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This article introduces a new task for exploring the se-
quential selection of multiple target items during search-
like behavior. This multi-item localization(MILO) task dif-
fers in a number of respects from traditional visual search
paradigms and, in particular, places a strong emphasis on
the temporal, as well as the spatial, aspects of behavior.We
will begin by describing the novel features of the MILO
task and will discuss some of the theoretical considerations
that gave rise to them. Next, we will present three experi-
ments that demonstrate how it can be used for measuring
human performance. We will conclude by discussing the
ease with which the MILO task can be adapted in order to
address a wide range of empirical questions.

The main features of the MILO task are illustrated in
Figure 1. Observers are first presented with a trial-specific

alphabetical sequence of target items (e.g., the letters E, F,
G, and H). This sequence is then distributed within a field
of four additional distracting items, two preceding and two
following the target sequence(e.g., the letters C, D, I, and J).
The observers’ task is to locate each target in alphabetical
order and to select it, using the mouse. Each trial thus yields
N reaction times (RTs), where N refers to the length of the
target sequence.The experiments reported below all make
use of such four-item alphabetic sequences. However, it is
important to point out that the task parameters—that is,
sequence type (i.e., alphabetic, numeric, or arbitrary), se-
quence length, sequence complexity (i.e., interitem rela-
tionships), the nature and/or number of distracting items,
the ease of physically selecting items (e.g., size or proxim-
ity of items), and so on—can easily and systematically be
varied. A constant stimulus set has been used throughout
this article, since our initial goal is to introduce the basic
structure and more general applications of the task.

The MILO task clearly has its roots in the well-known vi-
sual search paradigm.1 In visual search, observers are asked
to report on some property of a designated target item (e.g.,
location or presence/absence) presented among a variable
set of distracting items. Such tasks are typically designed
so that each trial isolates a single act of selection in the
face of competition from the distracting items, measuring
a single response. In this way, we have learned a great deal
about the basic buildingblocks of vision, the overall orga-
nization of visual information processing, and in particu-
lar, the relationshipbetweenvision and attention(e.g., Dun-
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contexts of search-like behaviors. A sequence of four target letters (e.g., E, F, G, and H) was presented
among four distractor letters. Observers located the targets in order. Both retrospective and prospec-
tive components of performance were examined. The retrospective component was assessed by hav-
ing target items either vanish or remain once they had been located. This manipulation had little effect
on search performance, suggesting that old target items can be efficiently ignored. The prospective
component was assessedby shuffling future targetand distractor locations aftereachresponse. This ma-
nipulation revealedthat observers typicallyplan ahead at leastone target into the future. However, even
when observers cannot plan ahead, they are still able to ignore old targets. These findings suggest that
both “what you did” and “what you intend to do” can influence the localization and selection of targets.
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can & Humphreys, 1989, 1992; Rensink, & Enns, 1995;
Treisman, 1993; Treisman & Sato, 1990; Wolfe, 1994,
1998a).

However, in the real world, behaviors rarely occur in iso-
lation. Any given action is likely to be part of a more com-
plex sequence of events. Exploring a sequence of actions
is difficult within traditionalvisual search designs and usu-
ally involves indirect measurements, such as the effect of
one trial on responses to subsequent trials (e.g., Hillstrom,
2000; Maljkovic & Nakayama, 1994, 1996; Treisman &
Hayes, 1998). Our goal in designing the MILO task was to
provide a more direct way of exploring sequential behavior
and, in particular, to place a strong emphasis on the tempo-
ral context of that behavior, as well as the spatial context.

More specifically, the studies reported below represent
our first attempt to systematically vary and measure the
influence of past and future actions on the localization of
a current target item. The influence of the past can be ma-
nipulatedby minimizing the continuedinfluenceof targets,
by removing them once they had been located, or by maxi-
mizing their influence, leaving them visibleand unchanged
after they had been located (Experiments 1, 2, and 3). The
future can be manipulatedby changing the positionof sub-
sequent targets each time the current target is located (Ex-
periments 2 and 3). This effectively nullifies any planning
that may have taken place.

Another feature of the MILO task is that observers are
required to make a direct response—clicking with the
mouse—as each target item is found. Again, in the major-
ity of visual search tasks, responses tend to be indirect,with
observers asked to report whether or not a target is present,
to place it in one of a limited number of perceptual cate-
gories, or to fixate it (for an exception,see Meegan & Tip-
per, 1999). Although detecting, categorizing, and gazing
at objects are clearly important components of behavior,
we also need to directly interact with objects—for instance,

as we try to navigate around them, reach out and pick them
up, or sometimes even run away from them. The use of di-
rect responses in the MILO task is, thus, a shift of focus, as
compared with traditional visual search methods, a shift
that more closely reflects our everyday interactionswith ob-
jects in the world (Meegan & Tipper, 1998, 1999; Tipper,
Lortie, & Baylis, 1992).

The novel features of the MILO task—multiple targets
and direct responses—clearly increase the range of phe-
nomena that can be explored, as compared with traditional
visual search paradigms.Of course, more complex tasks are
also more difficult to interpret. The MILO task includes at
least three subcomponents:working memory for encoding
and maintaining the target sequence, visual search for lo-
cating targets, and the selection and execution of mouse
responses. A given pattern of results could conceivably
originate with any or all of these component tasks. In the
General Discussion section,we will speculate on the most
likely basis for the specific patterns of results we observe
and will suggest a number of ways in which these sub-
componentscan be independentlymanipulatedto more di-
rectly test their contribution. In the main body of the arti-
cle, however, we will concentrate on describing the overall
behaviorinvolvedin locatingand respondingto multiple tar-
get items. In describing this behavior, we will use such
terms as locate, respond to, or click on a target in an atheo-
retical way, encompassing working memory (sequence en-
coding), perception (search), and action (response).

