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Abstract

We have decades of visual search data from experiments where observers look for targets among distractors. Typically,
observers are tested in blocks of several hundred trials, and conclusions about underlying mechanisms are inferred from
Reaction Time X Set Size functions and errors. However, in the real world, searchers almost never search for the same target
or the same type of target hundreds of times in a row. You search for cereal, then milk, then a bowl. Do the rules derived from
blocks of trials apply when search tasks are mixed? Here, we compare mixed and blocked conditions in five experiments. In
Experiment 1, four different feature searches are tested. In Experiments 2 and 3, the target was the same in four tasks that
were defined by different distractor sets. In Experiment 4, different targets are searched for amongst distractors that remained
constant across trials. Finally, in Experiment 5, we allowed participants to choose which of four tasks to perform on each
trial. In each experiment, there was no qualitative change in search behavior as a function of the mixed/blocked manipulation.
The results support the generality of rules of search learned from blocked trials. However, these results do pose a challenge
to simple adaptive models of search termination.

Keywords Eye movements and visual attention - Reaction time methods - Visual search

Introduction

In a typical visual search task, observers look for a target of
some sort in a display or scene containing distractors (Wolfe,
2023). As a technical term, visual search seems to have
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1980) may be the event that put the topic into every textbook
covering vision and/or cognition.

The thousands of subsequent papers on visual search
are diverse in form and content, but they typically begin
by invoking some real-world search task, such as finding
your car in the parking lot or locating the pickles in your
refrigerator. In their modal form, these empirical papers then
go on to describe experiments where the search tasks are
performed in blocks of dozens, hundreds, or even thousands
of the same type of trials (Wolfe et al., 2010). However,
there is a mismatch here between the motivating examples
and the experimental method. No one does a block of 200
pickle searches in their kitchen, one after the other. You
search for the pickles, then the bread, then a plate, and so on.
The central question of this paper is whether the rules that
govern mixed searches in the real world are similar to those
uncovered by studying blocks of visual searches in the lab.

Of course, there are some real-world search tasks that
are performed in blocks of many similar searches. Popular
examples in the literature include screening tasks in radiol-
ogy (Berbaum et al., 1990; Gandomkar & Mello-Thoms,
2019; Gur et al., 2003; Krupinski, 1996; Kundel et al.,
1978; Taylor, 2007) and airport security (Gale et al., 2000;
Godwin et al., 2010; Mendes et al., 2015; Muhl-Richardson
et al., 2020; Wolfe et al., 2013). Indeed, choices about which
real-world visual tasks to study have been driven both by
the importance of the tasks and their similarity to standard
laboratory experimental designs. As a result, there is much
more work on screening mammography, where the radiolo-
gist does more or less the same task over and over, than on
emergency room radiology, where the task changes from
case to case (e.g., Berge et al., 2020). Certainly, there is
nothing wrong with studying problems like mammography,
but one would like to be able to assert that the rules that have
been established in the lab apply more generally to important
tasks that do not have this blocked structure in the world.
Driving is a good example. It involves a continual mix of
search tasks: searching for landmarks, finding the right icon
in the in-car display, monitoring for danger. These tasks
repeat. The driver must search for road signs over and over,
but those searches are intermixed with other search tasks.

There are reasons to think that behavior might differ
between blocked and mixed searches. In recent years, there
has been increasing emphasis on the role of “history” in the
control of selective attention (Anderson et al., 2021; Awh
et al., 2012; Becker et al., 2023; Wolfe & Horowitz, 2017;
but see Ramgir & Lamy, 2021). “History” is a term covering
a variety of phenomena. To quote the very useful review by
Anderson et al. (2021), selection history is “prior experi-
ence, broadly construed, that exerts a direct influence on
the control of attention.” This includes the priming of the
current trial by the previous trial (or a few previous trials;
Huang et al., 2004; Kristjansson & Driver, 2008; Kruijne
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& Meeter, 2015; Maljkovic & Nakayama, 1994), as well as
the consistency of target identity. Are you always search-
ing for the same thing or does the target change from trial
to trial (Schneider & Shiffrin, 1977; Shiffrin & Schneider,
1977)? Clearly, a history of searching for the same thing
over hundreds of trials is different than a history of mixing
different search tasks, so one might expect different search
results if search tasks are mixed rather than blocked. Note
that “the same target” might be exactly the same, like exactly
the same red dot or exactly this image of a cat. Alterna-
tively, the task might stay the same while the exact target
could vary, such as when observers search for an animal
or any vowel in a set of letters. In either case, we can ask
if blocked trials produce different results from a mixture of
several search tasks.

For some search tasks, performance seems unlikely to
change in any qualitative manner, if the tasks are blocked or
mixed. For instance, if observers are looking for a red item
among homogeneous distractors, performance is likely to
be highly efficient for target-present and target-absent tri-
als. For an inefficient task, where each well-known item
probably still needs to be identified in series (e.g., a search
for a T among Ls), it seems probable that the process of
finding the target might be unaffected by whether the tasks
are blocked or mixed. The absent trials might be a different
story, as discussed below. There are a range of intermedi-
ate cases where blocking trials might be more important.
Consider the case of “weak” preattentive features. There is
a limited set of basic features that are capable of guiding
attention (Wolfe & Horowitz, 2017). These features are not
equal to one another. Some, like color and size, guide atten-
tion vigorously, and salient examples will “pop-out” of a
search display of homogeneous distractors. Others, including
such features as lighting direction (Sun & Perona, 1998) or
Vernier offset (Fahle, 1991b), do appear to guide attention,
but the effects are weaker. One could imagine that a clear
demonstration of the efficacy of such features could require
that observers be focused on that feature for a block of trials.

A related issue concerns search termination. If an
observer is searching for the presence of only one tar-
get in a display, it is easy enough to decide when to end
the search on positive trials. If the target is found, the
search is over. The same is not true for absent trials or for
searches with an unknown number of targets. An unsuc-
cessful search must end, but it is not clear how this is done.
The most obvious thought is that the search ends when
one has looked at “everything” and determined that none
of those things are the target. However, even for searches
where participants probably do examine item after item
in series (e.g., a T among Ls), it can be shown that they
are not doing a serial exhaustive search on absent trials
(Horowitz, 2006; Horowitz & Wolfe, 1998). If the search
is for an object in a real-world scene, the definition of
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“everything” becomes very unclear (Neider & Zelinsky,
2008; Wolfe et al., 2011a, 2011b). Obviously, participants
will not scrutinize every leaf on a tree when looking for a
coffee mug at a picnic in the park (Biederman et al., 1973;
Hwang et al., 2011; Wolfe et al., 2011a, 2011b) and, just
as obviously, it will be possible to end that search, even if
the coffee mug is absent.

There have been multiple efforts to model the decision
process for absent trials. One common approach is to pro-
pose some version of a “quitting threshold” that is adaptively
set over the course of multiple trials (Chun & Wolfe, 1996;
Moran et al., 2013; Schwarz & Miller, 2016; Wolfe, 2012;
Zenger & Fahle, 1997). The general idea is that a current
absent response makes the next absent response a bit faster,
and a miss error makes the next response slower. The rela-
tive size of these changes creates a staircase process (Rose
et al., 1970) that converges on a quitting threshold that pro-
duces some specific level of errors. Some models have quit-
ting threshold for the decisions made about each attended
item as well as for the trial as a whole (Peltier & Becker,
2016; Wolfe et al., 2022a, 2022b). Such models generally
assume feedback, which is not always available in the real
world. At best, real-world feedback tends to be partial. A
searcher almost always knows if they found something, so
the target that they found usually constitutes accurate posi-
tive feedback, though this would be less true for ambigu-
ous targets (Is that really a tumor in that x-ray?). Becker
et al. (2022) showed that quitting times could be adjusted by
changing the time required to find target without providing
feedback on absent trial. Feedback from a negative, target-
absent response is less clear-cut, however. It is easier to be
sure that you found something than to be sure that there was
nothing to be found.

