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Search for a colour—form conjunction target can be facilitated by presenting one set of distrac-
tors prior to the second set of distractors and the target: the preview benefit (Watson &
Humphreys, 1997). The early presentation of one set of distractors enables them to be effi-
ciently filtered from search. We report two studies investigating the time course of the preview
benefit. In Experiment 1 we use a standard reaction time analysis to show that the benefit has a
relatively slow time course; old items need to precede the new set by 600 ms or more in order to
be fully filtered from search. Furthermore, the reductions in reaction time across time in the
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preview condition varied nonlinearly with the display size, suggesting that old items were
discounted from search in parallel. In Experiment 2 we examined the neural locus of this
filtering effect over time, using positron emission tomography (PET). We show that regions of
parieto-occipital cortex are selectively activated in a preview search condition relative to a
detection baseline. These regions also increase in activation as the preview interval increases
(and search then becomes easier), consistent with them modulating the parallel filtering of
distractors from targets in spatial search. Interestingly, the same areas as those activated in
preview search were also active in conjunction search relative to its own detection baseline.
Thus these regions either modulate parallel filtering in conjunction search too, or they
modulate different behavioural functions according to task constraints.

Over the last 20 years or so, many studies have examined the functional and neural mecha-
nisms of spatial selection, most typically using visual search as the paradigmatic task (e.g.,
see Corbetta, 1998; Corbetta & Shulman, 1998). In most search tasks, the stimuli are
presented simultaneously, and search efficiency is measured as a function of the number of
distractors in displays. Selection is judged to operate in a spatially parallel manner when
distractors have only a small impact on search performance (e.g., with slopes of the search
functions between 10 ms/item or less; see Treisman & Souther, 1985). In contrast, selection
is interpreted as being spatial serial when there are substantial and linear effects of the
number of distractors on the time taken to detect targets (Treisman & Gelade, 1980; though
see Humphreys & Miiller, 1993, for an alternative, formal account). Evidence from func-
tional imaging suggests that serial search processes are mediated by a frontoparietal network
that bears a close overlap with regions involved in oculomotor processing (Corbetta, 1998;
Corbetta & Shulman, 1998).

In the real world, though, search operates not only over space but also over time.
Usually we view a world containing objects that have been in our visual field for some
period, and we may be faced with trying to prioritize selection for new items. An example
might be a hunter looking for a prey hidden in the undergrowth, where it may be important
to prioritize selection of any new event taking place (e.g., the emergence of the prey from
behind a bush). Watson and Humphreys (1997) adopted standard visual search procedures
in order to study spatio-temporal interactions in selection. They used a variant of a
standard colour—form conjunction search task (Treisman & Gelade, 1980; a blue H target
with blue A and green H distractors). However, instead of presenting all the stimuli simul-
taneously, Watson and Humphreys staggered the distractors from the different colour sets.
When the green H distractors preceded the blue stimuli by 750 ms or more, search for the
blue H target (in the second set) was as efficient as when the blue letters were presented
alone (in a single-feature search condition), and it was considerably more efficient than the
standard colour—form conjunction task. We term this the preview effect. In subsequent
studies the preview effect has been demonstrated across a wide variety of display condi-
tions, including studies in which the old and new items do not differ in colour (Theeuwes,
Kramer, & Atchley, 1998) and in which the stimuli move (Olivers, Watson, & Humphreys,
1999; Watson, 2001; Watson & Humphreys, 1998).
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There may be several factors that contribute to the preview benefit in search. One factor
is automatic, attentional capture by new items (e.g., Donk & Theeuwes, 2001; Yantis &
Jonides, 1984, 1990). However, there are several reasons to doubt that this alone is impor-
tant (though it may well contribute). First, the preview benefit decreases systematically
when participants engage in a secondary task when the old items alone are present, prior to
the occurrence of the search displays (the new blue items in preview search, the green and
blue items in conjunction search; see Watson & Humphreys, 1997, Exp. 8). Apparently the
old items are easier to filter from search if they are initially attended (see also Humphreys,
Watson, & Jolicoeur, 2002; Olivers & Humphreys, 2002, for confirmatory evidence). Thus
the preview benefit does not occur in an entirely automatic fashion. Second, studies using
probe dot procedures reveal that there is impaired detection of stimuli presented on old
relative to new stimuli in search (Olivers & Humphreys, 2002; Watson & Humphreys,
2000). In contrast, there is little difference between the detection of probe dots on old and
new items when participants are not “set” for search, but rather carry out the probe detec-
tion task on every trial. Thus the difference in the detectability of items at old and new loca-
tions is not caused by the temporal dynamics of the displays, but rather by participants
having the intention to prioritize the new and ignore the old stimuli for search. The poor
detection of probes on old stimuli suggests that search is made efficient by old items being
inhibited. Third, search can be affected by old and new items having a common colour.
Olivers and Humphreys (2002) had participants engage in preview search on a majority of
trials for a target defined by its orientation, but, on some trials, the preview displays were
omitted. They found that, on such trials, reaction times were slowed if the new search
stimuli had the same colour as the preview that was ignored on the previous trial. This
negative effect of common colour was reduced if a secondary task was performed when the
original preview was present. Olivers and Humphreys (2003) have additionally shown that
effects of a singleton distractor in the search display are strongly modulated if the singleton
shares its feature values with those of the old preview. Effects of shared features across the
old and new displays should not arise if there was simply attentional capture by the new
stimuli; however, the data are consistent with a carry-over of inhibition from distractors in
the preview to new search displays. Watson and Humphreys (1997) termed this inhibitory
filtering of old distractors “visual marking”.

In the present study we attempted to gain more insight into the mechanisms underlying
the preview benefit by analysing time course, using both behavioural and functional
imaging techniques. The time course of the preview benefit has been examined in just one
prior study, by Watson and Humphreys (1997, Exp. 3a). They examined search in the
preview condition (green Hs followed by the blue letters) and showed that the reaction
times only reached asymptote when there was an interval of 400-600 ms between the old
and the new items. This is considerably longer than the time interval needed for new items
to capture attention (around 100 ms; Yantis & Gibson, 1994), but it fits with a representa-
tion of old items being consolidated and then inhibited. Here we report two experiments
that provide a more detailed behavioural analysis of the time course of preview search
(Experiment 1), and that use the time course to help isolate the processes that filter the old
items from subsequent search (Experiment 2). Experiment 1 extends the only prior study
of the time course of preview search in two ways. Watson and Humphreys (1997) used just