One of our primary motivations in developingthe MILO
task was to be able to study the temporal context of search.
Several lines of research have recently begun to explore this
domain. For example, Rensink and colleagues (Rensink,
2000;Rensink,O’Regan, & Clark, 2000) have recently de-
scribed experiments involvingsearch for change, in which
information from two displays must be integrated across
time. Wolfe and his colleagues(Wolfe, 1999;Wolfe, Klem-

Figure 1. Example stimulus displays.
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pen, & Dahlen, 2000) have investigated the development
of the visual representations (or lack thereof) during re-
peated search through the same display. Watson and his
colleagues (Olivers & Humphreys, 2000;Watson & Hum-
phreys, 1997, 2000) have introduced a preview paradigm,
in which the temporal offset between distractor sets influ-
ences the efficiency of search (see also Donk & Theeuwes,
2001; Gibson & Jiang, 2001; Theeuwes, Kramer, & Atch-
ley, 1998). Olson and Chun (2001) have demonstrated that
observers can use invariant temporal and spatiotemporal
sequences to guide visual attention.

More generally, Shore and Klein (2000) have identified
three typesof temporal contexteffects in search. In order of
decreasing temporal scope, these are long-term perceptual
learning (Chun & Jiang,1998;Schneider& Shiffrin, 1977),
trial-to-trialpriming (Hillstrom, 2000;Maljkovic& Naka-
yama, 1994, 1996), and within-trial tracking of attended
objects (Klein, 1988; Watson & Humphreys, 1997). The
MILO task is most closely related to the latter category
and may shed some light on the current debate in that field.

Next, we will describe the general method of the MILO
task in more detail and will present three experiments that
probed the temporal context of search behavior.

GENERAL METHOD

All three of the experiments reported in this article used the same
basic method, shown in Figure 1. Each trial began with a cue phase,
in which four target items were displayed in the center of the screen.
Each target item consisted of a clearly visible oval patch containing
a single uppercase letter of the alphabet. The four target letters

formed an alphabetic sequence (e.g., E, F, G, and H), which was ran-
domly chosen on each trial. The observers were free to view the tar-
get sequence as long as they liked and then initiated the search phase
of the trial by pressing the space bar.

The search display contained the four target items plus an addi-
tional four distractor items. The distractor items consisted of identi-
cal oval patches that each contained one letter from the set of four
that immediately preceded and succeeded the target sequence. (e.g.,
C, D, I, or J). In the search display, the four target and four distrac-
tor items were randomly placed within a central viewing area, with
the constraint that items never overlapped with each other or with the
fixation cross that was shown at the center of the screen.2

The observer’s task was to locate each of the four target letters in
sequence , beginning with the first letter (i.e., E) and ending with the
last letter (i.e., H). The location of each target item was identified by
clicking anywhere within the target oval, using a standard computer
mouse. A trial was terminated and the screen went blank either when
the four-item target sequence had been successfully located or when
an error had occurred. An error could occur because a mouse click
occurred in a nontarget oval, a target item was identified out of se-
quence, or a mouse click occurred in the background— that is, out-
side of any of the eight ovals.

The dependent measure of interest was the serial reaction time
(SRT), defined as the time to click on target n minus the time to click
on target n 2 1. Each trial thus yielded four SRT values. The pattern
of these responses, as a function of experimental condition and tar-
get position, formed the main focus of analysis in each experiment.

All the experiments were conducted on Power Macintosh com-
puters connected to 75-Hz monitors with a resolution of 1,024 3
768 pixels. Software was custom written, using routines based on
work by Steinman and Nawrot (1992), Pelli and Zhang (1991), and
Rensink (1990). The observers were seated at a standard viewing
distance of 80 cm in front of the monitor.

EXPERIMENT 1

The purpose of Experiment 1 was to use the MILO task
to explorewhether the response to the current target item in
a given sequence would be affected by previous responses
within the same trial. That is, does “where you’ve been” af-
fect “where you’re going”?

To do this, we compared two basic conditions. In the
vanishes condition, target items disappeared from the
screen as soon as they were located with the mouse click.
This meant that the set size of the display was reduced by
one with each subsequent response. Since target items do
not pop out in the current displays, identifying them is
likely to involve some form of successive inspection. RT
thus crucially depends on the total number of items in the
display. Within a vanishes trial we would thus predict that
responses to the first item, with a set size of eight, should
always take longer than responses to the second item, with
a set size of seven, and so on, to give an overall RT profile
similar to that shown in the filled squares in Figure 2. In the
remains condition, target items were completely unaf-
fected by the localizingclick of the observer. Thus, the tar-
get items remained visible and unchanged after they had
been located, and the physical set size remained constant
at eight items throughout each trial. The question of in-
terest was how SRT across the four target items would be
affected. Some possible outcomes are shown in the open
symbols in Figure 2.

Figure 2. Hypothetical data. Filled squares and solid line indi-
cate the vanishes condition. Open symbols and dotted lines rep-
resent various possible outcomes of the remains condition. Cir-
cles represent the assumption that prior targets do not influence
search. Diamonds represent the assumption that prior targets ef-
fectively become distractors. Triangles represent a possible in-
termediate case.
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One possibility is that findingone target would not pro-
vide the observers with any information that could facili-
tate search for later targets (e.g., Horowitz & Wolfe, 1998,
2001, 2003; Wolfe et al., 2000). In this case, SRT should
be constant across all targets (diamonds). On the other
hand, if observers can exploit memory for the location of
previously identified targets, thus eliminating them from
subsequent search (Klein & MacInnes, 1999; Shore &
Klein, 2000; Watson & Humphreys, 1997, 2000), then we
might predict the same pattern of SRT decrease as that
seen with the vanishes trials (circles). Another possibility
would be for performance to fall midway between these
two extremes—for instance, if the observers were able
only to mark a subset of the old targets or were not able to
completely eliminate them (triangles).

Method
Subjects. Twelve observers from either the Boston or the Tübin-

gen community were paid for participation in this study. All the ob-
servers had normal or corrected-to-normal vision and were naive as
to the purpose of the research until after the experimental session
had ended.

