 1986). Experiments conducted to determine whether or not at-
tention precedes a saccadic eye movement to its destination have led
to some disagreement. One position is that attention shifts always pre-
cede saccades to their destination, and it is implied by some research-
ers that attention plays a role in eye movement programming (e.g., it
may serve as an “advance scout” that relays some form of location in-
formation to the saccade mechanism). The opposite position is that
while attention shifts and saccades often have a common destination,
they are mediated by functionally independent systems and therefore
attentional operations are not necessary for saccadic operations and
vice versa. Of course not every researcher supports one or the other of
these two extreme positions, but it is helpful for reader to know what
the positions are when attempting to understand the current debate
about the relationship between attention shifts and eye movements.

Saccades can be programmed and executed either in a reflexive
(stimulus-driven) manner in response to the abrupt onset of a visual
stimulus or in a voluntary (goal-driven) manner (e.g., Abrams &
Jonides, 1988; Findlay, 1981; Fischer & Weber, 1993; Klein, 1978; Posner,
Crippen, Cohen, & Rafal, 1986; Shepard et al., 1986; Todd & Van
Gelder, 1979). Readers who are familiar with the eye movement litera-
ture may notice that what we call stimulus-driven saccades are some-
times referred to by eye movement researchers as “goal-directed” (e.g.,
Fischer & Breitmeyer, 1987; Fischer & Weber, 1993). Their use of the
term goal-directed is meant to convey that the observer has a basic goal

- of allowing a saccade to be made to the location of a cue or target. We

use the terms stimulus-driven and goal-driven in a way that is consis-
tent with our description of the control of attention shifts. That is, stim-
ulus-driven saccades are triggered by abrupt-onset stimuli whereas
goal-driven saccades are voluntarily initiated on the basis of the ob-
server’s computational goals (e.g., on the basis of a symbolic location
cue’s meaning).

Figure 12 shows three models of the possible relationship between at-
tention shifts and eye movements. The first is a unitary-system model.
To our knowledge, there is little support for the unitary-system model
in a literal sense, but it serves as a useful comparison for the other two
models. The second is an “independent-systems” model. Attention and
oculomotor operations are carried out independently and share no
functional components. The third model is a hybrid of the other two.
Some attentional processes are independent of those involved in pro-
gramming oculomotor movements that adjust eye position. But both
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Figure 12: Three models of the relationship between the attention and' saccadic eye
movement systems. The upper panel is the unitary system moc!el, the middle panel is
the independent systems model, and the lower panel is a hybrid of the other two but
with a common destination indexing (preattentive localization) mechanism.

the attentional and saccadic components share a common mechanism
that encodes the location of alignment destinations. This is the model
we favour. And it has the general structure of the more detailed destina-
tion indexing model we introduce in the next section. '
One proposal that many researchers assume comes close to a claim
that eye movements and attention shifts are carried out by the same
system is the premotor theory of Rizzolatti, Riggio, Dascola, and Umilta
( i987). This idea was put forward to explain an attention shift phenom-
enon sometimes called the “meridian effect.” It occurs when detection
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response times for invalid-cued targets are inhibited to a greater extent
when the cue and target are presented in opposite hemifields (i.e., on
opposite sides of the central point in the display) as opposed to in the
same hemifield. Rizzolatti et al. (1987) reasoned that detection of same
hemifield invalid-cued targets was faster than that of opposite hemi-
field invalid-cued targets because the attention shift required recalibra-
tion for direction in the latter case. They suggested an association of at-
tention with the oculomotor system because a “direction recalibration
effect” is known to occur when making successive saccades in different
directions. For example, if a saccade is made to a cued location on the
right side of the display and then a second saccade is made to a target
even further to the right, the latency of the second one will be faster
than if the target was in the opposite direction on the left side of the dis-
play. More specifically, if the direction component of a saccade must be
reprogrammed, this increases the time required before the next saccade
can be executed. Therefore, Rizzolatti et al. (1987) reasoned that the
meridian effect indicates that, like saccades, changing the direction of
two successive attention shifts increases the time required to execute
the second shift. On this basis, they concluded that the same calibration
procedure is used to program saccades and attention shifts. Taken to
the extreme, some researchers have interpreted the proposal of Riz-
zolatti and colleagues to mean that a single system mediates oculomo-
tor and attentional processes as shown in Figure 12.