4~ ~4



6%% QJA10202press.fm Page 613 Wednesday, April 7, 2004 4:21 PM

TIME COURSE ANALYSIS OF VISUAL MARKING 613

one display size, and they only analysed a preview search condition (without including
single feature and conjunction search conditions). It is possible that their time course
function reflected the development of temporal expectancies for the onset of the search
display, rather than the representation and inhibition of old items. Having the search
display appear at an optimal time for when the expectancy develops could have led to a
general decrease in response latency, without a necessary benefit in search (cf. Nobre,
2001). This is tested here by including a range of displays sizes and by including other
search conditions (single feature and conjunction), where we varied the interval between
the onset of fixation and the presentation of the search displays. Effects of temporal expect-
ancies should occur across all search tasks, whilst effects due to the representation and inhi-
bition of old items should be specific to preview search. In addition, by including three
rather than one display size here, we evaluate whether any representation of old items is
filtered serially or in a more parallel manner. There may be serial filtering of old items if
performance is dependent on “inhibition of return”, applied to each old item in turn prior
to the search displays appearing (cf. Klein, 1988, 2000). If there is serial filtering, then there
ought to be an equal improvement across the display sizes as the time to process the old
items increases, as one item at a time is discounted serially from each display size, for the
subsequent search process (at least up until the time when any asymptote occurs on the
search function). In contrast, violations of this prediction would be consistent with some
degree of parallel filtering of old distractors.

Experiment 2 contrasted the preview condition against both single feature and conjunc-
tion search conditions using positron emission tomography (PET) to measure cerebral
blood flow. Since the displays differed in the three primary search conditions, each condi-
tion employed its own baseline, in which participants had to respond to the onset of the
search displays without having to detect a target. The contrast between the search and the
detection baseline tasks indicates the brain regions selectively active in search and target
discrimination in each condition. Having identified the brain areas selectively active in
search and discrimination in the preview condition relative to its baseline, we used these as
regions of interest in a study on the time course of preview search in a subset of the partici-
pants. These participants underwent blocks of preview search in which the duration of the
first display varied (the stimulus onset asynchrony, SOA, between the start of the first and
second displays was 300, 600, or 900 ms). We examined the activation in these regions of
interest in both the preview condition and its baseline. Regions associated with efficient
filtering of distractors should show an increasing difference between their level of activation
in the preview search and baseline conditions as the preview duration increases. For
example, if efficient filtering depends on the old items being encoded in order to be inhib-
ited (Watson, Humphreys & Olivers, 2003), then activation in the preview search condition
may selectively increase with longer preview intervals, when there is more time for
encoding and inhibition to take place. Such increases in activation, however, would contrast
with the decreases in the difficulty of search that occur at longer preview durations (Experi-
ment 1). Hence increases in activation, across the preview durations, would be indicative of
processes involved in efficient filtering, not those mediating difficult search. Finally we
compared the areas active in preview search (relative to its baseline), in relation to the areas
active in conjunction search (compared to its baseline), in order to draw inferences about
the role of those areas in the contrasting search tasks.
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EXPERIMENT 1
A behavioural analysis of the time course of preview search

Method

Participants

There were 8§ participants, who were either postgraduate or postdoctoral fellows at the University
of Birmingham or the University of Leipzig. There were 6 males and 2 females, age 22 to 34 years, all
with either normal or corrected-to-normal vision. All had previously taken part in studies of visual
search but not in the particular conditions used here.

Stimuli

All stimuli were generated and presented on an IBM Pentium-based computer, using a super
VGA graphics card and monitor. The letters for the search task were created by illuminating a subset
of the segments of a seven-element box “figure 8”. The target in all the search tasks was a light blue
H, and the distractors were light green Hs and light blue As, with the blue and green being chosen to
be close to isoluminant. Individual letters were 4 mm wide X 8 mm high (0.38° X 0.76°). A search
display was produced by randomly positioning the letters within cells of a virtual 10 X 10 matrix,
whose dimensions were 90 mm wide X 105 mm high (8.58° x10.0°).

Design and procedure

For the preview and conjunction conditions, there were three display sizes, with 4, 8, and 16
letters. The target (the blue H), when present, took the place of one of the blue A distractors. The
single feature baseline used display sizes of 2, 4, and 8 letters (matched to the number of new blue
letters in the preview condition). This, then, provides an estimate of search efficiency if participants
only searched the new letters in the preview condition. The conjunction baseline provides an estimate
of search efficiency if all of the letters in the final display compete for search, in the preview condi-
tion. In each case, the task was to decide whether the target fell to the right or left of fixation, and a
target was present on every trial. Targets fell randomly to the left or right of fixation, but never fell in
a central 4-mm column around fixation. The initial studies of preview search used a present/absent
decision task (e.g., Watson & Humphreys, 1997), but very similar search data have since been
produced when investigators have used a forced-choice two-letter discrimination task (is an N or Z
present? Theeuwes et al., 1998), a discrimination task performed upon the target letter (does the bar
of the blue H fall towards the top or bottom of the shape? Kunar, Humphreys, & Smith, in press), and
when target localization responses have been measured (Olivers & Humphreys, 2002). These other
procedures have the advantage over present-absent search tasks in that they maximize the number of
“target present” trials; in visual search studies, absent trials are often difficult to interpret, since they
are strongly affected by search strategies (see Chun & Wolfe, 1996; Humphreys & Miiller, 1993).
Importantly, the data demonstrate that the basic preview advantage is not strongly affected by the
particular task involved. In the present study, a relatively coarse localization judgement was required
(is the target left or right of a central area around fixation?), making it unlikely that errors were due to
mislocalization and reducing the need for eye movements to be directed in order to conduct a fine-
grained discrimination of the target’s shape. As the data show, with long preview durations a very
standard pattern of results emerged. Participants made a right keypress response when the target fell
on the right (N key) and a left response when the target fell on the left (Z key). Distractors were
equally distributed to the left and right of fixation.
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In all conditions a white central cross initially appeared for 700 ms. In the preview condition this
was followed by a set of green distractors that was presented for 100, 300, 700, 1,500, or 2,300 ms,
prior to the onset of the new blue items. The distractors stayed in the same location of the field when
the new items appeared, and both sets of items remained until a response was made. The fixation
cross remained throughout, to facilitate the location judgement and to encourage maintenance of fixa-
tion. The fixation conditions were the same in the single feature and conjunction treatments.
However, in these conditions the search display (just blue items or blue and green letters, in the single
feature and the conjunction conditions, respectively) was preceded by a set of red Os, which fell at the
locations that would be occupied by the green letter distractors in the conjunction condition. These
red distractors provided similar cues as to the locations and timing of the new blue items to those
provided by the old green distractors in the preview treatment. If the preview display was effective
because it enabled participants to predict the location and/or the timing of potential targets, then this
effect should be obtained in all conditions. At the onset of the search display, the red Os offset. Any
disruption due to small motion signals introduced by these offsets had little effect on performance;
the slopes for the single feature and conjunction conditions here were similar to those we have
observed in numerous search experiments using the same displays but preceding them only by a white
fixation cross (indeed if anything slopes for the single feature condition were lower here; see Watson
& Humphreys, 1997, for comparable data). In other behavioural studies we have run we have also
found little effect of the presence of these changing red Os, at the location of the green distractors
(when present) in search displays (see Pollmann et al.; 2003). There were three SOAs used for both
single feature and conjunction search: 100, 700, and 2,300 ms. The SOA conditions were presented in
separate blocks of trials for each participant (11 blocks per study), with the display size varying
randomly within each block. There were 28 trials per display size, leading to 84 trials per block and a
total of 924 trials in the study. The order of the blocks was pseudorandomly determined for each
participant, and the blocks were completed across two test sessions. Reaction times (RTs) were
recorded from the onset of the search displays (new blue items in the single feature and preview
conditions, blue and green items in conjunction search). Example displays are shown in Figure 1.