Stimuli. The stimuli were presented on a uniform, dark gray back-
ground that had a central viewing area delineated by a thin black out-
line square (8º 3 8º of visual angle [DVA]). A central fixation cross
(0.3 3 0.3 DVA) was always visible at the center of the screen and
was surrounded by a larger, light gray fixation oval (1.5 3 1.5 DVA).
As was described in the General Method section, the cue and target
items were small, oval, light gray patches. These patches each sub-
tended approximately 0.5 DVA. The border of the oval was drawn in
black, and each item contained a single uppercase letter, also drawn
in black. The bounding box of each letter subtended 0.3 DVA.

The target sequence was randomly selected on each trial. The se-
quence could fall anywhere within the set of alphabetic characters
between the letters C and X. This constraint arose since two distrac-

tor items always preceded and followed the target sequence. In the
cue display, the four target items were centrally presented, in se-
quence, with two items either side of fixation. In the search display,
the position of all eight items was randomized within the central
viewing area on a trial-by-trial basis. The only constraints on posi-
tion was that the items must be at least 0.5 DVA away from all other
items and the central fixation area. In all the experiments, the visi-
ble position of a search item was never shifted, although target items
were completely removed during the vanishes trials.

Procedure. The observers were first shown several examples of
the cue–search trial structure. They were then familiarized with the
method of response and were allowed to practice until they were
comfortable, using the mouse. The error conditions were illustrated
to all the observers, and they were informed that a block would ter-
minate only when they had successfully completed 30 trials. So, al-
though speed of response was emphasized, the observers were also
clearly motivated to avoid errors.

The observers completed two blocks of vanishes trials and two
blocks of remains trials. Each block contained a minimum of 30 tri-
als. Trials in which an error occurred were replaced, so that a block
was finished only when the observers had successfully completed 30
trials. Each observer thus completed a minimum of 120 experimen-
tal trials, taking short breaks after each block of 30+ trials. Block
order was counterbalanced, with half of the observers completing
the two vanishes blocks before moving on to the remains trials and
the other half seeing the opposite order.

Results
SRTs are shown in Figure 3 for the two conditions as a

functionof target number. Data were analyzed by a 2 (con-
dition: remains vs. vanishes) 3 4 (target ordinal position)
repeated measures analysis of variance (ANOVA). There
was no effect of condition[F(1,11) , 1, MSe = 15,360.78],
nor was there an interaction with target [F(3,33) = 2.077,
MSe = 5,881.80,p > .1]. However, there was a main effect of
target ordinal position [F(3,33) = 183.77, MSe = 18,048.59,
p , .0001]. A glance at Figure 3 suggests that this effect
may be driven primarily by the substantially elevated RTs
to the first target. However, when we removed the Target 1
data, the effect was still significant[F(2,22) = 34.40,MSe =
5,277.79,p , .0001], whereas the main effect of condition
and the interaction were not [both ps . .1; MSe (condi-
tion) = 7,793.49; MSe (condition 3 target) = 2,084.45].
The slope of the SRT 3 target function (for the last three
targets only) was 79.14 msec/target, which differed signif-
icantly from 0 by t test [t (11) = 7.91, p , .00001].

Errors were fairly low, averaging (SEM) 4.2% (1.1%) in
the remains condition and 5.7% (1.4%) in the vanishes
condition. These two rates did not differ [F(1,11) = 1.51,
MSe = 0.001, p . .1].

Discussion
There were two major findings in Experiment 1. First,

the remains and vanishes conditionsyielded the same pat-
tern of decreasing SRTs, suggesting that clicking on an
item is just as effective in reducing interference as making
the item disappear. This clearly implies that during re-
mains trials, old targets could be distinguishedin some way
from the other items on the screen. Furthermore, this abil-
ity extended over time, with the SRT continuing to drop as
a function of target. That is, once a target was ignored, it

Figure 3. Serial reaction time (SRT) data from Experiment 1.
Filled symbols denote the remains condition, and open symbols
denote the vanishes condition. Error bars indicate standard er-
rors of the means.
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appeared to stay that way for the whole trial. The linear or
slightly accelerating SRT profile would not have occurred
if previously ignored target locations had begun to regain
some influence as the focus of current search moved fur-
ther away in time.

Second, RTs to the initial target were substantially
(.650msec) slower thanSRTs to subsequenttargets,which
in turn declined by 80 msec/target. There are two possible
explanations for this effect. First, the initial latency may
simply have been unique. Since the cursor was not visible
during the intertrial interval, the subjects had to locate the
cursor. There may also have been effects of the initial
onset of the stimulus display.

The second explanation is that the subjects may have
searched the displayand localizedall the targets before even
planning the first response, in which case SRTs 2–4 sim-
ply measured the time taken to move the mouse from one
location to the next. Hollingworth, Williams, and Hen-
derson (2001) have shown that the identity of previously
attended objects can be retained in visual memory during
scene viewing. There is also evidence in the sequential
movement literature that observers can use visual infor-
mation to plan movements to at least two targets prior to
initiatinga response to the first target (Ricker et al., 1999)
and that concurrent planningof responses to a second tar-
get will slow hand movements to the first target (the first-
target effect; see Adam et al., 2000). This explanation is
loosely compatible with the task chronology observed.
The mean RT to the initial target was 1,685 msec, which al-
lowed plentyof time for the visual search componentof the
task to run to completion, assuming a processing time of
50–100 msec/item (Moore, Egeth, Berglan, & Luck,
1996; Wolfe, 1998a, 1998b). SRTs to subsequent targets

were around1 sec,which is somewhat long.Manual tapping
responses with more than one target can be executed in less
than 200 msec (Adam et al., 2000), single reaching re-
sponses in a multiple-target context in less than 500 msec
(Keulen, Adam, Fischer, Kuipers, & Jolles, 2002) and cur-
sor movements in less than 750 msec (Pratt & Abrams,
1994). It is possible that the two-dimensionalcursor move-
ments in our task were executed more slowly than the one-
dimensionalmovements in Pratt and Abrams’s experiment.