One attempt to test this proposal involved a series of direct location-

cueing experiments (Crawford & Miiller, 1993). The results indicated
that attention shift and saccade response-time patterns were qualita-
tively different. This implies that the operations in the two cases are not
identical. But, in fairness to Rizzolatti et al. (1987), it clearly was not
their intention to propose that eye movements and visual attention
shifts are executed in exactly the same manner. In fact, it would be sur-
prising to find a great degree of similarity between the time-course of
these operations because saccade execution involves oculomotor mus-
cle programming and activation that is not required for attention shift
execution. Their intended claim seems, instead, to be that calibration of
saccades and attention shifts involves a similar procedure.
.- A counterproposal to premotor theory is the independent-systems
model in Figure 12. It yields several predictions including (1) com-
pletely independent mechanisms for calibrating saccade and attention
shift trajectories, and (2) the eventual discovery of separate brain
mechanisms for oculomotor processing and for attentional processing.
Based on recent findings, however, it appears that these predictions are
too extreme and that oculomotor and attentional processing share
common mechanisms.
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Figure 13: The proposal by Posner et al. (1988) about the disengage/shift/engage se-
quence of attentional alignment.

Attentional Disengagement and Saccades
Posner et al. (1988) proposed an attention shift model that is si.milar, in
some ways, to a discrete spotlight mechanism (see Figure 5). It involves
a sequence in which (1) attention is disengaged before .the shift occurs,
(2) remains disengaged throughout the shift, and (3) is re-engaged at
the shift destination (see Figure 13). This is consistent with reports that
attention shifts and saccades will not be triggered by abrupt-onset
stimuli if attention is actively engaged at another location (Sparks &
Mays, 1983; Yantis & Jonides, 1990). ' '
Saccadic eye movements, like some shifts of visual attention, are dis-
crete. This begs the question “do saccades also undergo the same atten;
tional disengage/shift/engage sequence when they are executed?
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Some researchers have argued that this is not necessarily the case (e.g.,
Kingstone & Klein, 1993). In their view, disengagement and re-engage-
ment as described by Posner et al. (1988) are attentional operations that
have no role in oculomotor processing. But perhaps the relationship
between attention and oculomotor systems is closer than this. In par-
ticular, there is some evidence that, if attention is in a disengaged state,
saccades (Fischer & Weber, 1993) and attention shifts (Mackeben & Na-
kayama, 1993) can be executed faster than when attention is initially
engaged. This implies that both discrete attention shifts and saccades
are characterized by the attentional disengage/shift/engage sequence.

Fischer and his colleagues examined the effect of prior attentional
engagement on saccade latencies (Fischer, this volume; Fischer & Breit-
meyer, 1987; Fischer & Ramsperger, 1984, 1986; Fischer & Weber, 1993).
One motivation for doing so was to examine an earlier finding called
the gap effect (named after the temporal “gap” between fixation point
offset and target onset; Saslow, 1967). The time required to initiate a
saccade to the location of an abrupt-onset target is about 220 ms when
a central fixation point remains visible, but is reduced to about 150 ms
when the fixation point disappears shortly before the target’s onset.
Using a similar procedure, Fischer and others found that when subjects
were instructed to fixate their attention on a central point before a pe-
ripheral target’s onset, saccade latencies were approximately 220 ms.
When the fixation point disappeared 200 ms before target onset, how-
ever, the latencies of some saccades were closer to 100 ms (e.g., Fen-
drich, Hughes, & Reuter-Lorenz, 1991; Fischer & Breitmeyer, 1987; Fis-
cher & Ramsperger, 1984, 1986; Fischer & Weber, 1993; Jitmer & Wolf,
1992; Mayfrank, Mobashery, Kimmig, & Fischer, 1986; Reuter-Lorenz,
Hughes, & Fendrich, 1991). These are often referred to as express sac-
cades because of their relatively short latency.

Fischer and Ramsperger (1984) proposed that if attention is not ac-
tively focused when an eye movement target is presented, the latency
of the saccade will be reduced. In other words, attentional disengage-
ment was thought to be a precursor to saccade execution and, if an ob-
server’s attention is already disengaged prior to saccade preparation,
latencies would be shorter (see Figure 14). Thus, express saccades were
said to occur because the disappearance of the central point caused at-
tentional disengagement prior to saccade preparation, thereby elimi-
nating one of the steps in the saccade initiation process (see Fischer,
this volume; Fischer & Weber, 1993; Munoz & Guitton, 1989).