Results

RTs were cleaned up by removing as anticipatory errors all RTs less than 50ms (less than
1% of the data) and by using the moving cut-off procedure recommended by Van Selst and
Jolicoeur (1994, see also Olivers & Humphreys, 2002). RTs plus or minus three standard
deviations from each participant’s mean were progressively removed.' The error rates were
generally low and, on average, less than 5% in any condition at any preview duration. The
error data are reported in Table 1.

The mean correct RTs (in ms) in the preview, single feature, and conjunction conditions
are given in Figure 2. RTs for the preview condition are plotted either as a function of the
number of new items present (so matched to the single condition, left) or as a function of
the number of items in the final search display (and so matched to the conjunction condi-
tion, right). Figure 3 presents the slopes in the search conditions at each SOA. For the
preview condition slopes on the left are calculated from the number of new blue items
present, and on the right of the figure they are calculated from the number of blue and

'This procedure is the same as that adopted previously in the literature (e.g., Olivers et al., 1999). However, it
makes little difference to the results, which stay the same even if no clean-up procedure is applied.
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Figure 1. Example displays from the three search conditions: single feature search, conjunction search, and
preview search, in Experiment 1.

TABLE 1
The mean percentage error rates across participants in Experiment 1
S04 *°
Condition Display size 100 300 700 1,500 2,300
Preview 4 2.51 1.26 1.26 2.50 1.25
8 0.84 2.50 2.93 4.60 3.34
16 4.59 5.02 4.18 5.85 7.93
Single feature 4 293 2.09 2.09
8 1.26 2.09 2.51
16 2.93 1.67 3.76
Conjunction 4 0.84 2.93 1.26
8 4.59 2.09 3.34
16 3.76 4.59 1.67
“In ms.
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Figure 2. Mean correct RTs (ms) in the preview search condition (a and b) and in the single feature (c) and
conjunction (d) search conditions in Experiment 1.

green items present. On the left figure, these slopes conform to those expected if only the
new items were searched. On the right figure, the slopes conform to those expected if all the
items in the display were searched.

Preview search. RTs in the preview condition alone were entered into a within-subjects
analysis of variance with display size (4, 8, and 16) and SOA (100, 300, 700, 1,500, and
2,300 ms) as the factors. There were significant effects of display size and SOA, F(2, 14) =
79.94, and F(4, 28) = 19.49, both p < .001, and a significant display size X SOA interaction,
F(8, 56) = 15.26, p < .001. RTs in the preview condition decreased as the SOA increased,
and they reached an asymptote for SOAs of 700 ms and above: F(2, 14) = 2.82, p > .05, for
the main effect of SOA on RTs for SOAs of 700, 1,500 and 2,300 ms; F(4, 28) = 1.18, p >
.05, for the interaction between the SOA and the display size when just these display sizes
were included. There was a reliable decrease in the slope of the search functions across the
SOAs, entering the slopes based on regression analyses for individual participants, F(4, 28)
=19.72, p < .001.

We also analysed whether there were equivalent improvements in search over time
across the three display sizes, prior to the asymptote of any search function being reached.
On a serial model (e.g., involving serial inhibition of return), one old distractor should be
discounted from search at a time, until all are filtered from the subsequent search process.
The rate of improvement across the display sizes should thus be equal, as the time to
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Figure 3. Mean slopes of the search functions in each condition in Experiment 1, as a function of the duration
of the stimulus preceding the search display: (a) and (b) preview search; (c) single feature search; (d) conjunction
search.

process the old items increases. Nevertheless, an interaction between condition and SOA
could arise if RTs at the smaller display sizes reach asymptote before those at the larger
display sizes simply because there are fewer old distractors to be filtered. To assess this we
calculated linear functions for each participant for each display size across the three initial
SOAs (0, 100, and 300 ms; taking RTs from the conjunction condition for the 0-s SOA)
and tested whether the linear improvements in search were equal for the three display sizes
(as predicted by a serial model of filtering). The slopes were not equal across the display
sizes, F(2, 14) = 5.69, p < .025. The average slope for the largest display size (16) was less
than the slopes for the two smaller display sizes (8 and 4): The slopes were —1.03, —.654,
and —.628 in ratios of RT/SOA, respectively; #(7) = 2.69 for 16 vs. 2, and #7) = 2.39 for 16
vs. 4. The slopes for the smaller display sizes did not differ (+ < 1.0). These differences
were not due to the asymptote being reached at the smaller display sizes. Even at the
smallest display size, performance improved by some 47 ms between SOAs 100 and 300 ms,
#(7) = 4.5, p < .01. Nevertheless, taking just the difference between the 0- and 100-ms
SOAs, there was a differential improvement across the display sizes, F(2, 14) = 21.02, p <
.001 (294, 125, and 84 ms across display sizes 16, 8, and 4); #(7) = —5.0 for 16 vs. 4; —4.46 for
16 vs. 8, both p < .01, and —2.23 for 8 vs. 4, p = .06.