If the observers did search the entire display and local-
ize all the targets prior to initiatingthe first movement, this
may also explain the lack of a difference between the van-
ish and the remains conditions, since the external stimulus
was not being consulted at all in the movement phase. In
the next experiment, we tested this idea by requiring the
subjects to search after each response.

EXPERIMENT 2

The goal of Experiment 2 was to test the hypothesis that
the observers in Experiment1 were essentiallydecomposing
the MILO task into separate search and response phases,
finding all the targets before executing the first motor re-
sponse. Our method was to force the observers to follow an
iterative search and respond procedure, so that each SRT
measured the time to search for that target, as well as any
time needed to plan and execute a response. As soon as the
observer clicked on a target, the locations of all the items
except prior targets were shuffled. If the observers had ac-
quired some information about the location of future tar-
gets in the display during their search for the initial target,
it would become instantly useless. However, a strategy of
tracking prior targets could continue to be useful.

Method
Subjects. Twelve observers from the Tübingen subject pool were

paid for participation in this study. All the observers had normal or
corrected-to-normal vision and were naive as to the purpose of the
research until after the experimental session had ended. None of the
observers had participated in Experiment 1.

Stimuli. The stimuli were identical to those in Experiment 1.
Procedure. The procedure was similar to that in Experiment 1,

except that after the observer clicked on a target, the locations of all
the distractor letters and subsequent target letters were randomly
reshuffled among the current stimulus locations. Targets that had al-
ready been clicked on, however, were unchanged. It is important to
note that the ovals containing the letters did not change position dur-
ing a trial. That is, the overall layout of the display remained fixed;
only the contents of the ovals (i.e., the letters) were updated. In order
to equalize onset and offset transients across all the display items, a
global transient was introduced to the display after each target re-
sponse. When the observers clicked on a target, the center of all the
ovals was drawn in with the same gray color as that used for the
background. The letters were hidden in this way for 250 msec, and
then were redisplayed in their shuffled locations.

Each observer then completed a minimum of 120 experimental
trials, taking short breaks after each set of 30 trials.

Results
SRTs for this experimentare shown in Figure 4. The same

2 (condition:remains vs. vanishes)3 4 (target ordinal posi-

Figure 4. Serial reaction time (SRT) data from Experiment 2.
Filled symbols denote the remains condition, and open symbols
denote the vanishes condition. Error bars indicate standard er-
rors of the means.
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tion) repeated measures ANOVA was used to analyze the
data. Overall, the observers were slower in the remains
condition by 102 msec [F(1,11) = 9.75, MSe = 25,392.31,
p , .01]. However, for both, SRTs declined with target
[F(3,33) = 23.16, MSe = 11,721.92, p , .0001] at a rate of
72.22 msec/item. This slopewas also significantlydifferent
from 0 [t (11) = 7.15,p , .00005].There was no interaction
between conditionand target position[F(3,33)= 2.22,MSe =
8,445.20, p . .1].

Error rates were again reasonably low, with a mean
(SEM) of 5.2% (0.9%) in the remains condition and 6.4%
(1.3%) in the vanishescondition.The differencewas not sig-
nificant [F(1,11) = 2.31, MSe = 0.04, p . .1].

Discussion
Experiment 2 eliminated the large difference between

the initial SRT and the remaining three responses. This is
consistent with the hypothesis that the observers in Exper-
iment 1 had been locating all of the targets prior to initiat-
ing their response to the first target.3 On the other hand,
the hypothesis that the first latency is somehow unique is
disproven.The shuffle manipulationof Experiment2 forced
the observers to use an iterative search and response strat-
egy, eliminating the advantage for later targets. Together,
the results of Experiments 1 and 2 suggest that, when it is
available,observerscan store and use informationrelating to
goals beyond the current target. In the General Discussion
section,we will return to this issue and propose some alter-
native forms that this prospective information might take.

It is also clear from Figure 4 that, even in the absence
of useful prospective information, observers are still able
to use information about targets to which they have al-
ready responded. SRTs declined after the second target in
both the vanishes and the remains conditions, indicating
that the observers were still able to distinguish prior tar-
gets from other display items. This shows that the avail-
ability of reliable prospective information is not a prereq-
uisite for utilizing retrospective information.

In contrast to the results of Experiment 1, SRTs were
slower overall in the remains conditionthan in the vanishes
condition.This may indicate that some effort was required
to suppress prior targets (Watson & Humphreys, 1997) or
that some sort of generalized masking effect occurred as a
result of the greater visual clutter in the remains condition.

Interestingly, the gap between the remains and the van-
ishes conditionsgrew from 45 msec for the initial target to
177 msec for the fourth target, although the condition 3
target position interaction was not statistically significant.
This might indicate that the suppression of old targets in
the remains conditionwas imperfect, or leaky, as compared
with that in the vanishes condition.

EXPERIMENT 3

For the final experiment in this series, we wanted to ex-
ploit the flexibility of the multitarget paradigm to investi-
gate how far ahead observers can plan. In Experiment 2,
we had completely blocked planning by shuffling all of

the items ahead of the current target. Here, we used the
shuffle manipulationto create four levels of target stability:
none (all future targets were shuffled), one (the very next
target was left in place, and all the subsequent targets were
shuffled), two (the next two targets were left in place), and
all (no targets were shuffled, only distractors).

Method
Subjects. Twelve observers from the Boston population were paid

for their time and were naive as to the purpose of the experiment until
the session was complete. None of the observers had participated in
Experiment 1 or 2.

Procedure. The procedure was similar to that in Experiment 2,
with two exceptions. First, we varied (in separate blocks) how far in
advance future targets were shuffled. For example, consider a trial on
which the target sequence was E, F, G, and H. In the no stable tar-
gets condition, when the observer clicked on E, the locations of F, G,
and H, along with the four distractors, would be shuffled. This was
identical to the procedure in Experiment 2. In the one stable target
condition, the F would remain in the same location, but G and H
would be shuffled, and so on. Since there were only four targets, the
three stable targets condition meant that no targets were shuffled, so
we termed this all targets stable. Target stability was varied in
blocks. The order of blocks was counterbalanced across subjects.
Each block consisted of two sessions of 30 trials each, with a brief
break in between.