Characteristically, these models and the experiments
testing quitting problems involve blocks of similar trials.
That raises the question of how people quit unsuccessful
searches when they encounter the task outside of a block
of trials. If someone was asked to search for a cow in the
parking lot, it is obvious that they could do so, and, if the
cow was not present, this search could be terminated suc-
cessfully even if the observer had not previously performed
a block of repeated cow-in-parking-lot searches. Presumably,
the observer would have a set of priors about such targets
and such scenes and could apply these priors in order to set
a quitting threshold (see, for example, Yang et al., 2022).
Mazor and Fleming (2022) looked into this for some simple
tasks. They show, for example, that in a search for a red
dot among blue, observers need no training to quit a target-
absent trial consisting of all blue items. They also show that
quitting times speed up with experience for more difficult
searches. This raises the possibility that searchers might start
with some quitting prior that is then modified by an adaptive
process like those cited above.

It is difficult to study quitting for novel cow-in-parking-lot
searches because the search is only novel once. Mazor and
Fleming (2022) used the first four trials in a relatively large
sample of observers to assess search termination without
experience. In the work described here, we will look for dif-
ferences between situations where four search tasks are ran-
domly intermixed. We will compare this mixed condition to
a blocked condition where each of the four tasks is run in a
block of only that type of search. We will report on four ver-
sions of this mixed versus blocked design. In Experiment 1,
four different feature searches are tested. This is akin to the
driving example given earlier, where several tasks recur, but
not in blocks of many repeated trials. In Experiments 2 and
3, Participants search for the same target in different situa-
tions, something like searching for the same cat; first, in the
bathroom (easy), then in the garden (harder), and so forth.
In Experiment 4, different targets are searched for amongst
a fixed set of distractors. This can be seen as analogous to
searching for multiple distinct items, one after the other in
the same kitchen or in the same abdominal CT images in
radiology. Finally, in Experiment 5, we compare situations
where the observer chooses the task for the next trial versus
when the task is predetermined. While these experiments do
not exhaust the questions about possible differences between
mixed and blocked searches, the results will show no qualita-
tive change in search behavior as a function of this mixed/
blocked manipulation. The results reassure us about the
generalizability of the rules of search learned from blocked
trials, though these results can be seen to challenge simple
adaptive models of search termination.

Experiment 1: Four feature search tasks

Experiment 1 was preregistered on the Open Science Frame-
work (OSF; https://osf.io/26jsr). In Experiment 1, partici-
pants searched for a target defined by a single feature. The
four feature searches are shown in Fig. 1.

When a search target is defined by a single, preattentively
processed feature like color, attention is drawn to the tar-
get efficiently and the number of distractors has little or no
influence on response time (Buetti et al., 2016; Treisman &
Gelade, 1980). Task A from Experiment 1 is a search of this
sort (Fig. 1A). Participants search for a red target amongst
homogenous green distractors. This will reliably produce
fast response times (RTs) regardless of the set size with RT
X Set Size slopes near zero. There are several features that
produce this kind of unambiguous evidence of “pop-out”
search behavior, such as sufficiently salient motion, size, or
orientation targets (Wolfe & Horowitz, 2004).

Many other features appear to guide attention, but the
evidence is weaker. Tasks B, C, and D of Experiment 1
test such features. In Task B, the target is a cube with a
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Fig. 1 The four search tasks of Experiment 1. See text for details. Items are not drawn to scale. (Color figure online)

different orientation and lighting direction from that of the
distractors (Enns & Rensink, 1990). In Task C, the target is
the sphere that appears to be lit from below (Sun & Perona,
1998). Finally, in Task D, the target is the pair of lines that
show a Vernier offset among distractors where the lines
in the pair are colinear (Fahle, 1991a). Notice that the
distractors vary in overall orientation so as to disrupt an
orientation cue that might otherwise be used to detect the
Vernier target (Findlay, 1973). Each of these features can
produce efficient search but, as preattentive features, they
are more “fragile” than a feature like color. Accordingly, if
mixing different tasks did make a qualitative difference in
search, these four seem like good candidate tasks to try. Of
course, a vast array of other tasks might have been chosen.
Nevertheless, in choosing only four tasks, we are balanc-
ing the desire to mix different search tasks with the need
to have enough data on each task to obtain reliable results.

Participants

Standard search experiments looking for effects of search
efficiency/search slopes traditionally involve 10-12
observers. Since we were not sure about effect sizes and
were using fewer trials per condition than we might nor-
mally use, we opted for a larger number of observers,
testing 39 in total. Fourteen participants self-identified
as male, 25 as female. Average age was 29.8 years(SD =
8.8, range: 20-53). Participants were recruited online
through Prolific (https://www.prolific.com). All attested
to normal color vision and no oculo-motor disorders. They
gave informed consent as approved by the Mass General
Brigham IRB Protocol #2007P000646 and were paid at a
rate of $12/hour.
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Methods

The experiment was performed online, thus, stimulus size
was not precisely defined in degrees of visual angle. Par-
ticipants were not allowed to perform the experiment on a
phone or tablet. Stimuli were placed in random locations
in a jiggled 5 x 5 grid. The grid was placed within square
field that was 0.5 of the maximum height of the screen.
Each stimulus item fit into an invisible box that was 0.11
of the screen height. If the viewing distance was about 60
cm, a standard computer screen would show a stimulus
field of about 15° on a side and each item would be place
in a box of about 3 x 3°. The background was white and
the colors were as shown in Fig. 1, though precise state-
ments of color cannot be made for online testing.

Participants were tested both in the “blocked” and
“mixed” conditions in order. Within the blocked condition,
participants ran a block of 100 trials for each task. The
task order was randomized across observers. After a break,
they ran the mixed condition with a further 400 trials with
all tasks randomly intermixed. The blocked condition was
always run first and mixed condition second because we
did not want inferior performance on the mixed condi-
tion to be attributable to a learning effect. In retrospect,
this was probably not the ideal choice (see Results). Trials
were divided evenly between three set sizes: 8, 16, and 24
items and evenly between target-present and target-absent
trials. Stimuli were presented until the observer responded
by pressing either “p” or “q” to indicate target present or
absent, respectively. Accuracy feedback was provided after
each trial.
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Results

We removed RT outliers, here defined as RTs less than 200
ms and greater than 10 s. Filtering RTs is a somewhat sub-
jective art. We seek to remove RTs in the upper tail of the
RT distribution that might result from motor errors or inter-
ruptions. In none of the experiments reported here is the
qualitative shape of the data markedly changed if all RTs are
included. The filters that we used in Experiment 1 removed
1.3% of the data. However, one participant lost 41% of their
trials to these filters and accounted for 80%(!) of all removed
RTs. That observer was excluded from analysis, leaving
99.7% of RTs for the remaining participants. Participants
were also removed if d' was lower than 0.5 for any task. This
is a change from the preregistration that proposed excluding
participants with more that 20% errors in any one condition.
We had not anticipated that the Vernier condition would be
as difficult as it was. The d' <0.5 criterion allowed us to be
more flexible in keeping observers while removing those
with behavior that suggested that they were not really doing
the task as asked. Two subjects were removed by this accu-
racy criterion, leaving 36 participants in the final analysis.

Figure 2 shows RT as a function of set size for each of the
four tasks. Note the very different y-axes. The tasks differ
considerably in difficulty. The most obvious effect is that the
mixed condition is actually faster than the blocked condi-
tion for the three harder tasks. This is almost undoubtedly a
learning effect, resulting from our decision to do the blocked
condition first. Certainly, it provides no support to the idea
that mixing tasks would disrupt search.