Comparisons across the search conditions. To compare performance across the search
conditions, we evaluated performance at the three SOAs at which RT's were recorded in all
three search conditions (single feature and conjunction as well as preview): 100, 700, and
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2,300 ms. A three-factor repeated measures analysis of variance was conducted with main
effects of condition, display size, and SOA. For these analyses the display sizes in the single
feature baseline were treated as double those actually used (note that the final number of
items in the search display in this condition was half that in the preview and conjunctions
conditions), in order to allow this condition to be compared with the conjunction condition
and to provide an estimate of efficiency of search in the preview conditions if only the new
blue items were searched (see Watson & Humphreys, 1997). Each of the three main effects
was reliable (condition, display size, and SOA): F(2, 14) = 61.43, 212.74, and 22.67 respec-
tively, all p < .001. There were significant two-way interactions between condition and
display size, F(4, 28) = 90.08, p < .001, condition and SOA, F(4, 28) = 8.84, p < .01, and
display size and SOA, F(4, 28) = 3.57, p < .025. The three-way interaction of Condition X
Display Size X SOA was also reliable, F(8, 56) = 7.87, p < .001.
This three-way interaction was analysed by comparing each of the search conditions.

Preview vs. single feature. 'The preview and the single feature conditions differed in
overall RT at SOA 100 ms, and there was also a Condition X Display size interaction, F(1,
7)=9.11, and F(2, 14) = 24.2, p < .001. The effect of display size was larger in the preview
condition than in the single feature condition. At SOA 700 ms there was no difference
between the two conditions and no interaction between the condition and display size
factors, F(1, 7) = 2.71, and F(2, 14) = 1.24, both p > .05. At SOA 2,300 ms the preview
condition was marginally faster than the single feature condition, F(1, 7) = 3.74, p < .05,
though this did not interact with display size, F(2, 14) = 1.67, p > .05. However, this
benefit in RT's for preview search at the longest SOA needs to be weighed against the slight
increase in error rates (Table 1). In general, there were few differences between the preview
and single feature conditions at SOAs of 700 ms and longer.

Preview vs. conjunction.  The effects of display size were smaller in the preview than in
the conjunction condition, at SOA 100 ms, F(2, 14) = 141.46, p < .001, for the Condition X
Display Size interaction, 700 ms, F(2, 14) = 145.65, both p < .001, and 2,300 ms, F(2, 14) =
57.39, both p < .001.

Single feature vs. conjunction. For each duration of the “dummy” preview (the red Os),
the effects of display size were reduced for the single feature condition relative to the
conjunction condition; for a 100-ms duration, F(2, 14) = 61.91; for a 700-ms duration, F(2,
14) = 81.93; and for a 2,300-ms duration, F(2, 14) = 61.08, all p < .001.

Error analysis across the search conditions. The error data for the three search conditions
were compared using the same procedure as that employed for the RT data. There were no
main effects of condition or SOA, F(2, 14) = 1.91 and 1.52, both p > .05, but there was an
effect of display size, F(2, 14) = 10.10, p < .01. There were interactions between condition
and display size, F(2, 14) = 4.06, p = .01, and SOA and display size, F(2, 14) = 3.27, p <
.05. No other effects were reliable. The effects of display size tended to be greater at the
longer SOA, perhaps reflecting some temporal expectancy leading to participants
responding prior to detecting the target. The effects of display size also tended to be larger
for the conjunction and preview conditions relative to the single feature baseline (Table 1);
however, the conjunction and preview conditions did not differ, F(1,7) = 1.24, p > .05.
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Discussion

The results indicate that preview search has a relatively long time course, with asymptotes
on the RT functions occurring only after previews have been exposed for 600 ms or longer
before the new items appear (here RTs were “flat” only across the three longer SOAs, from
700 ms onwards). This concurs with the data reported by Watson and Humphreys (1997),
who used just the preview condition. In contrast to performance in the preview condition,
there were relatively small effects of the SOA on the single feature and conjunction search
conditions. Thus the effects of SOA were unlikely to be due to general effects of temporal
warning or arousal (cf. Nobre, 2001; Posner & Boies, 1971). Rather they can be attributed to
the consolidation and inhibition of a representation of the old items, which facilitates the
segmentation of old items from new items in search. The long time course of the preview
effect distinguishes it from “new object capture”;, where maximum effects have been found
with SOAs as short as 100 ms (Yantis & Gibson, 1994). Nevertheless, there may still be
some contribution of new object capture to performance. Note that at the longer SOAs
there remained an advantage for the small preview displays (2 old + 2 new), relative to the
larger displays (4 + 4 and 8 + 8), F(2, 14) = 65.04, p < .001, for the main effect of display
size across the three longest SOAs. The difference between the smallest and the middle
display size (38 ms) was twice that between the middle and the largest display sizes (19 ms),
despite the display size increment being greater for the move to the larger display size. This
may be because, at the smallest display size, there is relatively strong capture by the two new
items, even after a memory representation of the old items has been consolidated and
filtered.

There were differential improvements in RT across time for the three display sizes, with
the improvements being greater for the larger display sizes (even before RTs reached
asymptote at the smaller display sizes). This runs counter to there being simple serial of
filtering of old items, with one old distractor at a time being filtered from search irrespec-
tive of the display size—as might be expected if there were a form of serial “inhibition of
return” of the old items (cf. Klein, 2000). The data are more consistent with old items being
filtered in parallel; at larger display sizes there may be increased benefits from filtering
multiple old distractors from the subsequent search process.

Having demonstrated in Experiment 1 that search times decrease as the preview
duration increases, in Experiment 2 we manipulated the preview duration in a functional
imaging study in order to probe the neural substrate of visual marking. We had participants
carry out blocks of search trials in the preview condition (green letters for 900 ms followed
by blue letters) and in single feature (blue items only) and colour—form conjunction condi-
tions (blue H amongst blue As and green Hs), and we measured brain activity using PET.
Activation in the search conditions was compared with that in additional baseline condi-
tions, where the displays were kept the same as those in the search conditions but partici-
pants had simply to respond to the onset of the search display. In this baseline the physical
displays were the same as those in the search conditions, as were the temporal intervals
between the displays. Hence effects due to the actual stimuli presented and to any temporal
anticipation of the displays should be matched across the baseline and the search condi-
tions. The contrast between the preview, single feature, and conjunction search conditions
and their respective baselines, then, tells us about the neural areas subserving search and
target detection. A subset of the observers also took part in further blocks of trials in the
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preview condition (along with its baseline), in which we varied the preview duration (using
300- and 600-ms previews). Our behavioural data indicate that old distractors are filtered
more efficiently as the preview duration increases, and search of the new items becomes
easier (Experiment 1). Neural areas involved in search for the target should decrease in acti-
vation as the preview duration increases. In contrast, areas mediating the filtering of
distractors may be more active as the preview duration increases, when there is increased
time for a memory representation of the old items to be consolidated and inhibited. In order
to check that any increases in brain activity across the preview interval were not due to
movements of attention (either covertly or overtly, through eye movements), an attention
scanning control condition was substituted for the 300- and 600-ms preview conditions for
the remaining 12 participants. In this scanning condition, participants had to follow a
colour change that was sequentially applied to items in preview displays, and brain activa-
tion was compared with a fixation baseline in which the same displays were presented but
fixation was maintained throughout.