Saccades to the locations of abrupt-onset targets are called prosaccades
while those in the opposite direction are called antisaccades. If there is a 200
ms gap between fixation cross offset and target onset, express saccades
will occur in a prosaccade condition but apparently never in an anti-



164 Richard D. Wright and Lawrence M. Ward

THE DISENGAGE/SHIFT/ENGAGE SEQUENCE
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Figure 14: The disengage/shift/engage sequence that may occur when observers make
express saccades while performing the gap task.

saccade condition (Fischer & Weber, 1992; Reuter-Lorenz, Hughes, & Fen-
drich, 1991). Presumably, observers can make express prosaccades be-
cause, from a state of attentional disengagement, they can allow the
saccade target to elicit the saccade directly in a stimulus-driven manner.
They are unable to make express antisaccades, however, because they ap-
pear to engage attention at the site of the target when it appears (i.e,, tl}e
target serves as a symbolic cue) and then initiate a goal-driven saccade.m
the opposite direction. The absence of express antisaccades is anothe.r in-
dication that attention is disengaged prior to express saccade execution.
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A key property of express saccades is that they are subject to goal-
driven and stimulus-driven influences. More specifically, express sac-
cades do not occur if attention is actively focused at any location, in-
cluding the saccade destination, prior to saccade preparation (May-
frank et al., 1986). Observers can “override” the occurrence of express
saccades, despite the fixation point’s offset, simply by engaging their
attention in a goal-driven manner. On the other hand, with practice,
observers can learn to make express saccades despite the continued
presence of the central fixation point or any other object in the direction
of gaze (Fischer & Brietmeyer, 1987). They “enable” their occurrence by
disengaging attention in a goal-driven manner. But goal-driven control
is not necessary for express saccades. Even unpracticed observers who
do not voluntarily engage or disengage attention show express sac-
cades as a consequence of the fixation point’s offset. Thus, while the

frequency of express saccades can be influenced in a goal-driven man-

ner, they are triggered in a stimulus-driven manner as a consequence
of a sensory event. _

When it was first proposed, the express saccade generated consider-
able debate among attention researchers (see e.g., Fischer & Weber,
1993). One initial concern was that only a few laboratories had success-
fully and consistently found them. Another was about whether they
constituted a separate and qualitatively different population of sac-
cades with a latency of roughly 100 ms or instead were part of a con-
tinuum with latencies ranging from 100 to 160 ms. With the growing

number of replications, however, these concerns are subsiding. The de-

bate about express saccades now seems to centre around the role that
attention plays in their execution. For example, there is evidence that
stimulus offsets lead to rapid saccades, even when these offsets are un-
attended (Kingstone & Klein, 1993). On this basis, it was suggested that
the operations involved in preparing the express saccade must not be
attentional. More specifically, the rationale of this suggestion was that
if an observer does not pay attention to a particular sensory event, then
any subsequent operations triggered by that event cannot be atten-
tional. When applied to express saccades, the reasoning is that an un-
attended stimulus offset will not trigger attentional disengagement or
any other attentional operation. And therefore, so the argument goes,
attentional operations do not play a role in the express saccades.

One concern with this reasoning is that the extent to which a partic-
ular process is attentional is not determined by the nature of the event
that triggers it. Recall the earlier discussion about how direct cue on-
sets guide attention shifts to their locations without requiring prior at-
tentional processing. These onsets are sensory events that trigger atten-
tional events without attention playing a role in the triggering process.
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Similarly, stimulus offsets, whether attended to or not, are sensory
events. We suggest that the extent to which these sensory events are at-
tended to has no bearing on whether attentional operations play a role
in express saccades.

Physiology of Attentional and Oculomotor Processes

Some researchers have suggested that disengagement before eye
movements is qualitatively different than disengagement before visual
attention shifts (e.g., Klein & Taylor, 1994, p. 134). The latter is said to
be an attentional operation while the former is said to be an oculomotor
operation. This leads to an expectation that they should be carried out
by separate brain areas. It is becoming apparent, however, that many
neural structures play a common role in both attentional and saccadic
operations (see e.g., Rafal & Robertson, 1995). Thus, while the indepen-
dent-systems model implies that attention and eye-movement mecha-
nisms should be physiologically independent, there is now consider-
able evidence to the contrary.

Some of the brain areas that play a role in both attentional and sac-
cadic operations are the midbrain/collicular structures, the thalamus,
the posterior parietal cortex, and the frontal eye fields. Locating and
directing saccadic eye movements and attention toward an abrupt-on-
set stimulus is predominantly under the control of midbrain and supe-
rior colliculus (e.g., Wurtz & Albano, 1980). Some neurons in the supe-
rior colliculus become very active prior to and during regular
saccades, express saccades, and attention shifts (Goldberg & Wurtz,
1972; Rohrer & Sparks, 1986; Wurtz & Mohler, 1976) and electrical
stimulation of these neurons will also trigger saccades (Sparks & Mays,
1983). Furthermore, express saccades do not occur if the superior colli-
culus is damaged (Munoz & Wurtz, 1992; Schiller, Sandell, & Maunsell,
1987), and are not elicited as easily by electrical stimulation of this area
when attention is engaged (Sparks & Mays, 1983). It has been sug-
gested that the superior colliculus mediates saccade programming by
determining the vector between initial and final eye positions within a
map of visual space (Munoz, Pelisson, & Guitton, 1991). There is a gen-
eral consensus that the primary roles of the superior colliculus are to
(1) select the locations of abrupt-onset stimuli and visual transients
(Albano, Mishkin, Westbrook, & Wurtz, 1982) and (2) initiate rapid
stimulus-driven saccades and attention shifts to these locations
(Sparks & Mays, 1980; Wurtz & Albano, 1980).