Supplementary Table S1 shows the results of three-
way analyses of variance (ANOVAs) with factors Set Size
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Fig.2 RT XxSet Size functions for the four tasks of Experiment 1.
Error bars, where visible, are +1 s.e.m. Note the different y-axes.
Solid lines show hit (correct present) trials. Dashed lines show true
negative (TNeg), target-absent trials. Green circles show the mixed
condition. Purple triangles show the blocked condition. (Color figure
online)

X Mixed vs. Blocked x Hit vs. True Negative. For the color
feature condition, only the main effect of set size is signifi-
cant. For the three harder searches, all ANOVA terms except
the triple interaction are significant. The critical analyses
for present purposes are the main effect of Mixed vs. Block
and the interaction of Mixed vs. Blocked with Set Size. The
interaction serves as a test for a change in slope. As noted,
these are significant, but the direction shows the mixed
condition to be faster and more efficient than the blocked
condition. This is evidence against the hypothesis that mix-
ing different tasks together would disrupt search, making it
slower and/or less efficient.

It could be hypothesized that Fig. 2 shows one side of
a speed—accuracy trade-off. Perhaps, mixing tasks causes
participants to become fast and sloppy. That would predict
that the error rates would be greater in the mixed condi-
tions. However, Fig. 3 argues that this is not the case. The
blocked conditions tended to have the higher error rates.
Again, it seems likely that this is attributable to a learning
effect, resulting from the blocked condition having been run
before the mixed condition. For statistical analysis, errors
were arcsin-transformed. This is done to make the error data
more normally distributed for statistical purposes (Hogg &
Craig, 1995). In the present case, the results of analysis are
qualitatively the same if the untransformed data are used.
Table S2 shows the results of a three-way ANOVA with the
factors Set Size X Mixed vs. Blocked X Miss vs. False Alarm
(FA). The Mixed vs. Block factor produced a significant
effect only in interaction with Miss vs FA in the Vernier
condition. In general, the error data are unremarkable and
do not show any evidence for an increase in errors in the
mixed condition.
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«Fig. 4 Difference in RTs before and after a miss error for each task
in mixed or blocked conditions (A-H). Panel I shows blocked data
pooled over Tasks. Panel J shows differences in RT in the mixed con-
dition when the TNeg trials are chosen independent of task. Panel K
shows differences in RT when miss and TNeg trials come from the
same task. Error bars are +1 s.e.m; y-axis units are seconds; #-test
results with p < 0.05 a marked with red boxes. (Color figure online)

How do participants know when to end an absent trial?
As discussed in the Introduction, a number of modelers have
proposed that a quitting time is set adaptively by having
the observers monitor their accuracy, increasing RT after an
error and decreasing it after a correct response. The mixed
condition could produce difficulties for such a process. If
one misses a Vernier target, should the quitting threshold
be raised for all tasks or just for the Vernier task? The latter
seems like the more adaptive strategy. To gain some insight
into this question, we computed average target-absent RTs
relative to miss errors. We then compared these RTs for
equivalent positions before and after the miss. The results of
this analysis are shown in Fig. 4. Datapoints show RT(after
miss) — RT(before miss) for each of five positions relative to
the miss error, for each participant in each task. The predic-
tion would be that, if the quitting time RTs are adaptive, this
difference should be positive—at least for the first couple of
positions. Numbers on the graphs at each position represent
the p values for one-sample ¢ tests, evaluating the hypothesis
that that the differences between RT after a miss and the
equivalent RT before the miss are above zero on average
(not corrected for multiple comparison). The p value at the
top of each graph is the 7 test for the average difference over
all five positions.

For the mixed condition, the analysis can be done in two
ways. Consider a miss in the Vernier task. We could look
for the first true negative Vernier task trials before and after
the miss. Those trials will be quite distant from the miss
(~ 8 trials for Position 1) compared with the distances for
Position 1 in the blocked condition (~ 2 trials). Results of
that analysis are shown in Fig. 4B, D, F, & H, with pooled
results shown in Fig. 4K. Blocked results are in Fig. 4A, C,
E, F, G and pooled in Fig. 41. Alternatively, following that
Vernier miss in the mixed condition, one could look for the
first TNeg before and after the miss, regardless if the task
that produced those TNegs. That preserves the distance from
the miss to the TNegs but not the match of miss and TNeg
tasks. Those pooled results are shown in Fig. 4].

The data show a somewhat noisy effect in the expected
direction for blocked conditions. The result is particularly
clear in in the pooled results (Fig. 4I). The tasks show
either statistically significant or, at least, numerical slow-
ing of the first true negative trial after a miss. Two of the
tasks show an average slowing over five true negative trials
after a miss. In the mixed condition, the effect is clearly
weaker. If the mixed condition’s analysis is done only

for trials where the TNeg is of the same task type as the
miss, the effects are small and insignificant (except for an
odd result in the wrong direction at Position 5). If match
between miss and TNeg tasks is not required (Fig. 4]),
there is evidence for slowing of the first TNeg after the
miss.

There are many aspects of this analysis that are not
ideal. Different observers have different error rates. Each
observer gets the same contribution to the data shown in
Fig. 4. Different tasks produce very different error rates,
making the easier tasks less well-powered. In the pooled
data, the harder tasks make a larger contribution to the
result. Still, the overall conclusion would be that the evi-
dence for an adaptively set quitting rule is reasonably clear
for the blocked. It is weaker in the mixed condition, even
though there is no evidence for a qualitative difference
in target-absent behavior between the mixed and blocked
conditions (i.e., no evidence for markedly higher TNeg
RTs or error rates in the mixed condition). It could be
that the bulk of any adaptive process took place during
the blocked conditions and was retained for each task in
the subsequent mixed condition since blocked was done
first. This hypothesis will be tested in later experiments
in this paper.

Discussion

The main conclusion from Experiment 1 is that mixing
four tasks of different difficulty together did not dramati-
cally change search behavior, compared with the situation
where each task was run in a block of similar trials. If
anything, search behavior was better—somewhat faster
and somewhat more accurate—in the mixed condition
than in the blocked condition. However, this could be a
by-product of the choice to run the blocked condition first.
We deal with this possibility in Experiments 2 and 2a. It
is particularly interesting that performance on the absent
trials did not suffer in the mixed condition. This would
be consistent with the idea that participants can maintain
separate quitting rules for each task and can switch to the
right one at little or no cost on each trial. Determining just
how well participants can do this would require different
experiments, designed to get around the limitations of the
present design. Alternatively, it could be that the quitting
rule is computed anew on each trial, based on the partici-
pant’s rapid assessment of the stimulus.

There are an essentially infinite variety of mixed condi-
tions that could be tested so it would not be wise to assert
that mixing search tasks never disrupts search. In the fol-
lowing experiments, we examine the effect of mixing tasks
with several different sets of tasks in an effort to assess the
generalizability of the results of Experiment 1.
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Experiment 2: One target; multiple
backgrounds

Experiment 2 is preregistered on OSF (https://osf.io/cmjrb).
In Experiment 2, the target was a green O in all tasks. As
shown in Fig. 5, the four tasks differed in their distractors.
This is akin to looking for the same cat in different settings
or to looking for the same pathology in different patients.
In this case, we deliberately varied the tasks across a wide
range of difficulty. In the “easy color” task, the target was
uniquely green among blue distractors. In the conjunction
task, Participants searched for a green O among Os that
were not green and green items that were not Os (Egeth
et al., 1984; Wolfe et al., 1989). In the hard color task, par-
ticipants looked for the green O among yellow-green and
blue-green distractors. This task is difficult because the
target-distractor distance in color space is reduced (Duncan
& Humphreys, 1989; Nagy & Sanchez, 1990) and, more
importantly, because the distractor colors flank the target
in color space. The target is said not to be “linearly sepa-
rable” from the distractors (Bauer et al., 1996a, 1996b; but
see Vighneshvel & Arun, 2013). Finally, in the hard shape
condition, participants look for the green O among vertical
and horizontal green ovals of slightly different sizes. This
is hard because the distractors are heterogeneous (Xu et al.,
2021) and because the target is defined by the absence of an
attribute (orientation) and search for absence is harder than
search for presence (Treisman & Souther, 1985).

We tested 47 participants for this experiment, expect-
ing to lose a fair number to the vagaries of online testing.
Eighteen participants self-identified as male, 29 as female.
Average age was 28.4 years (SD= 8, range: 18-51). Par-
ticipants were recruited online through Prolific. All attested
to normal color vision and no oculo-motor disorders. They
gave informed consent as approved by the Mass General
Brigham IRB protocol #2007P000646 and were paid at a
rate of $12/hour.