The second modification relative to Experiment 2 was that the re-
mains versus vanishes manipulation was now carried out between
subjects. This was done to reduce the demands on observers, since
the number of shuffle conditions would have resulted in a large num-
ber of trials.

Results
SRT data (shown in Figure 5) were submitted to a 2

(group: remains vs. vanishes) 3 4 (target) 3 4 (target sta-
bility:none, one, two, or all) mixed ANOVA, with remains
versus vanishes as a between-subjects variable. SRTs did
not differ between the two groups [F(1,10) , 1, MSe =
709,624.22], nor did group interact with any of the other
factors (all Fs , 1), indicating that the subjects in the re-
mains condition produced the same pattern of results as
the subjects in the vanishes condition.We observed signifi-
cant main effects of target [F(3,30) = 75.69, MSe =
32,307.95,p , .0001]and stability[F(3,30) = 83.33,MSe =
19,503.16,p , .0001], as well as a stability 3 target inter-
action [F(9,90) = 25.43, MSe = 7,758.97, p , .0001]. A
glance at Figure 5 indicates the source of the interaction:
Whereas all the stability conditions appeared to produce
similarRTs to the initial target , SRTs to subsequent targets
dropped substantially (i.e., 300–500 msec) in conditions
with one or more stable targets. This drop was very much
shallower (only 1 msec in the remains condition)for the no
stable targets condition.

In order to examine this pattern further, we analyzed the
data separately for the initial target and Targets 2–4. The
ANOVA on the initial target data showed no significant ef-
fects, confirming the impression given by Figure 5. How-
ever, the ANOVA of SRTs to subsequent targets showed
main effects of target [F(2,20) = 35.47, MSe = 7,810.79,
p , .0001] and stability [F(3,30) = 105.87, MSe =
20,704.79,p , .0001], as well as a stability 3 target inter-
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action [F(6,60) = 2.29, MSe = 4,886.76,p , .05]. The tar-
get 3 group interactionwas marginal [F(2,20) = 2.69, p =
.09]. AlthoughSRT overall declinedwith target, in fact this
was due to the fast SRTs to the fourth target. SRTs to the
second and the third targets did not differ (Fisher’s PLSD,
p . .10). The effect of the stability factor was likewise due
primarily to the large drop from no stable targets to the re-
maining conditions. However, there was also a significant
advantagewhen the observers could count on the next two
targets being stable. Fisher’s PLSD showed significantdif-
ferences between no stable targets and one stable target
( p , .0001), one stable target and two stable targets ( p ,
.05), but not between two stable targets and all targets sta-
ble ( p = .10).

Error rates, shown in Table 1, were again fairly low. An
ANOVA of errors, with shuffle and group as factors, re-
vealed no effects.

Discussion
How far ahead do observers plan in this task? The pat-

tern of RTs was clearly influenced by target stability in a
nonlinear fashion. The dramatic decline in SRTs from no
stable targets to one stable target tells us that observers are
capable of planningone step ahead if the environment will
support it. Additional levels of target stability provided
smaller advantages.The observers seem to have been tak-
ing advantageof the availabilityof two stable targets on at
least some trials. Although there appears to have been a
trend of decliningSRTs in the data, the advantage for hav-
ing all three future targets stable did not reach significance.

Additional support for the notion that observers
planned one step ahead comes from a peculiar nonlinear-
ity in the effect of target order. Responses to the second
target seem to have been as fast (or faster) than responses
to the third target. Responses to the second target were
also the least variable across all the conditions.These pat-
terns could have arisen because this target was available for
planning far longer than any other item. If we assume that,
on most trials, the subjects planned one step ahead, the sec-
ond target was available in a stable location as the next tar-
get for (on average) 2,842 msec (SRT to Target 1 + SRT to
Target 2). After the response to the initial target, the third
target became the next target and, therefore, the object of
planning, for 2,461 msec, and the last target enjoyed this
status for 2,340 msec. The extra 180 msec may have sped
responses to the second target, relative to the other targets.

Did the observers adopt different search strategies as we
varied the stability of targets in the display? The fact that
RTs to the initial target were unaffected by condition sug-

Figure 5. Serial reaction time (SRT) data from Experiment 3. In pan-
els A–D, filled symbols denote the remains condition, and open symbols
denote the vanishes condition. Panel A shows data from the no stable
targets condition, panel B the one stable target condition, panel C the
two stable targets condition, and panel D the three stable targets (or no
shuffle) condition. Error bars indicate standard errors of the means.

Table 1
Error Percentages in Experiment 3

Condition

Target Remains Vanishes

Number M SEM M SEM

No stable targets 3.90 1.40 5.96 2.98
One stable target 2.37 1.38 3.14 1.65
Two stable targets 3.10 1.53 2.42 0.81
All targets stable 2.39 0.97 4.70 1.38
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gests that the observers probably were not using different
strategies in different blocksof trials. We can also compare
across experiments to gain some insight into this question.

The no stable targets condition in Experiment 3 is a
replication of Experiment 2. For comparison, these data
are plotted together in the left-hand panel of Figure 6. The
subjects in Experiment 3 were noticeablyfaster in their re-
sponses, and the decline in SRTs from the second to the
fourth targets was somewhat shallower. Otherwise, the
curves are fairly similar. Specifically, there was little gain
from the first to the second targets, followed by an accel-
eration in the SRTs across the remaining positions.Across
both experiments, responses were uniformly slower in the
remains condition.

The generally slowerSRTs in Experiment2 could reflect
the fact that these observers never experienced stable con-
ditions. Their entire experience of the task was with shuf-
fling of all the items ahead of the current target. To mini-
mize errors, they may have adopted a relatively slow pace.
In contrast, the observers in Experiment 3 would also have
experiencedmore stable displays in which faster responses
would have been possible.Consistentwith this idea, a pilot
study for Experiment 2, using observers who had previ-
ously seen stable displays, produced a qualitativelysimilar
pattern of results, except that overall SRT was reduced by
some 500 msec.