The posterior parietal cortex is another brain area associated with the
control of eye movements and attention shifts (e.g., Petersen, Corbetta,
Miezin, & Shulman, 1994). Like the superior colliculus, neural activity
in the posterior parietal cortex increases prior to and during saccades
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and attention shifts in monkeys (Andersen, Essick, & Siegel, 1985; Bush-
nell, Goldberg, & Robinson, 1981; Mountcastle, 1978; Robinson, Gold-
berg, & Stanton, 1978; Wurtz, Goldberg, & Robinson, 1980) and humans
(Posner, Walker, Friedrich, & Rafal, 1984, 1987). Damage to the posterior
parietal cortex can cause an impairment of eye movements called ocu-
lomotor apraxia (Allison, Hurwitz, White, & Wilmot, 1969) and can in-
crease saccade and attention shift latencies in monkeys (Lynch &
McLaren, 1989) and humans (Posner et al., 1984, 1987; Sundqvist, 1979).

The frontal eye fields also contain neurons that are active prior to
and during saccades as well as neurons that are active after saccade ex-
ecution (Goldberg & Bushnell, 1981). Some researchers (e.g., Breitm-
eyer, 1986) have suggested that sustained postsaccadic activity of these
neurons may counteract the suppression of visual processing during
saccades (cf. Grimes, 1995) so that this suppression does not carry over
into the next fixation interval. And the frontal eye fields appear to exert
goal-driven control over saccadic eye movements and perhaps atten-
tion shifts (e.g., Dassonville, Shlag, & Schlag-Rey, 1992; Guitton, Buch-
tel, & Douglas, 1985; Henik, Rafal, & Rhodes, 1994; Schiller, True, &
Conway, 1979).

The frontal eye field neurons may work in conjunction with the
pulvinar nucleus of the thalamus to mediate attentional filtering. Stud-
ies of the thalamus indicate that neural activity in the pulvinar in-
creases when humans perform attentional filtering tasks (LaBerge,
1995; LaBerge & Buchsbaum, 1990; Petersen, Robinson, & Morris, 1987)
and that this type of performance is impaired as a result of pulvinar
damage (Rafal & Posner, 1987). Moreover, the same performance defi-
cits occur when monkey pulvinar functioning is impaired by chemical
injections (Petersen, Robinson, & Keys, 1985; see also, LaBerge, 1990b).
Thus, the pulvinar appears to be involved in focusing or engaging at-
tention. LaBerge (this volume) has since developed a detailed proposal
about the role of the thalamus in attentional processing.

Posner et al. (1988) associated the disengage/shift/engage model in
Figure 13 with different brain areas, and proposed that the superior
colliculus, posterior parietal cortex, and pulvinar work together as a
network to mediate attention shifts. Recent data support this proposal.

In particular, the posterior parietal cortex appears to work with the

pulvinar to engage and maintain visual fixation and attentional focus,
and to work with the superior colliculus to control the initiation of at-
tention shifts and saccades from one location to another. An important
but often overlooked point is that the posterior parietal cortex contains
many different neurons including some that are involved in disengage-
ment and some that are involved in maintaining engagement (Mount-
castle, 1978). Thus, damage to posterior parietal cortex in humans can
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disrupt the capacity to disengage attention from an object (e.g., Rafal &
Robertson, 1995). But it can also disrupt the capacity to focus attention
on a new object (Cohen & Rafal, 1991). Furthermore, some neurons in
the monkey posterior parietal cortex are active prior to saccade execu-
tion and do not require the presence of a stimulus for their activation
(Duhamel, Colby, & Goldberg, 1992). This presaccadic activation could
be related to attentional disengagement. In contrast, neighbouring “vi-
sual fixation” neurons are active while attention is engaged or focused
on a stationary stimulus (Lynch, 1980; Mountcastle, 1978), and express
saccades are inhibited when this type of neuron is electrically stimu-
lated (Shibutani, Sakata, & Hyvaerinen, 1986). These results indicate
that the posterior parietal cortex is involved in both the maintenance of
engaged attention and the disengagement of attention prior to stimu-
lus-driven saccades and attention shifts. ‘