As in Experiment 1, participants were tested on the
blocked condition before the mixed condition. As will be
discussed below, having recognized that this was a problem,
we ran a separate version of the experiment in which partici-
pants were tested only in the mixed condition. The results
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Fig.5 The four tasks in Experiment 2. (Color figure online)
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for this control are very similar to the mixed condition of the
current experiment. Participants were tested for 100 trials
of each of the four tasks in mixed and blocked conditions.
Set sizes were 8, 16, and 24. Targets were present on 50%
of trials. In all other respects, the experiment followed the
methods of Experiment 1.

Results
Data and subject exclusion

As before, we removed RTs <200 ms and greater than 10
s. We then removed participants who had more than 20% of
their RTs removed in any one task by those criteria or who
produced d'< 0.5 in any task. A lamentably large number
of participants needed to be removed. In most cases, they
seem to have decided not to do one or more of the tasks. For
example, they might simply push the response key as fast
as possible whenever ovals appeared. After exclusions, 23
participants remained. This is lower than our preregistered
goal. We ran another version (Experiment 3) as a partial
corrective for this deviation. It is worth noting that if all
participants are included (while still removing the “bad”
RTs), the overall pattern of the RT data does not change in
any qualitative manner, though RTs increase in both mean
and variance.

Figure 6 shows the RT X Set Size functions for Experi-
ment 2. Note that there is a very wide range of difficulty in
these search tasks from target-present slopes of ~0 ms/item
for the color feature search to slopes of about 65 ms/item
for circles among ovals. Mixing these very different tasks
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O Mixed Y/ Blocked [ Only Mixed — Hit eeee TNeg

Fig.6 RT X Set Size functions for Experiment 2 and for the mixed-
only control version of the experiment. Note the very different y-axes.
Error bars, where visible, are +1 s.e.m. Circles =mixed condition,
triangles =blocked, squares =mixed-only control, solid lines =cor-
rect target-present (hit) trials, dashed line =correct target-absent (true
negative) trials. (Color figure online)
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in a random sequence does not make much difference to the
results. There are no significant differences in slope of RT
X Set Size functions between blocked and mixed conditions,
all #(22) < 1.5, all p values >0.17. A three-way ANOVA
with factors set size, hit versus TNeg, and mix versus block
shows a significant main effect of the mix versus block factor
for the simple color search, (0.9, 20.7) =31.92, p < 0.0001.
It can be seen that overall RTs are faster in the blocked con-
dition. There is a more modest main effect of the mix ver-
sus block factor for the O among ovals task, F(0.5, 10.0)
=6.791, p=0.0423, but note that Fig. 6 shows, again, that
the mixed condition was faster. The full ANOVA table is
found in Table S3.

Like slopes, error rates vary widely in this task with aver-
age miss error rates of about 3% in the color feature task
compared to error rates of over 30% in the circle among
ovals task (and that is after removing participants who
did worse). A three-way ANOVA on arcsin transformed

errors has only one significant result involving the Mixed
vs. Blocked manipulation. For the circle among ovals task,
there is an interaction of the Mixed vs. Block and Miss vs.
FA factors, F(0.9, 20.1) =14.56, p= 0.0013. Miss errors
are somewhat higher in the mixed condition. A two-way
ANOVA (Block/Mix, Set Size) shows that false-alarm errors
are significantly higher in the blocked condition, F(1, 22)
=12.57, p=0.0018. Beyond that, mixing tasks appears to
have no particular effect on errors. The full ANOVA table
for the error analysis is found in Table S4.

Figure 7 shows the results of a comparison of RTs before
and after miss errors. The figure shows the results pooled
over tasks with the mixed condition analyzed in the two
ways described for Experiment 1 and shown in Fig. 4J-K.
In Experiment 2, there is very little evidence for the adaptive
process proposed to adjust quitting times on absent trials.
There was evidence for an elevation in post-miss RTs for
the first TNeg after a miss in the conjunction task for both
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Fig.7 Difference between RTs before and after a miss error, pooled
across tasks for Experiment 2 (A-C) and the mixed-only control
(Experiment 2a, Panels D & E). Mixed conditions are calculated with
the requirement that the miss and TNeg tasks match (C & E) and

Position Relative to Miss

without that requirement (B & D). Red boxes highlight conditions
where the mean value deviates significantly from zero. See text for
details. Error bars are + 1 s.e.m. (Color figure online)
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mixed and blocked conditions and for the first position in
the blocked condition of the color feature task (all p values
<0.05). In the pooled data, the only significant result was a
weak effect for the first TNeg after a miss in mixed condition
when miss and TNeg were from the same task (p= 0.04). No
other effects were significant.

Experiment 2a: A mixed-only control

Since running the blocked condition first introduces a vari-
ety of possibly confounding factors into the comparison of
mixed and blocked conditions, we ran a control experiment
where participants only ran the mixed condition. Of course,
these participants must be different from the participants
in the main Experiment 2. However, it is still possible to
compare the mixed condition of Experiment 2 to this mixed
only condition. All conditions were identical to the mixed
condition of Experiment 2. We tested 40 online participants
for this control experiment (21 women, Mage= 25.6 years,
SD=15.5, range: 18-47).

The rules for exclusion of trials and observers were the
same as in the main portion of Experiment 2. Again, many
observers were removed from analysis either because they
had too many excluded RTs or because d’ was below 0.5
in one or more tasks (generally in the two harder tasks).
After exclusion, 21 participants remained. The blue squares
in Fig. 6 show the average RT data for those 21 participants.
For the simple color feature task, the mixed-only control
condition is slower than the mixed condition of the main
experiment, F(1, 126) =6.997, p= 0.0092. No other com-
parisons of the mixed and mixed-only conditions were sig-
nificant. Indeed, it is obvious from the figure that the RTs
for the blocked and both mixed conditions are very similar.

Figure 7 shows the results of the analysis of RTs before
and after Miss errors for both Experiment 2 and for this
mixed-only control. For the mixed-only control, there
is modest evidence that the first TNeg RT after a miss is
slowed. This was true for each of the four tasks, but only the
conjunction task showed a significant effect (p= 0.015). In
the pooled data, the effect is significant for Position 1 if miss
and TNeg tasks are constrained to be the same (p = 0.044).
Recall that the relevant TNeg trials in Position 1 are about 10
trials removed from the miss. The Position 5 TNegs average
almost 50 trials away from the miss. These results provide
some modest evidence that there are separate quitting rules
for each task (more effect in Fig. 7C & E than B & D). More
compelling evidence would require a more extensive study
to overcome noise and power issues in this design.

As an added, exploratory test for the effect of one trial
on the next, we measured the RTs for all trials where the
task repeated and compared those RTs to the trials where
the task switched. When we restricted analysis to cases of
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two adjacent target-present trials, we found no difference
between repeat and switch trials, #(20) =1.14, p=0.27. The
result was similar if repeats and switches were assessed
regardless of with the trials were present or absent, #(20)
=0.85, p=0.41. This does not mean that repetition priming
is not a real phenomenon; merely that we failed to find it in
this case.

Discussion

From these results, the conclusion appears to be that mix-
ing four different searches for the same target has very little
impact on performance compared with testing each task in
a block of its own. The only effects of mixing are increases
in RT for the simple color feature task. The elevated false-
alarm rates in the blocked condition suggests that this could
be some form of speed—accuracy trade-off. In any case, there
was no qualitative change in the search. Color feature search
remained efficient in all conditions. The results of the mixed-
only control experiment suggest that the decision to run the
blocked conditions first in Experiments 1 and 2 did not make
any systematic difference to these results. The analysis of the
RTs relative to miss errors provides some evidence in favor
of an ability to adjust multiple quitting thresholds in a mixed
condition. The failure to see this effect for the color feature
task may arise from the small number of errors for that task.