The right panel of Figure 6 shows a comparison of Ex-
periment 1 with the all stable targets condition of Experi-
ment 3. Remember that in Experiment 3, unlike in Exper-
iment 1, each time the observer clicked on a target, there
was a global transient, and all of the distractors were shuf-
fled. Nevertheless, the data are highly similar. This tells us
two things. First, the shuffling of distractors had little im-
pact on this task, in agreement with the conclusions of
Horowitz and Wolfe (1998,2003).Second,global transients

had little effect on performance when stable information
about future targets was available.

Finally, there was one strikingnoneffect in Experiment3:
There was no difference between the two groups. The ob-
servers produced the same pattern of behavior whether or
not we removed old targets from the display.

GENERAL DISCUSSION

The purpose of these experiments was to allow us to ex-
plore both spatial and temporal aspects of an observer’s in-
teraction with the environment. Our data suggest that dur-
ing the course of a trial, observers retain informationabout
targets to which they have already responded. Further-
more, observers also acquire some information about fu-
ture targets. Thus, observers appear to be able to use both
prospectiveand retrospectivememory to facilitate responses
within the space of a single trial.

Retrospective Effects
In introducing Experiment 1, we outlined three hy-

potheses and the pattern of results they would predict. The
data most closely resemble the circles in Figure 2. SRTs
in the remains conditiongenerally follow the same course
as those in the vanishes condition, except for an additive
slowing in Experiment 2, which is not replicated in Ex-
periment 3. How can we account for this overall pattern of
results?

As we noted in the introduction, performance in the
MILO task can be decomposedinto three main components:
(1) memorization of the target sequence, (2) searching for
targets, and (3) responding to targets. Since the memory
component was not systematicallyvaried in the present ex-
periments and the memory load was so light—the alphabet
sequence was presumably overlearned for all of our sub-

Figure 6. Comparison of the serial reaction time (SRT) data across experiments. Filled symbols
denote the remains condition, and open symbols denote the vanishes condition. In the left-hand
panel, circles indicate data from Experiment 2, and squares indicate data from the no stable targets
condition of Experiment 3. In the right-hand panel, circles indicate data from Experiment 1, and
triangles indicate data from the three stable targets condition of Experiment 3. Error bars indicate
standard errors of the means.
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jects—it is unlikely to have had a major impact on perfor-
mance. In addition,we can note that working memory load
hasbeen showntohavelittleeffect on visual search tasks (but
see Oh & Kim, 2002; Ojanpää & Näsänen, 2002; Wood-
man, Vogel, & Luck, 2001). Therefore, in the remainder of
this discussion, we will concentrate on the two other com-
ponents, search and response.

In terms of the search component, the observed pattern
of results could be explainedby assuming that after a target
has been located, subsequent searches through the display
ignore that location.Thus, the effective set size decreases
with each target.Note that here we are takinga largely athe-
oretical view of the search component.There are a number
of competing theories of visual search, including two-
stage models (Treisman & Sato, 1990; Wolfe, 1994), dy-
namic competitionmodels (Duncan & Humphreys, 1989,
1992), and signal detection models (Eckstein, Thomas,
Palmer, & Shimozaki, 2000; McElree & Carrasco, 1999;
Palmer & McLean, 1995; Zenger & Fahle, 1997). On any
of these accounts, there should be a steep set size cost in
this task, which accounts for the decreasing SRT with de-
creases in number of targets.

A number of mechanisms have been proposed to allow
the visual system to ignore certain locations. Recent work
by Watson and Humphreys (Watson, 2001; Watson &
Humphreys, 1997, 2000) has demonstrated that when ob-
servers are given a preview of a subset of locationsthatwill
be irrelevant in a subsequent search trial, they can effec-
tively ignore these locationsand restrict their search to new
items. They have proposed a visual marking mechanism
by which irrelevant locations can be suppressed (see also
Gibson & Jiang, 2001;Theeuwes et al., 1998). However, it
is unlikely that visual marking is involved here. Visual
marking requires at least 400 msec to implement and is
subject to interference from competing tasks (Olivers &
Humphreys, 2000). Furthermore, the preview effect does
not occur when observers search the preview displays
(Olivers, Humphreys, Heinke, & Cooper, 2002).

More promising is the inhibitory tagging mechanism
proposedby Klein (1988). Klein has argued that inhibition
of return (IOR; the reduced ability to respond to targets at
previously attended locations or objects; see Klein & Tay-
lor, 1994; McAuliffe, Pratt, & O’Donnell, 2001; Posner &
Cohen, 1984; Posner, Rafal, Choate, & Vaughan, 1985;
Ro & Rafal, 1999; Tipper, Jordan, & Weaver, 1999; Tip-
per, Weaver, Jerreat, & Burak, 1994)marks off the locations
of rejected distractors during visual search, serving to bias
both covert attention (Klein, 1988; Müller & von Mühle-
nen, 2000; Takeda & Yagi, 2000) and overt eye movements
(Klein & MacInnes, 1999) to new locations.Horowitz and
Wolfe (1998) have recently challenged whether rejected
distractors are, in fact, marked off, and the question re-
mains controversial (Horowitz & Wolfe, 2001, 2003;
Kristjánsson, 2000), especially with regard to eye move-
ments (Gilchrist & Harvey, 2000; Gilchrist, North, &
Hood, 2001;Peterson, Kramer, Wang, Irwin, & McCarley,
2001). However, the MILO task differs in important re-
spects from standard visual search tasks. In particular, here

we are measuring the putative effects of tagging target lo-
cations, which is not inconsistent with Horowitz and
Wolfe’s account.There is evidence that IOR can be applied
to more than four locations in the same display (Snyder &
Kingstone, 2000; Wright & Richard, 1996), indicating a
capacity sufficient for our stimuli. Furthermore, IOR has
been demonstrated in experiments in which mouse re-
sponseshave been used (Briand, Larrison, & Sereno, 2000;
Tanaka & Shimojo, 1996) and even in some reaching tasks
(Fischer, Pratt, & Neggers, 2003; Howard, Lupiáñez, &
Tipper, 1999).