EXPERIMENT 2
A PET study

Method

Participants

There were 24 participants (10 males and 14 females, mean age 23.4 years, range 20-27) from the
University of Copenhagen, all with either normal or corrected-to-normal vision. Informed written
consent was obtained according to the Declaration of Helsinki II, and the study was approved by the
local ethics committee of Copenhagen. In the final analysis 3 participants were discarded because of a
high error rate in two or more conditions (over 25%). The remaining participants were 9 male and 12
female (mean age = 23.44 years).

Stimuli

The stimuli were very similar to those used in Experiment 1 except that individual letters were
slightly wider (4.5 mm). The stimuli were presented on a 60-Hz CRT controlled by a PC. All changes
in the display were synchronized to the screen retrace. The viewing distance was 80 cm.

Design and procedure

The search task was the same as that in Experiment 1, except that responses were made by
pressing either the left or right mouse button according to whether the target fell to the left or right of
fixation. Also we omitted the red Os in Experiment 2 because they were used primarily to match the
temporal warning signals across the conditions in the study of the time course of the effects (Experi-
ment 1). However, the results showed that the red Os had little effect (see also Pollmann et al., 2003).
Each search task here also had a baseline with the same displays but with the task then being to
respond to the onset of the display. Each participant received a number of different search and
baseline conditions, each based on 50 trials, presented in separate blocks:

Single feature search and its baseline. There was a white central fixation cross for 700 ms followed
by a search display for 700 ms and a blank screen intertrial interval (I'TT) of 2,200 ms (trial length
3,600 ms). The search display consisted of seven blue As and a blue H target. If a participant
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responded during the period when the search display was present, the display still remained visible
for the 700 ms. This was done to ensure that displays were visible for the same length of time across
the search conditions.

Conjunction search and its baseline. 'The fixation and the search display again each appeared for
700 ms, and the I'TT was fixed to 2,200 ms. The search display contained eight green Hs, seven blue
As, and a blue H target.

Basic preview search and its baseline. 'The fixation cross appeared for 700 ms. This was followed
by the preview display for 900 ms and then the search display for 700 ms. The I'TI was reduced to
1,300 ms in order to equate the total trial length across the conditions?

In all the conditions the participants were asked to hold their eyes steady throughout the trial. In
addition to the above conditions, two groups of 12 participants each undertook different, further trial
blocks. One group carried out two additional trial blocks in the preview condition, with preview
displays set for 300 and 600 ms, respectively. There were also two baseline detection-only blocks run,
one at each SOA. The other 12 participants took part in “attention scanning” and “fixation only”
blocks of trials. In the attention scanning condition, there was a fixation cross for 700 ms followed by a
display of 15 stationary green Hs and 1 blue H (the target). The letters were equally distributed either
side of fixation. Every 300 ms, one of the green Hs changed colour (to blue), and the former blue H
changed to a green H. The display remained on the screen for 900 ms (to match to the basic preview
search condition), during which time there were three changes of the target letter. After 900 ms of the
scanning display, the letters stayed stationary for 700 ms (matched to the search display time in each
search condition), followed by a blank I'TT of 1,300 ms. Participants were instructed to follow the blue
target with their eyes. In the fixation only control, the display was the same as that in the attention
scanning condition, but participants were told to ignore the blue H and to hold their attention at the
centre of the screen.

Imaging analysis. For all participants the complete brain volume was sampled. Image analysis
was performed using Statistical Parametric Mapping software (SPM-99, Wellcome Department of
Cognitive Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/; Frackowiak & Friston,
1994). All intrasubject images were aligned on a voxel-by-voxel basis using a 3-D automated 6-param-
eter rigid body transformation, and the anatomical magnetic resonance imaging (MRI) scans were
coregistered to the individual averages of the scans across all the conditions. The average PET scans
and corresponding anatomical MRI scans were subsequently transformed into the standard stereo-
tactic atlas using the Montreal Neurological Institute (MNI; Friston et al., 1995a) PET template as
the target for the normalization. Before statistical analysis, images were filtered by a 16-mm (FWHM)
isotropic gaussian filter to increase the signal-to-noise ratio and to accommodate residual variability in
morphological and topographical anatomy that was not accounted for by the stereotactic normaliza-
tion process (Ashburner & Friston, 1999; Friston, 1994). Differences in global activity were removed
by proportional normalization to a value of 50. The null hypothesis of regionally specific activation
effects of the experimental conditions was tested by comparing conditions on a voxel-by-voxel basis.
The resulting set of voxel values constituted a statistical parametric map of the /~statistic, SPM {z}. A
transformation of values from the SPM{z} into the unit gaussian distribution using a probability
integral transform allowed changes to be reported in 7-scores (SPM99). Voxels were considered
significant if their 7-score exceeded a threshold of p < .05 after correction for multiple noninde-
pendent comparisons. The comparisons of single feature search versus baseline, conjunction search

*We also ran single feature and conjunction searches with the I'TI matched to that in the preview condition. This
made little difference to the activations recorded.
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versus baseline, and preview versus baseline (see Tables 3a-c, later) all had 100 degrees of freedom,
and voxels were considered significant if their 7-value exceeded 7" > 4.71, corresponding to a
threshold of p < .05 after correction for multiple nonindependent comparisons. At this threshold the
corresponding F-value for the correlation between preview duration and regional activity in search
and detection was F(1, 44) > 19.36 (see Table 4 later), while the 7-value for attention scanning versus
fixation only was 7> 3.85 with 143 degrees of freedom (see Table 5 later). Thresholds were estimated
according to Friston, Frith, Liddle, and Frackowiak (1991) and Friston et al. (1995b) using the theory
of gaussian fields. The resulting foci were then characterized in terms of peak 7-scores above this
level.