Even for online testing, the need to remove half of the
observers from analysis is unfortunate. Accordingly, Experi-
ment 3 is a close replication of Experiment 2, but with all
participants run in the lab.

Experiment 3: One target; multiple
backgrounds, replication

Experiment 3 is preregistered on OSF (https://osf.io/m9z57).
Experiment 3 was a replication of Experiment 2, with two
notable changes. First, the hard color search task using tar-
gets that were not linearly separable from the distractors
was replaced with a less challenging search for an O tar-
get among C distractors (see Fig. 8). Searching for an O
among Cs is a relatively inefficient search. Search for a C
among Os would be much easier—a classic search asym-
metry (see Experiment 4 of Treisman & Souther, 1985).
The second change was to run the experiment in the lab
rather than online. The experiment was otherwise identi-
cal to Experiment 2. We tested 24 participants for this con-
trol experiment. Ten participants self-identified as male, 14
as female. Average age was 22.2 years (SD = 7.55, range:
18-50). Of these, four participants were recruited through
the Mass General Brigham Rally system and paid at a rate
of $15/hour. Twenty participants were recruited through
Boston University’s SONA Psych 101 pool. They received
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undergraduate class credit for their participation. All par-
ticipants had 20/25 or better vision with correction, passed
the Ishihara Color Blindness Test, and had no history of any
eye or muscular disease. They all provided informed consent
as approved by the Mass General Brigham IRB protocol
#2007P000646.

As in the other experiments, we removed RT outliers,
here defined as RTs less than 200 ms and greater than 10
s. These filters removed only 0.75% of the data. We again
planned to exclude any observer with greater than 20% of tri-
als removed in any task and any observer whose d' was lower
than 0.5 for any task. In this case, none of the 24 participants

were removed from analysis, addressing the issue of high
rejection rates in Experiment 2.

The RT X Set Size functions, shown in Fig. 9, are similar
to those in the previous experiments. However, in this case,
there is an interesting effect of the mixed/block manipula-
tion. In Fig. 9A, it is clear that the mixed condition is slower
than the blocked condition for the simple color feature
search. This is borne out by a three-way ANOVA (Set Size,
Mixed vs. Blocked, and Hits vs. TNegs) that shows a sig-
nificant main effect of the mixed/block factor, F(0.43, 9.89)
=7.020, p= 0.0413. Full results of the ANOVAs are found
in Table S5. Figure 9B shows the same difference between
mixed and blocked for the conjunction task, F(0.61, 14.13)
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Fig. 8 Stimulus conditions for Experiment 3. (Color figure online)
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Fig.9 A-D RT X Set Size functions for Experiment 3. Note the very
different y-axes. Error bars, where visible, are +1 s.e.m. Circles
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(Color figure online)
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=12.55, p= 0.0073. But this effect reverses for the two
harder tasks. The mixed advantage is not significant for the
O among Cs task, F(0.45, 10.42) =0.2560, p = 0.4404, but
it is for the O among ovals task, F(0.49, 11.33) =8.809, p=
0.0244. It is as if the effect of mixing tasks made the harder
tasks faster and the easier tasks slower. This is illustrated in
Fig. OE, where the RT for each task is averaged across set
size and target presence/absence. The figure plots blocked
— mixed average RTs. If mixed and blocked conditions did
not differ, the difference would be zero. A two-way ANOVA
on the average RTs with factors task and mixed/block shows
a significant interaction of task and mixed/blocked factors.
As the task becomes harder, the difference goes from nega-
tive to positive, F(2.06, 47.25) =8.627, p= 0.0006. Note
that a similar, although less clear-cut, version of this pat-
tern can be seen in the data for Experiment 2. The blocked
condition seems somewhat faster for the easiest task while
mixed is faster (albeit not significantly) for the harder tasks.

One possible account is that this represents a speed—accu-
racy trade-off. If so, one might expect to see the reverse
trend in the error data: Fewer errors in the mixed condition
for the easier tasks and more for the harder tasks since they
show faster mixed than blocked RTs. However, no such pat-
tern is seen. In Fig. 10A, there are more miss errors in the
blocked condition (main effect of mixed vs. blocked, from a
three-way ANOVA on arcsin transformed errors), F(0.9517,
21.89) =8.28, p= 0.0095. However, that reverses for the
conjunction task, F(0.94,21.71) =4.574, p=0.0459, and is

not statistically significant for either of the two harder tasks.
(Full ANOVA table is found in Table S6).

Figure 10E shows the difference in all errors between
blocked and mixed conditions for each task. As can be seen,
unlike Fig. 9E, there is no systematic change as a function
of task difficulty.

Turning to the question of the setting of a quitting thresh-
old, Fig. 11 shows the difference in RTs before and after a
Miss error, pooled over all four tasks. In this experiment,
there is reasonable evidence for elevated RTs after a miss in
the blocked condition, but no significant effects in the mixed
condition, regardless of how the results were pooled.

Discussion

Probably by virtue of being run in the lab rather than online,
no participants in Experiment 3 needed to be excluded
because of the quality of their data. This is in contrast
to Experiment 2, where about 50% of participants were
excluded. If we compare Figs. 6 and 9, we can conclude that
this difference in data quality did not have a major impact
on the results. The main conclusions remain the same; there
are no qualitative differences between the mixed and blocked
conditions. In particular, the efficiency of the searches is
comparable in the two conditions. Experiment 3 does seem
to show that participants became, in a sense, more “moder-
ate” in the mixed condition. Relative to the blocked condi-
tion, participants became a little slower on the easier tasks
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Fig. 10 A-D Error rate as a function of set size for the four tasks in
Experiment 3. Error bars, where visible, are +1 s.e.m. Note the dif-
ferent y-axes. Solid lines show miss errors trials. Dashed lines show
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false-positive/false-alarm errors. Green circles show the mixed con-
dition. Purple triangles show the blocked condition. E Difference in
total error percentage for each task. (Color figure online)
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Fig. 11 Difference in RT for matched positions before and after a
miss error for blocked and mixed condition. Results are pooled over
all four tasks. Panel A shows the blocked condition. Panels B shows

and a little faster on the harder tasks but without any signifi-
cant impact on the error rates.

Experiment 3 is analogous to the search for an object that
can be found in different places (e.g., that cat). The target
remained constant while the distractors changed between
tasks. Experiment 4 tests the condition where the distractors
remain fixed and the target changes. This situation mirrors a
search through the same kitchen cabinet for several different
ingredients.

Position Relative to Miss

Position Relative to Miss

the results for all misses regardless of whether the miss and TNeg tri-
als involve the same task. Panel C shows the results where the TNeg
trial task matches the miss trial task. (Color figure online)

Experiment 4: One background, several
targets

Method

Experiment 4 is preregistered on OSF (https://osf.io/yv73p).
Figure 12 shows the tasks for Experiment 4. In this case, the
image of a single search display serves to illustrate all five
tasks, underlining the fact that the items in the background
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Fig. 12 Stimuli for Experiment 4. The background elements were the
same for all tasks. In the case, where the target could be any of the
targets, there was no specific cue (no-cue condition). For conveni-

ence, the figure shows examples of each of the four possible targets
in a single panel. In the experiment, only one of the target types could
appear on any trial. (Color figure online)
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remained the same across tasks. The distractors were a ran-
dom mixture of 50% blue vertical lines and 50% green lines
tilted 45° clockwise from vertical. The specific arrangement
of distractors changed from trial to trial. There were five
tasks. An example of each of the targets is shown in the
search display.

In the pop-out condition, the target was a large reddish
circle that differed in color, size, orientation, and shape from
the distractor items. The target for the conjunction task was
a 45° tilted blue line. For the minus 22° condition, the target
was tilted to the left by 22°, making it categorically unique
and easy to find (Wolfe et al., 1992). For the plus 22° condi-
tion, the target was tilted to the right of vertical by 22°. Its
orientation was flanked by the 0 and 45° distractors, making
it hard to find. In both 22° tasks, the target could be ran-
domly blue or green. In the no-cue task, the target could be
any of the targets from the other four tasks, and participants
were asked to search for the “oddball” item. For each task,
the target or targets were cued for 1,000 ms before the trial.
Set sizes were 8, 16, and 24. There were a total of 400 trials
in the mixed and blocked conditions, with 80 trials for each
task. Unlike in the previous experiments, in this case, half
of the participants did the blocked condition first while the
other half did the mixed condition first.