Unlike saccades, smooth pursuit eye movements are not discrete.
And, in some cases, focusing attention can even facilitate their execu-
tion. Smooth pursuit tracking performance, for example, has been
shown to improve when observers focus their attention on a moving
target in order to read changing letters or numbers (Shagass, Roemer,
& Amadeo, 1976), press a button when the centre of the moving target
fills (Iacono & Lykken, 1979), or notice a target colour change (Levin,
Lipton, & Holzman, 1981). Moreover, deficits in tracking performance
common in schizophrenic patients (Holzman, 1985; Holzman, Proctor,
& Hughes, 1973) are attenuated if these patients are required to analyze
the target for some type of detail as it moves (Van Gelder, Anderson,
Herman, Lebedov, & Tsui, 1990). This suggests that attention remains
engaged during smooth pursuit eye movements and that tracking per-
formance deficits are due to attentional disengagement from the target.
Therefore, there appears to be a great degree of interdependence be-
tween oculomotor and attentional processes.

Destination Indexing

A common experimental procedure is to require a stimulus-driven
saccade to the peripheral location of a direct cue. Then, shortly after the
cue’s onset, a target is presented at the cued location. The purpose is to
examine the effects of saccade preparation and execution triggered by
the cue’s onset on target detection and identification responses. There

is a concensus that responses to targets presented at the location of a di-

rect cue are facilitated before, during, and after a stimulus-driven sac-
cade’s execution to that destination (Posner, 1980; Remington, 1980).
There is less agreement about whether the same pattern of response
facilitation occurs when saccades are goal-driven. But the results of one
experiment indicated that if a goal-driven eye movement is made in the
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same direction as the location of the target to be detected, its prepara-
tion will facilitate response times even when the CTOAs are as short as
70 ms (Shepard et al., 1986). At intervals of this duration, saccade prep-
aration is underway but execution requires more time (regular saccade
latency is about 220 ms). Therefore, there may be some aspect of sac-
cade preparation, even when goal-driven, that facilitates target detec-
tion at the saccade destination.

One interpretation of these data is that the attentional focal point
precedes the eye movement to its destination. This could explain why
responses were facilitated even when targets were presented prior to
the saccade. But the eyes are stationary only about 25% of the time and,
during some portion of this interval, attention may not even be actively
engaged (Fischer & Weber, 1993). Therefore, only a short period of time
is actually spent both foveating and focusing attention at a particular
location. If the attentional focal point is aligned with each new saccade
destination as a sort of “advance scout” (perhaps to send back more
precise spatial coordinate information to assist in the saccade trajectory
calibration), then this raises questions about how we attend to foveated
objects when, as suggested, attention is usually “one step ahead” at the
next location to be foveated. It is unlikely that the attentional focal
point is split into two “beams” - one for the currently foveated location
and one for the next location to be foveated. And if attention is directed
to new saccade destinations well before the saccades are executed, this
limits the time we spend attending to the locations that are foveated.
~ One plausible alternative is that, when preparing a saccade, a spatial
index is allocated to the saccade destination to preattentively encode
this location. And focused attention, relieved of the scouting role, can
remain at the foveated location to enable analysis of the fixated object
in more detail. Note that if indexing is part of saccade preparation, it
will occur even if this preparation is followed by suppression of the
saccade. This accounts for a visual search finding called inhibition-of-re-
turn (IOR) that is produced by saccades and attention shifts (Harman,
Posner, Rothbart, & Thomas-Thrapp, 1994; Posner & Cohen, 1984; Ra-
fal, Egly, & Rhodes, 1994; Tipper & Weaver, this volume; Wright & Ri-
chard, this volume). In particular, stimulus-driven attention shifts can
produce IOR in the absence of eye movements, but goal-driven shifts
only produce IOR if goal-driven saccades are also made (Posner & Co-
hen, 1984; Posner, Rafal, Choate, & Vaughan, 1985). An important ex-
ception to this is when observers make a goal-driven attention shift but
merely prepare an accompanying goal-driven saccade without actu-
ally making it (Rafal, Calabresi, Brennan, & Sciolto, 1989). The result-
ing IOR suggests that saccade preparation is sufficient for indexing the
saccade destination. And, as mentioned previously, indexing could
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mediate attention shifts triggered by direct location cueing (e.g.,
Wright, 1994; Wright & Richard, 1996). We suggest that the same is true
of externally triggered saccades, and that a common destination-index-
ing mechanism initiates both stimulus-driven attention shifts and sac-
cades. This is consistent with the third model in Figure 12 and with the
model we describe in the next section.