Results

Behavioural data

In the condition in which we varied the preview duration, 3 participants made relatively
high numbers of errors in two or more search conditions (above 25%). These errors typi-
cally involved fast reaction times and may have reflected the participants carrying over the
response strategy from the baseline condition (respond to the onset of the search display) to
the search conditions. The data for these participants were discarded from both the behav-
ioural and the imaging analyses. The mean correct RTs (ms) and errors in the three search
conditions are presented in Table 2A (across 21 participants; preview duration = 900 ms).
Table 2B gives the mean correct RT's and errors for the trial blocks at the three preview
durations. RTs less than 50 ms were again treated as anticipatory errors and excluded from
the analysis. There was a signficant difference in RTs across the three main search condi-
tions (preview, single feature and conjunction), F(2, 40) = 46.24, p < .001. The conjunction
condition was slower than the single feature and preview conditions, #(20) = —-9.83 and 6.59,

TABLE 2A
Mean correct RTs® in the three main search conditions in
Experiment 2

RT
Preview 900 ms Single feature Conjunction
S S S No. of
M % error M % error M 9% error participants
764 10 763 7 898 23 21
“In ms.
TABLE 2B
Mean correct RTs® for the three blocks of preview search
Preview duration®
300 600 900
No. of
M % error M % error M % error participants
834 16 798 13 801 12 9
“In ms.
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both p < .001, respectively; the single feature and preview conditions did not differ, #(20) =
—1.13, p > .05. There was also an effect of condition on errors, F(2, 40) = 26.32, p < .001.
Relative to the preview condition there were fewer errors in the single feature baseline, #(20)
=2.80, p = .011, and more errors in the conjunction condition, #(20) = —6.10, p < .001.

Taking the three blocks of trials where the preview duration was varied, there was a
trend for RTs and errors to decrease from a preview duration of 300 ms to the durations of
600 and 900 ms (Table 2B). For RTs there was a reliable effect of duration, F(2,16) = 4.88,
p <.025. There was a difference between the 300-ms preview and the 600-ms preview, #(8)
= 3.78, p = .005, and a borderline difference between the 300- and 900-ms previews, #(8) =
2.12, p = .067. Performance did not differ between the 600- and 900-ms previews, ¢ < 1.0.
The error data followed the same pattern, but were overall not significant, F(2, 16) = 1.67,
p>.05.

Functional imaging

Overall effects of search condition. Initial comparisons involved all 21 participants and
contrasted each search and detection baseline condition (data for the 900-ms preview only).
The novel contrast here is for the preview condition relative to its detection baseline. This
contrast revealed significant activation in the cerebellum, the right and left superior parietal
cortex, both the left and right middle occipital gyri, and the left fusiform gyrus (Table 3c).

TABLE 3
Brain areas where there were significant differences in activation between (a) the simple
feature condition and its detection baseline, (b) the conjunction condition and its base-
line, and (c) the preview condition and its baseline

Coordinates Voxel level
Baseline Area ¥ y z T00 Peorr
(a) Simple feature Cerebellum crus IT 6 -76 -28 790  <.001
Cerebellum crus I -8 -74 =20 5.44 .004
Vermis IX 0 -52 -32 5.44 004
Fusiform gyrus =30 -74 -12 5.00 .018
(b) Conjunction Cerebellum crus II -6 -76 =32 8.94 <.001
Fusiform gyrus —42 -72 -16 6.01 <.001
Primary visual cortex -6 -90 6 5.33 .006
Middle occipital gyrus 32 -86 26 6.17  <.001
Superior parietal gyrus 32 —64 52 5.69 .001
Inferior occipital gyrus 40 —66 -14 4.73 .048
(c) Preview Middle occipital gyrus ~ —32 -82 16 6.65 <.001
Cerebellum crus IT 2 -76 =32 6.45 <.001
Cerebellum crus I -12 -80 =20 5.63 .002
Superior parietal gyrus 20 =72 52 5.85 .001
Fusiform gyrus —42 —68 -14 5.82 .001
Superior parietal gyrus 20 -74 54 4.84 .032
Middle occipital gyrus 38 -80 16 4.82 .035
Vermis VIII -2 -58 -26 4.79 .039
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The contrast between search and detection in the single feature condition only yielded acti-
vation in the lingual gyrus and two activation peaks in the cerebellum (see Table 3a). The
same contrast for the conjunction condition revealed activation in the occipital lobe again
(cuneus) and the cerebellum, plus also activation in the superior parietal lobe at the border
between parietal and occipital cortex (the superior occipital gyrus), both in the right hemi-
sphere (Table 3b). To test whether the areas activated in preview search differed from those
activated in conjunction search, we compared search-detection for the preview condition,
relative to the same contrast for the conjunction condition. There were no areas that were
reliably more active in preview search (even using a threshold of p = .05 uncorrected). The
same held for the reverse contrast (to test for areas more active in conjunction search; see
Table 3). Figure 4 depicts the areas active in the single feature (4a), conjunction (4b), and
the preview search conditions (4c), each relative to its detection baseline. In Figure 5 we
show the regions that are significantly activated in both the preview and conjunction condi-
tions (each relative to their baseline).

Effects of preview duration. 'To assess the effects of preview duration on brain activa-
tion, we made a region of interest (ROI) mask from the data for the 12 participants who
took part in blocks of trials with preview durations of 300 and 600 ms (in addition to the
900-ms preview condition). This mask was based on significant regions of activation for the
remaining 9 participants in the search minus the detection condition for the 900-ms
preview trials, thresholding at p < .05 uncorrected. A correlation analysis was performed on
the difference in blood flow between search and detection as a function of the preview
duration. Significant correlations within the ROI mask were found in the left middle occip-
ital gyri, the right superior parietal (precuneus) region, and the lingual gyri, plus also the
cerebellum (see Table 4 and Figure 6). Relative to the detection baseline, activation in these
regions increased as a function of the preview duration.

Attention scanning during the preview interval. To provide a measure of brain regions
activated by attentional scanning during the preview display, we contrasted activation in the
attention scanning condition with that in the fixation baseline (which used matched

TABLE 4
The brain regions showing a significant correlation between the
preview duration and the activation difference between the preview
search condition and its detection baseline

Coordinates Voxel level
Area x y 2 F(1,44)  peor
Vermis VII 4 -76 28 76.63  <.001
Cerebellum VIIB -2 -74 42 46.88 <.001
Lingual gyrus -18 -78  -12 39.65 <.001
Lingual gyrus 8 -82 0 38.45 <.001
Middle occipital gyrus =32 -84 16 3793  <.001
Middle occipital gyrus =32 -76 14 35.76 .001
Precuneus 14 —64 48 29.43 .003
Inferior occipital gyrus 32 =80 -12 29.02 .003
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Figure 6. Variation in regional blood flow in the (a) left middle occipital and (b) right superior parietal regions in
the preview and detection baseline conditions, as a function of the duration of the preview (9 participants, Experi-
ment 2). We show here the adjusted response after it has been mean scaled to a standard value of 50 ml/dl/min.
This mean of 50 is then deducted from the response (so 0 in the figure corresponds to the value of 50).