Twenty-six participants were tested in the lab and
recruited through the Boston University SONA system (20
women, six men, Avg age: 21 years, range: 18—42). Of the
26 participants, six received payment at a rate of $15/hour.
Twenty were recruited through the Boston University Psych
101 pool and received class credit for their participation.
All gave consent, had at least 20/25 vision with correction,
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normal color vision, and no history of any eye or muscular
disease.

Results and discussion

Two participants were removed from analysis because of
poor performance (d' <0.5) on the hard, plus 22° task. RTs
were removed from analysis if they were less than 200 ms or
greater than 10 s. The upper limit is higher than in previous
experiments because observers were slower overall. This left
99.75% of the data.

Looking at Fig. 13, we see that there are effects of the
Mixed vs. Blocked conditions for the pop-out, conjunction,
and no-cue tasks. Specifically, the mixed condition is some-
what slower than the blocked condition. The results of three-
way ANOVAs (Set Size X Present/Absent X Mixed/Blocked
show significant main effects of mixed/block for those three
tasks (all p values < 0.03, full details in Table S7). Separate
two-way ANOVAs (Set Size X Mixed/Blocked) show that
the mixed/blocked effect is not significant for present tri-
als for pop-out, F(1, 23) =0.8449, p= 0.3676. It is signifi-
cant for conjunction, F(1, 23) =18.53, p= 0.0003, and for
no-cue, F(1, 23) =9.177, p= 0.0060. For the absent trials,
the mixed/blocked effect is significant for pop-out, F(1, 23)
=33.03, p< 0.0001, and conjunction, F(1, 23) =13.69, p=
0.0012, but not for no-cue, F(1, 23) =2.786, p= 0.1087,
though the interaction with set size is weakly significant in
that case, F(2, 46) =3.494, p=0.0387.

Turning to the error data, Fig. 14 shows that there are
no very orderly differences between blocked and mixed
conditions. In the plus 22° condition, there is a significant
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Fig. 13 RT XxSet Size functions for the five tasks of Experiment 4.
Mixed conditions are shown with green circles; blocked, with purple
triangles. Correct present (hit) trials are shown with solid lines; true

@ Springer

negative (TNeg), with dashed lines. Error bars, where visible are + 1
s.e.m. Note the very different y-axes for these tasks of different dif-
ficulty. (Color figure online)
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Fig. 14 Error X Set Size functions for the five tasks of Experiment 4.
Mixed conditions are shown with green circles; blocked, with purple
triangles. Correct present (hit) trials are shown with solid lines; true

interaction of mixed/block with target presence, F(1, 23)
=14.08, p= 0.0010, reflecting a higher rate of false-pos-
itive errors in the mixed condition. The triple interaction
including set size is also significant, F(2, 46) =3.862, p=
0.0282. No other tasks show any significant main effects
or interactions of the mixed/block variable. Supplementary
Table S9 shows three-way ANOVA results for the arcsin-
transformed error data.

In this experiment, we can look at the effects of the
order of mixed and blocked conditions. Supplementary
Table S9 shows three-way ANOVAs with Mixed vs. Block
(Within Os) X Order (1 st vs. 2nd, Between Os) X Set Size
(Within Os). ANOVAs are done for each of the five con-
ditions and for target present and absent separately. Par-
ticipants get faster with practice. The main effect of order
is significant in all cases (all p values < 0.05) except for
the pop-out task where observers are fast from the start.
This basic practice effect sometimes interacts with set
size indicating that the slopes of RT X Set Size functions
sometimes become shallower with practice. The order
variable only interacts with the mixed/blocked variable
for the absent trials for the plus 22° target task. In this
task, blocked RTs are slower than mixed when in the first
session and faster in the second. The blocked RTs change
fairly dramatically from first to second session. The mixed
RTs do not. Overall, however, the effect of order is that
observers get faster with practice. They do not qualita-
tively change the relationship between mixed and blocked
conditions.

negative (TNeg), with dashed lines. Error bars, where visible are +1
s.e.m. Note the different y-axes for these tasks of different difficulty.
(Color figure online)

Turning to the evidence for an adaptive quitting rule,
Fig. 15 shows the pooled results for the change in true nega-
tive RTs following a miss.

In Experiment Four, there is evidence for an increase in
RT immediately after a miss in blocked and mixed condi-
tions. The effect is more robust in the blocked condition, but
the RTs in the mixed condition are reliably elevated for the
first TNeg after a miss and for the first TNeg of the same
task as the miss.

The overall conclusion from Experiment 4 is that, as
with Experiments 1-3, there are some modest effects of the
mixed/blocked manipulation and, in this case, of the order
of mixed and blocked conditions. However, none of these
effects qualitatively change the search performance. We have
now found similar results, sampling three of four cells in a 2
X 2 set of mixed vs. blocked experiments. Here, we held the
distractors constant and varied the target (search for differ-
ent items in the closet). In Experiment 2 and 3, we held the
target constant and varied the distractors (search for the cat
in different rooms). In Experiment 1, we varied both targets
and distractors as in the daily run of searches for the coffee
in cupboard, the coffee maker on the counter, the spoon in
the drawer, and so forth. The fourth cell in which targets and
distractors remain constant is not meaningful as a mixed/
block condition.

In the final experiment, we try one, orthogonal manipu-
lation. Does it matter if the observers can choose how tri-
als are mixed? After all, in the real world, the sequence of
searches is often under volitional control (coffee—> coffee

@ Springer



Attention, Perception, & Psychophysics

Blocked RT Mixed RT Mixed RT
A relative to B relative to C relative to
Same Task Miss Any Task Miss . Same Task Miss
1 1 1
@ ] =or mean dif +/- 5 ° P or mean dif +/- 5 ) p = 0.2294 for mean dif +/- 5
— P \-
L Lo L
B 05 ® 05 ® 05
= 5 = = .
a-) T 'q=) U £ a-) T &
£ £ b= I 1
< < <
= [0.0443) 0.0162 = 6 = - 0.3242 0.6445
% -0.5 ml‘ 0.5183 % -0.5 00779 0.1212 % -0.5 0.7927 0.3952
1 2 3 4 5 1 2 3 4 S 1 2 3 4 5

Position Relative to Miss

Fig. 15 Difference in RT for matched positions before and after a
miss error for blocked and mixed condition of Experiment 4. Results
are pooled over all five tasks. Panel A shows the blocked condition.
Panel B shows the results for all misses regardless of whether the

maker—> spoon). Perhaps having some sense of agency
makes mixed search easier.

Experiment 5: Choosing your task

Method

Experiment 5 was preregistered on OSF (https://osf.io/
3ejm6). Observers completed 100 trials of each of four dif-
ferent visual search tasks. In all cases, the target was present
on 50% of trials. The search field was square 0.9 of display
height on a side. The four tasks were:

ey

2

TvsL task: The task was to find a 7 among nine Ls
placed at equidistant positions on an imaginary circu-
lar ring (radius: 0.3 of search field). Each letter has a
height and width 0.05 of search field. Ts and Ls were
randomly rotated between 0 and 359°. The location of
a target, if present, was randomly selected from ten pos-
sible locations on each trial.

Bouba—kiki search: The task was to find a “kiki” shape
among “bouba” shapes positioned on an invisible cir-
cle (radius: 0.4 of search field). Boubas and kikis are
pregenerated orange blobs whose outer contours are
composed of the sum of several radial sine functions
of differing amplitude (Bell et al., 2007). Ten differ-
ent levels of bumpiness were created by adding more
higher radial frequencies to create more bumpy items.
For each level, 30 different exemplars were generated.
Items’ height and width was 0.1 of patch size. The
five less bumpy levels were designated as boubas and
would be considered a distractor. The five levels of the
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Position Relative to Miss

miss and TNeg trials involve the same task. Panel C shows the results
where the TNeg trial task matches the miss trial task. (Color figure
online)

3)

“

bumpier stimuli were kikis. Any of these could be the
target, if present. Figure 16A shows examples. A search
display consisted of a ring of 12 items. All were boubas
except for one target kiki, when present.