Cognitive Architecture of Stimulus-Driven
Attention Shifts

One of the first brain areas to be studied in detail to determine its role
in attentional processing was the reticular activating system (RAS).
This research was not a great catalyst to the study of attentional phys-
iology, however, because the RAS findings were difficult to interpret.
They implied only that the role of the physiological mechanism under-
lying attentional processing is to somehow increase our general
arousal level. Psychologists began to study the physiology of attention
more seriously in the 1980s following a series of findings that separate
areas within the cortex appear to be specialized for the processing of
colour, form, and motion (e.g., Livingston & Hubel, 1987). Recall that
feature-integration theory is based on the assumption that feature in-
formation is processed in separate anatomical maps and that focused
attention is required at a particular location within a master location
map in order for these features to be correctly conjoined to form a per-
ceptual object. Thus, it now seems clear that attentional processing is
not a consequence of the operation of a single brain area like the RAS.

Instead, it is the product of a network of different brain areas working -

together cooperatively as suggested by Posner et al. (1988).

The model of Posner et al. (1988), positing a sequence of disengage,
shift, engage, can be re-conceptualized so that processing within each
module operates on a simple 5 X 5 spatial map. In Figure 15, the upper
left map in each set corresponds to the DISENGAGE module, the lower
map corresponds to the ENGAGE module, and the middle right map
corresponds to the SHIFT module. A chain of events is shown that be-
gins with attention in an engaged state at the centre location within the
ENGAGE and DISENGAGE maps. Note, too, that the DISENGAGE
module inhibits the SHIFT module (as signified by the line with the
closed circle that connects them). In the second event, attention is dis-
engaged and the DISENGAGE module no longer inhibits the SHIFT
module. In the third event, a stimulus appears at a location within the
SHIFT module map. And finally in the fourth event, the SHIFT module
activates the ENGAGE module and begins the process of attentional
engagement at the location of the new stimulus. The sequence can be-
gin again but this time with attention focused at the new location on
the right side of the ENGAGE and DISENGAGE maps.
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Figure 15: An example of the chain of events associated with the disengage/shift/en-

. gage sequence, beginning at the top and moving clockwise. An old stimulus in the cen-

tre of the display disappears, and then a new stimulus appears on the right side of the
display.

A map-based model has also been used to describe feature integra-
tion (Treisman & Gelade, 1980). As shown in Figure 8, information from
feature maps is combined within a master map at the location on which
attention is focused. These feature maps are very likely located in spe-
cialized regions of visual cortex (Treisman & Gormican, 1988). We sug-
gest that the master map in the feature-integration model is similar in
function to the DISENGAGE module map in Figure 15. Thus, the two
models can be combined as in Figure 16 on the basis of a common mas-

‘ter/DISENGAGE map. By doing so, a framework is in place for describ-

ing how features are integrated to form objects and how the attentional
focal point can be shifted from one location to another within the master
map, and particularly in response to an abrupt-onset location cue.

We suggested in the previous section that attention shifts and sac-
cadic eye movements share the same destination indexing operation.
In Figure 16, this is carried out by the SHIFT module within the supe-
rior colliculus. Stimulus onsets are detected by this module and their
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Figure 16: Combining the map-based feature-integration model with the map-based
disengage/shift/engage model. The common representation is the master/disengage
map. Saccade programming is carried out by the motor cortex module, and goal-driven
control of model operations is the result of input from the frontal cortex module.

locations are encoded within its map and made available for attention
shift and saccade programming. The latter is shown as occurring
within the motor cortex as opposed to within the disengage/shift/en-
gage attention network.

A more specific description of the processing involved when stimu-
lus-driven attention shifts are executed is shown in Figure 17. We call
this the destination-indexing (DI) system. When one or more abrupt-on-
set stimuli are presented, the superior colliculus automatically encodes
their locations as potential destinations for stimulus-driven saccades
and attention shifts, and allocates as many as four indexes (one per
stimulus) to their locations. If, at this time, attentive fixation is actively
maintained at a particular location (via the frontal lobes), the posterior
parietal cortex will inhibit a stimulus-driven shift or saccade. The abil-
ity of the stimuli to attract attention persists for a while until it attenu-
ates or until attention is disengaged (see e.g., Miiller & Humphreys,
1991; Yantis & Johnson, 1990). Some superior colliculus neurons
provide a sustained signal about the locations of stimuli and are thus
possibly involved in temporarily “storing” this information (Mays &
Sparks, 1980; Peck, Schlag-Rey, & Schlag, 1980). If or when attention is
disengaged, the superior colliculus initiates a shift/saccade to the in-
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Figure 17: The Destination Indexing model’s simplified account of the initiation of stim-
ulus-driven saccadic eye movements and stimulus-driven attention shifts.

dexed stimulus location with the highest priority. After the execution
of an attention shift (and a saccade if it is not suppressed) to the in-
dexed location, attention may be re-engaged and actively maintained
at this new location through the coordinated actions of the pulvinar
and the posterior parietal cortex.