displays), using the same ROI mask as above. There was no reliable increase in activation in
the middle occipital and precuneus regions in the scanning condition relative to the fixation
control. Relative to a fixation only control, there was activation in the cerebellum, and the
left superior occipital gyrus and cuneus (area 18, see Table 5).
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TABLE 5
The brain regions showing a significant difference between the
attention scanning condition and the fixation-only control

Coordinates Voxel level
Area X y 2 Ty Peorr
Cerebellum crus I -8 -80 20 5.18 <.001
Vermis VI 4 -84 -16 4.79 .002
Primary visual cortex 0 -92 0 4.58 .004
Superior occipital gyrus -16 -96 12 4.37 .009

Discussion

The behavioural data confirm that search was considerably easier in the preview condition
than in the conjunction condition. Indeed RTs in the preview condition did not differ from
those in the single feature baseline, though error rates were raised. Thus there was more
efficient filtering when the distractors were presented over two time intervals (in the
preview condition) than when all the items appeared together (in conjunction search). In
addition, performance in the preview condition improved with the two longer preview
durations.

Despite these behavioural differences between the search conditions, the brain regions
activated in the preview and conjunction treatments largely overlapped, and there were no
reliable areas where activation was greater in either the preview or the conjunction condi-
tion, relative to their respective baselines. This is of interest since search performance was
easier in the preview than in the conjunction condition, and prior studies suggest that this
results from prioritized attention to the new stimuli, which we suggest is based in part on
inhibition of old items (Olivers & Humphreys, 2002; Watson & Humphreys, 1997, 2000)
perhaps in addition to some new object capture (Donk & Theeuwes, 2001). Here we found
no evidence for new areas involved in either detecting new onsets (Donk & Theeuwes,
2001), or inhibiting old items (Watson & Humphreys, 1997), that were not also recruited
for conjunction search. Recently we have completed an event-related functional MRI
(fMRI) study of preview search where we conducted an even finer grained analysis of acti-
vation in the parieto-occipital areas found critical here (Pollmann et al., 2003). We found
that there was increased and earlier activation of superior parietal regions in the preview
condition relative to both a single feature and a conjunction search condition, measured
relative to baselines in which only preview displays appeared (green Hs or red Os, in the
preview and single feature/conjunction baselines, respectively). Thus at least part of this
superior parietal activation seems to reflect the impact of the preview on the second search
display, in addition to any activation linked to the preview display itself. However, as here,
there was no evidence for new posterior brain regions being recruited in the preview
condition compared with the single feature and conjunction baselines. Hence we do not
think that our failure to find a difference in the regions activated in the different search
conditions in the present study was due to a lack of sensitivity associated with the PET
procedure. It is also unlikely that we lack the statistical power to detect a difference, since
our comparison of preview and conjunction search used a larger number of participants
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(21) than is commonly the case in functional imaging experiments. It appears that any
degree of attentional capture by new onsets or inhibitory filtering of old items, in preview
search, operated using similar neural networks to those involved in conjunction search.
We return to reconsider the implications of this finding in the General Discussion.

Using the neural areas activated in preview search to create an ROI mask, we found that
excitation increased with the preview duration, relative to the detection baseline. Since
activity did not rise with the preview duration in the detection condition, it seems unlikely
that this increase in activity reflects changes in arousal or an expectancy as to the onset of
the search display (cf. Posner & Boies, 1971). In addition, in a study of attention in the time
domain (to an expectation of when a visual stimulus would appear), Coull and Nobre (1998)
found left superior parietal activation, rather than the right parietal activation that we
obtained. Our effects are also unlikely to be due to participants scanning the preview
display. There are several grounds for arguing this. First, participants were asked to
maintain fixation when preview displays were presented in the critical preview search
conditions. Watson and Humphreys (1997, Exp. 2) showed that there was a reliable preview
benefit even when trials with eye movements were excluded. Second, we did not find
reliable activity in the critical brain regions in the attention scanning condition, when
observers were explicitly instructed to follow a target colour as it moved from item to item
in the display (though there was increased activation in the calcarine and superior occipital
regions and the cerebellum). It is true that our test of any effects of eye movements here
may have lacked power, since it was based only on 12 participants, and other studies have
shown activation within posterior parietal regions when eye movements are made (Law,
Svarer, Holm, & Paulson, 1997). Nevertheless, the correlations of activity across time in the
right superior parietal and left middle occipital areas were based on just 9 participants, and
the effects were clearly reliable. Any effects of eye movements should have been at least as
large in the eye movement control as in the preview condition. We conclude that any eye
movements made during the preview were not responsible for the reliable correlations we
found. Third, in Experiment 1 we found that RTs in the preview condition converged
more quickly at the larger display sizes. This is consistent with a spatially parallel consoli-
dation process. Fourth, in other behavioural studies we have demonstrated that search of
target displays is disrupted when observers conduct a serial search upon previews. Olivers,
Humphreys, Heinke, and Cooper (2002) compared a standard preview search task
(observers instructed to ignore the preview) with a serial search condition in which
observers had to search the preview as well as the second display for a target. In this condi-
tion participants were allowed to inspect the first display for as long as they wished, and, on
failing to find a target, they pressed a button to present a second set of (new) items (with the
old items remaining in the field). When the target was in the second set of items, perform-
ance in the serial search condition was little better than that when a full set of stimuli was
presented simultaneously. In contrast, performance was considerably better in the preview
condition, when participants were set to ignore the old items. Apparently serial search of
the preview display does not lead to effective filtering of the old items from subsequent
search.