Complex conjunction task: As shown in Fig. 16B, the
target in this task was a “plus” composed of green hori-
zontal and red vertical bars. Distractors were plusses
with red horizontal and blue vertical bars or crosses
with green vertical and red horizontal bars. The search
field was divided into a 10 x 10 grid and 16 locations
were randomly selected as locations for stimuli. Each
plus was 0.05 x0.05 of the field size. This is an ineffi-
cient conjunction search since distinguishing red verti-
cal/green horizontal from green vertical/red horizontal
is known to be laborious (Wolfe & Bennett, 1997).
Categorical search task: In this task, participants
searched for one animal target among multiple distrac-
tor objects from different categories. The animal could
be any of 50 photographic exemplars. All distractor
items were also photographs of isolated real-world
objects on a white background. Target and distractor
images were taken from Brady et al. (2008). There were
14 distractor categories, each with 50 exemplars (700
potential distractors). Set size was 8§ items. On each
trial, each item was drawn from a unique category.
Items were placed in a 5 X 5 grids, with each item hav-
ing a size of 0.125 %X 0.125 of the field size.

Figure 16C shows the display as seen by the participants.

Buttons for the four tasks were presented on the left. Use of
buttons is described below. Figures on the button show the
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A
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B
Target Distractors
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Target
absent

Fig. 16 Stimuli for two of the four tasks of Experiment 5. A bouba—kiki, B complex conjunction. The other two tasks are self-explanatory. Panel
C shows the layout of the screen seen by participants (fonts enlarged for visibility here). (Color figure online)

number of trials completed over the total number of trials for
that task. Participants clicked on the target or, if the target
was absent, they clicked on the target-absent button to the
right. Trial by trial feedback was provided by a “good” tone
for correct responses or a “bad” tone for errors.

Each observer was randomly assigned to one of five
conditions:

(1) Trial choice condition: In this condition, partici-
pants were allowed to choose which task to perform
on each trial. At the beginning of each trial, the mes-
sage “Choose your task” appeared in the center of the
screen. Participants chose one of four tasks by click-
ing on the corresponding button on the left side of
the patch (Fig. 16C). The button became deactivated
when the number of trials completed in a task reached
50. If the deactivated button was clicked, the message
“Choose another task™ appeared at the center again.

(2) Block choice condition: In this condition, participants
began by choosing one of the four tasks. Participants
did not need to choose a task before each trial; the cur-
rent trial would be drawn automatically from the most
recently chosen task until the participant actively chose
to switch tasks or until the full complement of trials
for that task was exhausted. At the start of each trial, a
“switch” button appeared at the center of the display for
700 ms. If participants clicked on that button within the
700 ms, they would then be prompted to select the task.
If participants did not click the switch button within the
700 ms window, the button vanished and a trial from
the current task would be presented. When the number
of trials of one task reached its limit, participants were
asked to select another task.

(3) Random condition: In this condition, participants did
not choose which task to perform on each trial. The
order of the trials was randomized and assigned to the
participant before each trial. Before each trial, the tar-

get task was highlighted and activated, while the other
buttons remained deactivated. The trial began only
when the participant clicked on the correct task button.

(4) Blocked condition: In this condition, participants also
had no choice. Here, trials of each task type were pre-
sented in a blocked fashion. After 50 trials of one type,
the task was changed to another task. To keep the motor
demands similar to the choice conditions, at the begin-
ning of each trial, participants needed to click the high-
lighted button for the assigned task type. The order of
blocks was counterbalanced across participants.

(5) Yoked condition: Participants in this condition saw
trials in the order chosen by a participant in the trial
choice condition. Again, to keep the motor demands
similar to the choice conditions, at the beginning of
each trial, participants needed to click the highlighted
task button for the assigned task type though they had
no choice in the matter.

Each participant was tested in two blocks of 200 trials
(50 for each task). This took an average of 30 min per
participant.

Participants

Across conditions, 51 participants were tested. The inten-
tion was to test 10 participants in each condition, but an
error led to 11 participants in the random condition. All
participants were recruited from the BU SONA Psych 101
pool, gave informed consent as approved by Mass General
Brigham IRB Protocol #2009P001253, and received class
credit. The average age was 18.8 years (SD = 0.9, range:
18-21). Thirty-four identified as female, 17 as male.
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Results

RTs were excluded from analysis if they were shorter than
200 ms or longer than 7,000 ms. These exclusions were not
preregistered. The RT exclusions left 98.6% of the data. No
participants needed to be removed for poor performance.

Switching behavior

Given the choice, our participants did not choose to switch
tasks often. In the random condition, where the tasks were
randomly assigned on each trial, there were an average of
300 switches per participant, because choosing randomly
among four tasks means that the remaining 100 trials will
be repeats of the same task. In the blocked choice condition,
where the task remained the same unless participants chose
to switch, the range of switches ran from 1 (the switch when
a task was finished does not count) to 14, with an average
of 6.3 switches per participant. In the trial choice condition,
where participants had to choose their task on each trial, one
participant managed to make 396 switches, having appar-
ently decided to move to a new task on each trial. Another
produced 155 switches. The remaining eight participants
averaged just 5.8 switches.

Response times

Figure 17 shows the average response times (RTs) for each
type of search task in each of the conditions. The statis-
tic at the bottom of each graph is the one-way ANOVA,
testing for differences between conditions. None of these
tests suggested a significant effect of condition. None of the
pairwise comparisons were statistically significant once cor-
rected for multiple comparison. There are RT differences
between tasks (e.g., the Color X Color conjunction is slower)
and between present and absent trials (absent is slower),
but these standard results are not of particular interest in
this case. The blocked and random conditions repeat the
blocked and mixed conditions of the prior experiments. Add-
ing choice, in either the BlockedChoice or TrialChoice vari-
ations, did not significantly change the results.

Errors

Figure 18A shows miss error rates, pooled across all four
search tasks. There are quite dramatic differences in the
error rates between tasks but none of the one-way ANOVAs
across conditions within a task were significant for either
miss errors or false-positive/false-alarm errors. The apparent
trend for more errors in the blocked condition was significant
by paired ¢ tests (corrected for multiple comparison), but
only for the TvL task and only for the comparisons between
Blocked and BlockChoice (p = 0.0269), and Blocked and
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TrialChoice (p= 0.0114). Miss errors in the yoked condi-
tion, while apparently a bit elevated, were not significantly
greater than other error rates.

With error data, it is suggested that the data can be arc-
sine transformed to make the data more normally distrib-
uted. That is shown in Fig. 18B. Here, the effect of condition
is modestly significant in the one-way ANOVA. Still, none
of the pairwise comparisons are significant. Thus, there is a
possibly reliable effect of condition on miss errors. Perhaps
participants became bored and a bit careless in the blocked
condition. In any case, the effect of condition on error is not
dramatic and certainly does not suggest that errors increase
when participants have choice. Nor are the choice condition
error rates particularly low. It is clear that they are essen-
tially identical to the errors in the random condition.

Discussion

The results of Experiment 5 constitute a reasonably interest-
ing, essentially null result. In this situation, giving people the
ability to choose their tasks had little or no effect, for better
or for worse. Either it is that choice does not matter in these
tasks or that participants suspected that switching was a bad
idea and chose not to switch. We do not have enough data to
determine if those who chose to switch behaved differently
from those who did not.