The DI system operates on the assumption that stimulus-driven atten-
tion shifts and saccades are triggered by abrupt-onset stimuli but can be
temporarily suppressed if attention is currently engaged (Yantis &
Jonides, 1990). A key property of the model is that stimulus-driven sac-

- cade destination indexing is not under voluntary control. Therefore,

even if the execution of such a saccade is suppressed, its initial prepara-
tion will still be carried out, and this includes selecting the highest pri-
ority indexed location as the saccade destination (cf. Yantis & Johnson,
1990). Similarly, the execution of a stimulus-driven attention shift, un-
less inhibited by attentional engagement, is not under voluntary control.
And, even if the shift is inhibited, destination indexing will still occur.
The DI system is similar in some ways to Treisman and Gormican’s
(1988) proposal in which the processing of unattended locations in vi-
sual space is inhibited while attention is focused at a particular loca-
tion. More specifically, they suggested that “paying attention” occurs
when the inhibitory links between the master map and the correspond-

ing locations in the feature maps (e.g., colour, shape, movement,

depth) are themselves inhibited. This allows features at the selected lo-
cation within each feature map to be integrated into a perceptual object
(e.g., “a stationary red sphere”). Further integrative processing of the
features of all objects at locations not being attended to, however, con-
tinues to be inhibited in these feature maps.
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Inhibition between modules also occurs in the DI system. As shown
in Figure 17, we postulate an inhibitory link from the pulvinar to the
posterior parietal cortex and another inhibitory link from the posterior
parietal cortex to the superior colliculus. Both links are themselves
temporarily inhibited by the frontal lobe when attention is disengaged.
When the superior colliculus is freed from inhibition by the posterior
parietal cortex in this manner, it can initiate a shift/saccade to the high-
est priority indexed location. As a result, the corresponding location is
facilitated in a map of visual space in the pulvinar which, in turn, re-
leases from inhibition the corresponding location in the posterior pari-
etal cortex map. This produces a release from inhibition by the poste-
rior parietal cortex of the corresponding locations in the feature maps
of the geniculostriate system. This amounts to a shift of attention to the
indexed location followed by re-engagement at that location when in-
hibitory links are re-activated (i.e., links from the pulvinar to the pos-
terior parietal cortex and from the posterior parietal cortex to the supe-
rior colliculus). At the same time, the superior colliculus also initiates
a stimulus-driven saccade to this location unless eye movements are
voluntarily suppressed as a result of motor cortex inhibition by the
frontal lobes. Thus, when attention is disengaged, selection of an in-
dexed location by the superior colliculus results in a stimulus-driven
release from inhibition at the corresponding locations within the fea-
ture maps of the geniculostriate system.

Note that the DI system in intended to be a functional model, and we
emphasize that structural implications should be made with care. For
example, long-range inhibitory connections between brain areas may

occur only indirectly through the combined action of long-range exci- -

tatory pathways to neurons that have short-range inhibitory connec-
tions to other neurons in target areas.

The DI model does not describe the processes involved in calibrating
attention shift and saccade trajectories, and it does not make explicit
the differences between oculomotor muscle programming and atten-
tional alignment operations. In addition, the model does not account
for analog attention shifts. Instead it provides a general description of
the spatial localization operations involved in selecting shift/saccade
destinations and in triggering shifts and saccades to these locations.

Concluding Remarks

This chapter began with a quote by Spearman (1937) about various at-
tempts to characterize attention over years. For quite some time after
Spearman’s observation, there was a good deal of mystery about the
nature of attentional processing. We have argued elsewhere that meth-
odological differences across empirical studies in the literature may
have added to this mystery (Wright & Ward, 1994).
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In recent years, however, some of the pieces of the puzzle have
started to fall into place. Attentional processing appears to be medi-
ated not by a single brain area, but by a network of areas that work
cooperatively. Some carry out preattentive analyses of visual feature
Jinformation, and researchers soon realized that the existence of spe-

cialized visual areas must require a master area to integrate their in-

puts. Treisman and Gelade’s (1980) model had a great impact on the
field because it developed the notion of location-based feature inte-
gration and because it framed the description of attention in terms of
spatial maps. Soon after, Posner et al. (1988) concluded, on the basis
of considerable physiological evidence, that a network of mechanisms
using a disengage/shift/engage sequence appears to align the atten-
tional focal point within a representation of the visual field. When
both are described in terms of spatial maps as in Figure 16, the pro-
posals of Treisman and Gelade (1980) and of Posner et al. (1988) are
complementary - one describes the alignment of a unitary attentional

focal point and the other accounts for the integration of feature infor-

mation that occurs when this alignment is made with a particular des-
tination. LaBerge (1995, this volume; LaBerge & Brown, 1989) has
since proposed a model of stimulus-driven and goal-driven control of
these alignments, and Fischer and his colleagues (e.g., Fischer this
volume; Fischer & Weber, 1993) elaborated on a possible link between
the parietal/collicular interactions involved in attentional disengage-
ment and the collicular/motor-cortex interactions involved in sac-
cadic eye movement programming. Several other researchers, includ-
ing Pylyshyn (1989, this volume), Yantis (1992; Yantis & Johnson,
1990), and Tipper, Driver and Weaver (1991), developed proposals
about visual analyses that involve preattentive encoding of objects
and their locations.