Instead of attributing the increases in activation with preview duration to scanning, we
propose that they reflect processes that underly efficient filtering of old distractors in
search. For example, the superior parietal and middle occipital regions may be important
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for consolidating and/or inhibiting a spatial representation of the old item, so that these
items are filtered from the subsequent search process. Prior imaging work has demon-
strated that the posterior parietal cortex is part of a network of areas that supports visuo-
spatial memory, so that (for example) there is activation of the posterior parietal lobe
when participants have to make a saccade to a remembered visual location (O’Sullivan,
Jenkins, Henderson, Kennard, & Brooks, 1995). Our behavioural evidence also suggests
that there can be spatial filtering of old and new items, so that probes are difficult to
detect when they fall close to old stimuli (Olivers & Humphreys, 2002; Watson &
Humphreys, 2000). Activation of the superior parietal lobe in particular may reflect the
development of a spatial map of the old items, which is a necessary part of filtering them
from search. The activation may also be due to the allocation of voluntary attention to the
old items, in order that they be inhibited. As we have noted, several behavioural studies
demonstrate that the preview benefit is reduced when a secondary task prevents old items
from being fully attended (Humphreys et al., 2002; Olivers & Humphreys, 2002; Watson
& Humphreys, 1997). Corbetta and colleagues have argued that activation in the intra-
parietal sulcus is the neural basis of voluntary attention to space (Corbetta, Kincade,
Ollinger, McAvey, & Shulman, 2000), and this may be a factor here too. In addition,
inhibition may be applied not only to the spatial locations of old items, but also to critical
features, such as their colour (Olivers & Humphreys, 2002). Wojciulik and Kanwisher
(1999; see also Kanwisher & Wojciulik, 2000, for a summary) have argued that a common
region of posterior parietal cortex (anterior and posterior intraparietal sulcus) is activated
in a variety of tasks involving nonspatial as well as spatial selection (e.g., in detecting
conjunction relative to single feature stimuli presented at the fovea, as well as in serial
spatial search). They suggest that this region may modulate feature-based selection
between target and distractor representations, rather than any specifically spatial selec-
tion process. On this account, the posterior parietal activation we observed could reflect
nonspatial inhibitory filtering of old items. Thus several interpretations of the posterior
parietal activation are possible. Nevertheless, the new, important result is that the poste-
rior parietal and middle occipital areas increase activation over time in preview search,
suggesting that these areas mediate the processes that generate efficient search in that
condition. It is for future studies to titrate out the different components of the preview
benefit (both spatial and nonspatial) and their neural loci.

One other point to note is that there was a relative paucity of activation in the single
feature condition compared with its baseline. In the efMRI study of Pollmann et al. (2003),
there was activation in the tempero-parietal junction area (particularly in the right hemi-
sphere), which was greater in the single feature and preview conditions compared than in
the conjunction condition. Pollmann et al. attribute this activation as reflecting a stronger
detection response to the target in single feature and preview conditions. However, in the
baseline conditions here participants responded to a salient new stimulus (the onset of the
whole display), just as they might in the single feature and preview search conditions. The
net result would be that we failed to observe positive differences due to the ease of search.
Nevertheless, we did observe increased activation in superior parietal regions as the preview
duration lengthened, even though search was easier at longer preview durations. This
emphasizes that this activation does not reflect the ease of search but rather the processing
of the previews.
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GENERAL DISCUSSION

We have reported two experiments that have examined the time course of search under
preview conditions, using behavioural and functional imaging procedures. Experiment 1
showed a relatively long time course for the preview advantage; previews had to be
presented for 500 ms or longer for RTs and search slopes to reach asymptote. This was not
due to general effects of arousal or to anticipation of the onset of search displays, since
equivalent results did not occur in single feature and conjunction search conditions (see
Figure 2). We attributed the data to the time taken to establish and inhibit a representation
of the old stimuli, which then enables these items to be filtered efficiently from search.
Interestingly, there was a greater gain in search across time for large than for small display
sizes (Figure 1), suggesting that there is parallel consolidation and inhibition of old items.
In addition, there may be attentional capture for a small number of new stimuli, indicated
by the reduced asymptote for performance at the smallest display size in Experiment 1.

In Experiment 2 we conducted a PET study of preview, single feature and conjunction
search. We found that there were overlapping regions of occipital and parietal cortex that
were selectively activated in preview and conjunction search, relative to baseline conditions
requiring only detection of search displays. We also demonstrated that these regions
showed enhanced activation as the preview interval increased (compared with detection-
only baselines). Thus there were opposite effects of time on search (longer previews leading
to easier search) and on brain activity (increased activity in middle occipital and superior
parietal regions with the preview interval). The same areas were not excited in blocks of
trials when participants had to scan preview displays relative to a fixation-only control. To
account for these results, we propose that the parieto-occipital areas particularly active in
preview search are responsible for consolidating and/or inhibiting a representation of the
old stimuli (based on their spatial locations or on critical features such as their colour). Note
that these ideas are not mutually inconsistent. For instance, non-spatial filtering (e.g., based
on the common colour of the old items; see Olivers & Humphreys, 2002), may involve the
parallel rejection of the locations of items linked by their common colour.

Implications for conjunction search

Finally, it is possible to speculate about the role of posterior parietal and middle occipital
cortex in conjunction as well as in preview search. Typically, search times for colour—form
conjunction targets increase linearly with the number of distractors (Treisman & Gelade,
1980), with search rates often of the order of 25 ms/item or more. Our behavioural data on
conjunction search in Experiment 1 match this pattern (Figures 1 and 2). These results
have been taken to indicate that conjunction search is spatially serial, with only one item at a
time being selected (Treisman, 1998; Treisman & Gelade, 1980). Other accounts, however,
assume that conjunction search involves parallel grouping and rejection of sets of distrac-
tors (Bundesen, 1998; Duncan & Humphreys, 1989; Humphreys & Muiiller, 1993). For this
view, the slope of the search function can reflect factors other than serial search, including
the ease with which (1) distractors are linked to a common perceptual group, and (2) targets
and distractors are assigned to separate groups (allowing the distractors to be filtered as a
distinct perceptual group). In our imaging data there were no reliable differences in the
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regions selectively activated in the preview and conjunction search conditions (relative to
their detection baselines), yet preview search involved successful filtering of distractors.
Furthermore, the critical parietal and middle occipital areas increased in activity as the
preview duration lengthened (Figure 4), even though search times then reduced (Figure 2).
We attribute this result to these areas modulating the parallel representation and/or
filtering of distractors. Given the activation of the same regions in conjunction search, we
may conclude either that the regions perform different functional roles according to the
tasks at hand (serial search vs. parallel filtering of distractors), or that distractors are also
represented and filtered in parallel in conjunction search (albeit not as efficiently as when
distractors are staggered in time, in preview search). For this last account, the linear search
functions characteristic of colour—form conjunction search do not necessarily indicate an
item-by-item process of serial selection (see Duncan & Humphreys, 1989).

The imaging results also fit with the argument that the posterior parietal cortex forms
part of a network involved not simply in serial search but rather in some of the other
component processes mediating the visual selection process, including consolidating and
inhibiting a spatial representation of stimuli (O’Sullivan et al., 1995), allocating voluntary
attention to space (Corbetta et al., 2000), or selecting between competing representations
(Kanwisher & Wojciulik, 2000). It is for future work to assess whether this network can be
further decomposed to isolate regions that code and inhibit spatial representations and
regions that modulate nonspatial inhibitory filtering of distractors.
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