General discussion

This paper began by raising the disturbing possibility that
decades of research on blocks of trials of one search task
might describe rules of search that would not apply to the
real world of constantly changing search tasks. The main
message of the experiments described here is that the situa-
tion does not appear to be that dire. For methodological rea-
sons, we could not have participants perform a unique search
on each trial and have them do a block of trials for each
unique target, but we could ask them to perform four differ-
ent tasks in a randomly mixed manner and in blocks of the
same task. Switching randomly amongst four search tasks
produced RT and error data that were qualitatively similar to
the results when each of the four tasks was performed in its
own block of trials. This was true when targets and distrac-
tors were different for each task (Experiment 1). It remained
true when the same target was presented on all tasks but
the distractors and, thus, the nature of the search changed
from task to task (Experiments 2 & 3). Similar results were
obtained when the distractor set was fixed for all tasks and
only the target changed (Experiment 4). Finally, giving par-
ticipants control over their choice of task on a trial-by-trial
basis made little, if any, difference (Experiment 5).
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Fig. 17 Response times for each condition and each search task. Black dots show data for individual observers. Left column shows true positive
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There are a few effects that rise to the level of statistical
significance. The most interesting of these is the possibility,
seen most clearly in Experiment 3 (Fig. 9), that RTs in the
mixed condition move toward the average RT across tasks.
The easiest tasks become a bit slower, and the harder tasks
may become a bit faster when all the tasks are intermixed.
This effect is only hinted at in other experiments but might
be worth further exploration with more extreme conditions.
One could imagine that a hard task among several easy ones
would show a more dramatic change, for example.

The lack of major effects of mixing tasks has implica-
tions for theories of search. In particular, these essentially
null results suggest that we should not overemphasize the
role of search history in search performance. In recent
years, there has been a strong interest in history effects
such as feature priming. Awh et al. (2012) published an
influential paper entitled “Top-down Versus Bottom-Up
Attentional Control: A Failed Theoretical Dichotomy”
that promoted trial by trial effects as an important source
of attentional control. Our Guided Search model, which
had relied solely on top-down and bottom-up guidance in
its earlier versions (Wolfe, 1994; Wolfe et al., 1989), has
adopted “history” as one of five types of guidance (Wolfe
& Horowitz, 2017) in its most recent incarnation (Wolfe,
2021). A large and growing literature is concerned with
this issue (e.g., Anderson et al., 2021; Becker et al., 2023;
Kristjansson & Campana, 2010; Kristjansson & Driver,
2008; Kruijne & Meeter, 2015; Lamy et al., 2010; Maljk-
ovic & Nakayama, 1994; Ramgir & Lamy, 2020; Wolfe
et al., 2019; Wolfe et al., 2022a, 2022b; Zehetleitner et al.,
2012). There is no doubt that the history of search exerts
a significant effect on search behavior, biasing attention
toward or away from some locations and priming or sup-
pressing different basic features, though we did not find
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repetition priming when we looked in Experiment 2a. The
present results do not show strong trial-by-trial effects.
If trial history was an especially strong determinant of
search behavior, we would expect more of an effect from
major changes in that history. This is not to say that search
history is not a force in guiding attention in visual search.
The massive body of literature noted above makes it clear
that what happened on recent trials is important. However,
these results argue that these history effects can be second-
ary to other factors.

The present results raise a similar issue regarding the ter-
mination of target-absent trials. There have been multiple
efforts to model search termination rules (Chun & Wolfe,
1996; Moran et al., 2013; Schwarz & Miller, 2016; Zenger &
Fahle, 1997). As a general rule, they have based the quitting
rule on some version of an adaptive process, based on per-
formance on the previous trials. It has always been clear that
the quitting threshold is not set by a simple ‘staircase’ proce-
dure where the observer gets faster after a correct response
and slower after an error. Search termination must take the
set size into account (or some equivalent of set size in the
case of search in scenes). Observers manage to terminate
search successfully even when they do not get trial by trial
feedback. Indeed, Mazo and Fleming (2022) showed that
observers can end a target-absent search before ever seeing
a target-present search. Observers were looking for a red
dot, either amongst blue dots (feature search) or amongst
blue dots and red squares (conjunction search). The clever
wrinkle was that the first four trials were all target absent
(2 tasks x 2 set sizes). On those first four trials, observers
clearly showed that they knew they could quit more quickly
in the feature search and when the set size was smaller. In
subsequent trials, RTs did tend to get faster, but the observ-
ers could start the task with a sensible quitting rule.



Attention, Perception, & Psychophysics

The present data also suggest that observers have reason-
able priors that allow them to end unsuccessful searches in
a reasonable manner. The data might have shown that all
absent trials in the Mixed condition used a single, compro-
mise quitting rule. This would have produced absent RTs
that were too long for easy tasks and probably would have
produced elevated miss errors for harder tasks. This result
was not seen. In general, mixed and blocked target-absent
RTs and errors are comparable. There is some evidence for
an adaptive process that increases RT after an error. The
evidence is fairly consistent for the blocked conditions and is
less clear for the mixed conditions. The results are consistent
with the idea that, given a new search trial, observers have
an immediate idea about how long that search should take.
This estimate is based on a lifetime of search and not merely
on experience in an experiment. Experience in the experi-
ment can probably fine-tune the termination threshold, but
the prior with which the observer entered the task is reason-
able, at least for the tasks used here. More research would be
worthwhile. In particular, it would be interesting to examine
the changes in search termination rules that must accompany
learning a new task (e.g., search in medical images). One
could imagine that it would be possible to create search tasks
where target-absent responses were initially markedly too
fast or slow. In such a case, the proposed adaptive adjust-
ment of quitting thresholds might be much more obvious.

Limitations and future directions

The present work has several limitations that point in the
direction of future work. First, the set of tasks that were
used were necessarily limited. The classic search literature
is filled with other search tasks that could be compared in
the mixed and blocked conditions. Among the more interest-
ing cases would be search in continuous scenes, rather than
in arrays of simple objects and search by experts where it
would be interesting to know if grouping searches by type
would be helpful. For instance, would it help to read mam-
mograms of dense (harder) breasts in one block and “fatty”
(easier) breasts in another block (Gommers et al., 2024)?
We used four tasks at a time. It could be informative to
vary that number, though using larger numbers of tasks
would require longer experiments. With larger numbers
of tasks, the average time between instances of any one
task would become longer. Another way to manipulate
the time between instances is to vary the relative preva-
lence of tasks. Would we see more of an effect of mixing
tasks if one of the tasks was relatively rare. Certainly, we
know that search performance changes when targets are
rare (Horowitz, 2017; Wolfe et al., 2005). There is data
showing that there can be a cost for the first “surprise”
appearance of a task (Ernst et al., 2024; Horstmann &

Ansorge, 2016). We don’t know if performance would be
disrupted for a rare task if it were intermixed with more
common tasks.

In all of the experiments reported here, we provided
trial-by-trial feedback. Obviously, that is not the case for
many real-world tasks. In many cases in the real world,
finding the target is its own feedback, but not finding it
does not tell the searcher if they correctly terminated a
target-absent search or missed the target on a target-pre-
sent search. It would be valuable to manipulate feedback
as it is known that it can have a significant effect in other
search contexts (Lyu et al., 2024).

There are methodological limitations in the present
work. While it seemed like a good idea at the time, it was
unwise to have observers perform the Blocked condition
before the Mixed condition in Experiments 1 and 2. This
confounded a learning effect with a mixed/block effect.
Our later experiments indicate that this confound did not
hide a penalty for the mixed condition, but counterbalanc-
ing would have been the correct approach from the start.
These experiments also reveal some of the perils of online
testing. In several experiments, we lost unusually large
number of participants (~ 50%) because they seem to have
decided not to perform one or the other task—typically the
hardest of the tasks. In future work, we will want to clarify
the instructions (and rewards) to discourage such behavior.

Conclusion

In sum, the primary message of this paper is that the
search rules obtained from testing participants on blocks
of the same type of search appear to remain qualitatively
similar when different search tasks are intermixed. Though
there are many further directions to explore, this finding
should be reassuring to authors who have started search
papers with an example of a single-trial, real-world search
only to proceed to study the question with hundreds of
trials of one task.
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