When these proposals are taken together, a picture starts to emerge.
There appears to be a network of different mechanisms that work to-
gether to preattentively encode the destination of visual orienting, to
align the attentional focal point and sometimes the eyes with this des-
tination, to selectively attend to a relevant object at the destination, and
to integrate the features of that object once attention is engaged.
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Notes

1 In typical experiments, all cues (symbolic and direct) and targets are abrupt-
onset stimuli. This fact is often overlooked. We have omitted the “abrupt-on-
set” designation whenever all cues, targets, and other stimuli have an abrupt
onset, or whenever the distinction is not important (e.g., when a statement
applies to both abrupt-onset and gradual-onset stimuli). ‘

2 The results of visual search experiments also indicate that direct cues are
maximally effective at short CTOAs (Nakayama & Mackeben, 1989). When
the location of a conjunction target (a target defined by a unique conjunction
of the features shared by the distractor items in the search set) was indicated
by a direct cue, search accuracy was maximal when the CTOA was 50 ms,
but declined when the CTOA was increased to 200 ms.

3 Other evidence that, at longer CTOASs, direct cues can also function as sym-
bolic cues was obtained with a rapid-serial-visual-presentation (RSVP) task
(Weichselgartner & Sperling, 1987). A “stream” of numbers was presented at
a single display location, one every 80 to 100 ms. When subjects were re-
quired to report the first four numbers after direct cue onset, those presented
0 to 100 ms after the cue were reported accurately, effortlessly, and without
practice. On the other hand, the next reported numbers were not presented
until 300 to 400 ms after the cue, and these reports were effortful, dependent
on practice, expectations, the cue’s signal-to-noise ratio, and the probability
of occurrence of the numbers presented. In other words, reports of the num-
bers presented 0 to 100 ms after the cue were indicative of the reflexive pro-
cesses initiated by direct cues at short CTOAs. In contrast, reports of num-
bers presented 300 to 400 ms after the cue were indicative of the voluntary,
effortful processes initiated by symbolic cues at longer CTOAs.

4 Another type of double-cue experiment has also been cited as evidence that
attention is directed first to one location and then to the next, rather than be-
ing divided between both locations at the same time (Eriksen & Yeh, 1985).
It should be noted, however, that each trial involved only a single cue that
served as both a direct and a symbolic cue. Therefore, the results of this type
of experiment could be due to the different time courses of stimulus-driven
and goal-driven attention shifts. As mentioned in the previous section, the
effectiveness of symbolic cues at initiating voluntary attention shifts does
not appear to be maximal until the CTOA approaches 300 ms (e.g., Cheal &
Lyon, 1991; Miiller & Findlay, 1988; Shepard & Miiller, 1989). Therefore, at
the 150 ms CTOA used in this experiment, attention was probably “pulled”
to the direct cue location first before being voluntarily shifted to the symbol-
ically cued location. Conclusions about attending to multiple locations that
are based on experiments involving symbolic and direct cueing by the same
stimulus should therefore be treated with caution. At shorter CTOAs, the re-
sults may indicate only that stimulus-driven attention shifts will take prece-
dence over goal-driven shifts.
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5 Intermediate-level processing may also be responsible for the automatization

of visual search. In particular, both feature targets and highly practiced con-
junction targets pop out during visual search. A series of experiments was
therefore carried out to determine whether or not the automatized search pro-
cesses mediating conjunction-target search are the same as those mediating
unique-feature target search (Treisman, Vieira, & Hayes, 1992). In general, au-
tomatized search was found to be more task-specific and target-location-spe-
cific than feature-target search. For example, the possession of a unique fea-
ture enabled a target to pop out from distractors during single-target search
and the same feature enabled a boundary around a group of these targets to
pop out in a texture-segregation task. Conversely, while a conjunction-feature
target popped out during single-target search, after extensive practice, the re-
sulting automatization did not enable a boundary around a group of these tar-
gets to pop out when the texture-segregation task was then performed. This
suggests that the pop-out of unique-feature targets is mediated by processes
that are more primitive than the ones mediating the automatized popout of
conjunction-feature targets. Preattentive analysis of feature information ap-
pears to be the result of low-level sensory operations, while automaticity mayv
arise from improved efficiency of intermediate-level operations that become
rapid with practice (see also Wright & Richard, this volume).
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