A third possibility is that observers deliberately con-
struct a representation or layout map of the relevant dis-
play and restrict their search to the relevant areas on this
map. We know that this is possible in a trivial fashion: Ob-
servers are able to confine their search behavior to the com-
puter monitor and not search the whole room. In a more
technical sense, we know that observers can reduce the ef-
fective set size of a displaywhen cued in advance (Palmer,
1995). In the MILO task, such a layout map would need to
be updatedon line after each response as old targets become
irrelevant for future behavior.

Recent studies have suggested that observers in search
tasks can maintain some memory for the locations of mul-
tiple targets during a given trial (Gibson, Li, Skow, Sal-
vagni,& Cooke, 2000;Horowitz & Wolfe, 2001).However,
in these studies, it was not clear whether such memory
merely allowed subjects to determine whether they were
examining a target they had looked at before or whether
they were able to avoid deployingattention to old targets al-
together. Theparalleldecline in SRT in the remains and van-
ishes conditions of the present experiments suggests that
previously visited targets may be excluded from future
searches of the same scene. The hint of a shallower decline
(from the second to the fourth targets) in the remains con-
dition in Experiment 2 may indicate that this memory is im-
perfect.

The idea that a layout map might aid performance
seems to be contradicted by the repeated search experi-
ments of Wolfe et al. (2000). Inverting the standard search
paradigm, in which observers are asked to report the pres-
ence or absence of a constant target in a series of stimulus
arrays that change from trial to trial, Wolfe et al. varied
the target from trial to trial but left the same stimulus array
on the screen for up to 350 trials in a row. They found that
observers continued to search anew on each trial, as mea-
sured by the persistence of an RT 3 set size interaction,de-
spite the fact that they could simply have learned the search
array and responded from memory. Wolfe et al. argued
that althougha memory representation of the search array
might well be formed, the cost of checking the visual stim-
ulus, relative to memory search, might remain low enough
to discourage the use of a memory-based strategy. That is,
if direct visual search of an array is rapid and efficient, the
advantages of switching to a memory-based strategy (esti-
mated at 100 msec in their Experiment 6) might not be
salient enough for observers to change their strategy. Some
support for this explanationcomes from another condition
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in that experiment, in which visual transients increased the
time taken to search the display, so that memory search
was 300–400 msec faster. In this case, there was evidence
that the observers began to shift to memory search The
addedcomplexityof the MILO task—where observers must
make multiple, spatially localized responses to targets that
are already held in memory—might substantially change
this cost/benefit ratio and make the use of a memory-based
layout map much more likely.

Having considered how the search component of the
MILO task may havedeterminedperformance,we now turn
to consider how response selection effects also could have
contributed. In their studies of reaching tasks, Tipper et al.
(1992) suggested that motor programs to both targets and
distractors might be prepared in parallel and that such pro-
grams could compete with each other, causing response in-
terference, a finding replicated by Pratt and Abrams (1994)
with a cursor movement task rather than with a reaching
task (see also Keulen et al., 2002;Meegan & Tipper, 1998).
In these studies, there are typicallyone target item and one
or two distractor items. The MILO task is somewhat more
complicated,since there are eight items evokingmotor pro-
grams, four of which will eventually be released. Whereas
Meegan and Tipper (1998, 1999) observed interference
only in an action-centered frame of reference (i.e., only
distractors in between the initial hand location and the tar-
get mattered), Keulen et al. (2002) demonstrated that inter-
ference would occur in an environment-centered frame of
reference (i.e., distractors that were not in the movement
path were equallydetrimental)when stimuli were closer to-
gether, similar to our displays.

We can explain the speedup in SRT as a function of tar-
get position by assuming that unexecuted responses com-
pete with each other. Once a response has been made, there
is suddenly one less action competing for resources. Thus,
after each response, there will be less competition for the
next response program to overcome.The reduction in com-
petitionas responses are executedwould not have been ob-
served in the various reaching experiments, since they re-
quired a single response.

Evidence for the argument that response competition
could be involved in the pattern of SRTs comes from the
appearance of nonlinear declines with target position, par-
ticularly in Experiment 2 and the shuffle n 1 1 conditionof
Experiment 3. Here, although the data showed that re-
sponses to the final targetswere faster than responses to the
initial targets, the functions were distinctly nonlinear. This
nonlinearitywas present for both the vanish and the remains
conditions. Visual search for digits among other digits is
known to be reliably linear (Krueger, 1984), especially
under varied-mappingconditions,when targets on one trial
could be distractors on the next (Schneider & Shiffrin,
1977). If the reduction in SRT were determined purely by
the search component—that is, by the reduction in effective
set size—the trend should always be linear.

Could the appearance of nonlinear declines originate at
the response level?Studies of reaching have typicallymea-
sured interference from a singledistractor (Meegan & Tip-

per, 1998, 1999; Pratt & Abrams, 1994; Tipper, Meegan,
& Howard, 2002), so the shape of the interference function
is not known.However, the effects of the number of response
alternatives are nonlinear (Van Selst & Jolicœur, 1997).

At least one possible model of response competition
could produce the nonlinearity observed in our data. As-
sume that unexecuted responses compete for a common
pool of activation (A) and that all responses (n) begin with
roughly equal baseline activation(e.g., A/n). The response
to the current target continues to gain activation at the ex-
pense of nonmatchingresponses until some fixed threshold
is reached. At this point, the response is executed and re-
moved from the pool.When the weights are reset for the next
round of competition,baseline levels of activation [A/(n 2
1)] will be shifted closer to the execution threshold—since
there is now one less response—thusproducingnonlinearly
decelerating RT 3 target functions.

Finally, it is important to note that search- and response-
based explanations are not mutually exclusive. It is quite
possible thatwe are observinga combinationof search- and
response-related factors, a possibility that we hope to ad-
dress with future studies in which the MILO task will be
used.

Prospective Effects
When observers are allowed to plan ahead (Experi-

ment 1), performance is superior to when they are pre-
vented from planningahead (Experiment 2). Furthermore,
this phenomenon is graded (Experiment 3): the further in
advance they are allowed to plan, the better their perfor-
mance,with diminishingreturns as information is available
further forward in time. This implies that while searching
for one target, observers are incidentallypicking up infor-
mation about targets later in the sequence. This does not
seem to be a strategic effect, in that search for the initial
target takes about the same amount of time whether or not
observers expect informationabout later targets to be useful.

What could be the basis for these prospective effects?
Again, we can explain these effects on the basis of either
the search component or the response component. We
have already suggested that observers develop an internal
map of the spatial layout of the display, which couldserve to
support faster search and/or make it easier to prepare re-
sponses.Another possibilityis a prospectiveaction-centered
representation.For instance, the motor planningto move the
cursor to the next targetmay be occurringwhile the response
to the current target is being planned or executed (Adam
et al., 2000; Fischer, Rosenbaum, & Vaughan, 1997). Ac-
cording to the response competition account developed in
the previous section, the prospective representation may
take the form of priming the responses to future targets, in-
creasing their activation over that of distractor responses.

Finally, another interesting feature of the data is the gap
between the no stable targets condition and the other sta-
bility conditions (see Figure 7). Most of the prospective
advantage in Experiment 3 comes from the difference be-
tween no stable target, where planning is useless, and one
stable target, where planningat least one step ahead is pos-
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sible. The option to plan two or three steps ahead provides
a small additionaladvantage.One interpretationis that ob-
servers rarely plan more than one step ahead, even when
the information is available. Trials on which observers
plan two or three steps ahead occur often enough to influ-
ence the overall SRT, but not nearly as often as trials on
which only the next step is plotted in advance.Contrast this
with the retrospectivememory effect, which seems to keep
track of the previous three targets. We can think of this in
terms of the observers’ temporal focus of attention,which
extends beyond the current moment, but further into the
past than into the future.

Future Directions
The main goal of the present articlewas to explore the in-

fluence of past and future actions on responses to a current
target. However, more generally, we hope that the present
work has demonstrated the potential that this simple multi-
target localization task has as a tool for examining both the
temporal and the spatial contexts of search and action.

For example, in the present work, we used an arbitrary
target sequence of 4 items. What happens when the se-
quence is extended to 8, 10, or 12 items? Can observers ef-
fectively ignore any number of old targets, or if there is a
limit, which seems much more likely, what are the capac-
ity limits? Similarly, we used simple, highly familiar tar-
get sequences (i.e., alphabetic letters). Does our ability to
tag or plan ahead interact with the “spatial” complexityof
the sequence? What would happen if observers had to
memorize an arbitrary sequence of letters or digits on each
trial (e.g., X, P, A, H)? What would happen if the quality of
the target items was severely degraded? Would an increase
in task difficulty (e.g., perceptual degradationof the target
items) remove either prospective or retrospective effects?

We might also want to decompose the search- and the
response-related aspects of performance on this task. The
search literature typically attributes increases in RT with
set size as evidence for difficulty in finding the target (for
a review, see Wolfe, 1998a). Data from localization tasks
(Meegan & Tipper, 1998; Pratt & Abrams, 1994; Tipper
et al., 1992) indicate that the presence of distractors in-
creases RT even when targets and distractors are easily
distinguished, although there has been little investigation
of set size effects. The present task prompts us to ask
whether effects attributed to response competition can be
explainedby search difficulty, or vice versa. The design of
the MILO task is particularly amenable to asking these
kinds of questions.

More generally, we believe that the introduction of tar-
get sequences and direct responses has important theoret-
ical and practical implications. In terms of theory, the
MILO task represents important steps forward in terms of
both conceptual coverage (temporal as well as spatial do-
mains) and behavioral relevance (selection for action). Of
course, on a practical level, these changes may make it dif-
ficult to make direct comparisons between findings from
the two types of tasks. Rather than treating the MILO task
as simply a special case of visual search, we believe that it
will be necessary to reexamine established findings from
the search literature in the context of this new paradigm.
For example,do the same stimuli that allow efficient visual
search afford rapid direct selection?Can observers benefit
from contextual cuing (Chun & Jiang, 1998)? Does atten-
tional capture affect multiple responses (Theeuwes &
Godijn, 2002; Yantis, 1993)?

Conclusions
Our extensive knowledge of the effects of spatial con-

text on visual search are beginning to be complementedby
an understandingof the effects of temporal context (Klein &
MacInnes,1999;Rensink,2000;Rensinket al., 2000;Wolfe
et al., 2000). The MILO task we have introduced here has
added to our knowledgeof temporal influencesby demon-
strating that (1) old target items can be efficiently tagged
and/or ignored and (2) given a stable item array, observers
plan ahead at least as far as the next item in the sequence.Fi-
nally, we hope that this new task will prove to be a useful
tool for us to ask a wider range of questions about the influ-
ence of spatial and temporal contexts in visual search.
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NOTES

1. Since completing these experiments, our attention has been drawn
to a well-established neuropsychological task, the trail-making test (e.g.,
Reitan, 1958). The paper-and-pencil task also involves observers’
searching through an array of targets and making sequential responses.
However, in the trail-making task, the only available measurements of in-
terest are usually total errors and/or total time on task. Since the appli-
cation domain is very different and the paper-and-pencil implementa-
tion does not permit the manipulations we are exploring, we have not
draw any parallels with this literature.

2. Although a fixation cross was always presented in the center of the
screen, in the present series of experiments, the observers were never re-
quired to maintain fixation during any part of a trial. The fixation cross
was included in the display to help localize the items during the cuing
part of the trial and also to provide an identical display layout if we ever
do decide to run fixation conditions.

3. Note that whether the search and the response stages were strictly
serial or whether there was some overlap is not important for our pur-
poses here.

(Manuscript received November 19, 2002;
revision accepted for publication May 20, 2003.)
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