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1. Introduction
The way we interact with the world is contingent on abstract control settings. These settings
specify which external or internal information is currently relevant and how to act upon it in order
to achieve one’s goals. From research with the task-switching paradigm, in which people are
prompted to switch between predefined task rules on a trial-by-trial basis, we know that it is
difficult to flexibly change between task or control settings (for reviews see Kiesel et al., 2010;
Monsell, 2003; Vandierendonck, Liefooghe, & Verbruggen, 2010). From this research we can also
derive two fundamentally different accounts of how exactly these obstacles to flexible change
arise. By the first, and intuitively most appealing account, costs of switching between tasks or
control settings come from the direct clash between the residue of the most-recently used and
the currently relevant task setting (e.g., Allport, Styles, & Hsieh, 1984; Gilbert & Shallice, 2002;
Yeung & Monsell, 2003a, 2003b). In contrast, the second account holds that interference between
competing task settings is not the result of carry-over from the most-recent past, but rather
reflects the long-term memory (LTM) knowledge base about the space of tasks involved in a
particular context (e.g., Bryck & Mayr, 2008; Mayr, 2009; Waszak, Hommel, & Allport, 2003).1 In
the work described here, we examine which of these two accounts is better suited to explain the
costs of selecting and changing control settings. For this purpose, we focus mainly on the important,
yet understudied problem of selecting between endogenous vs. exogenous control over spatial
attention. Before we elaborate on our choice of control settings, we first develop our general
theoretical and empirical approach.
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1.1. Switch-cost asymmetry and carry-over of task sets

A benchmark result in the task-switching literature is the so-called switch-cost asymmetry. When
people switch between a dominant task, such as Stroop word naming and a competing, non-dominant
task, such as Stroop color naming, switch costs are larger when transitioning from the hard,
non-dominant to the easy, dominant task than the other way round (e.g., Allport et al., 1984). This
phenomenon is important here because carry-over models of task switching seem to be able to
explain it in a straightforward manner: Non-dominant tasks require a particularly strong attentional
setting to survive against the competition from the dominant task and this strong setting is carried
forward into the next trial where it needs to be overcome when switching back to the dominant task.
In contrast, the dominant task requires only weak support from a task setting and therefore relatively
speaking, less change in control settings is required when switching from the dominant to the
non-dominant task. Critically, for the carry-over account to work, trial-to-trial switching between
the two competing tasks is a necessary condition for obtaining a switch cost asymmetry (Gilbert &
Shallice, 2002; Yeung & Monsell, 2003a, 2003b).

Even though this model adequately accounts for the basic finding of the asymmetry in switch
costs, there is also some initial evidence that directly contradicts the carry-over account. Obviously,
the carry-over account can explain the task-selection cost asymmetry only for cases in which
the alternative task was performed in the immediately preceding trial––otherwise there would
be no opportunity for carry-over. However, Bryck and Mayr (2008) have shown that a cost
asymmetry can be obtained even in the absence of a task-switch transition (see also Allport &
Wylie, 2000). This finding, which will be elaborated below, is important because it indicates that
opportunity for trial-to-trial carry-over is not a necessary condition for the cost asymmetry to
arise.
1 A separate discussion in the literature deals with the question to what degree task switching requires a special
‘‘reconfiguration process’’ (e.g., Allport & Wylie, 2000; Monsell, 2003). We ignore this issue here because it is largely orthogonal
to the question where interference originates. An important purpose of such a configuration process could be to implement a task-
specific attentional filter that could counteract any type of interference, no matter whether it originates from the previous trial or
from LTM.
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1.2. LTM encoding and interruption-based interference

A key tenet of our account is that interference comes not from the most recent past (i.e., the
previous trial), but from any kind of previous experiences with the competing tasks that are stored
in long-term memory. One long-term memory model that is particularly well-equipped to handle
the influence of past task experiences is memory instance theory (Hintzman, 1986; Logan, 1988).
To fully explain task-selection costs, this theory needs to be augmented through additional
assumptions about factors that affect encoding and retrieval of memory instances.

1.2.1. Automatic encoding and retrieval of selection instances
Logan (1988) has proposed that during episodes of selecting an appropriate response in a given

task, selection-relevant features are automatically encoded and stored as integrated instances in
LTM. Future, similar selection episodes can trigger automatic retrieval of these memory traces.
Depending on the degree of match between the retrieved and current response demands this can then
either lead to processing benefits or costs. While Logan (1988, 1990) had originally examined the
encoding and retrieval of relatively simple contextual features, such as the location of a task-relevant
object, more recent work has demonstrated that also abstract control settings (i.e., task sets) are
automatically encoded in LTM. This is an important extension of instance theory because it can
explain how even supposedly high-level, executive processes can come under automatic, memory-
driven control (e.g., Crump & Logan, 2010; Mayr & Bryck, 2005, 2006; Verbruggen & Logan, 2009).
In fact, there is evidence that in task-switching situations LTM retrieval of past selection instances
can play a substantial role. For example, using picture-naming/word-reading tasks, Waszak et al.
(2003) showed that switch costs to the dominant word-reading task were substantially larger with
picture-word constellations that had been also used in the picture-naming task––even if that
experience occurred over 100 trials in the past (see also Bryck & Mayr, 2008; Mayr & Bryck, 2005).

1.2.2. Interruptions trigger interference/retrieval
The assumption of automatically encoded memory instances alone does not explain the cost asym-

metry. We need additional assumptions that explain why such interference may be particularly strong
when switching to the dominant task. Biologically plausible models suggest that working memory can
take on two qualitatively distinct modes, one geared towards short-term information maintenance,
the other enabling updating of current working memory content. The maintenance mode supports
preserving the current representation in a robust manner, thus allowing little effect of interference
from the environment or LTM. In contrast, during the updating mode working memory is open
towards external or internal influences, thus allowing a context-influenced search for new, stable
representations (e.g., Durstewitz, Kelc, & Güntürkün, 1999; O’Reilly, 2006). In this state, the system
should be maximally sensitive to interference from selection instances that are related to the current
stimulus situation.

Given that in the maintenance mode working memory is shielded from information that does not
fit to the current representation there is a danger of behavioral rigidity. Therefore, even in the
maintenance mode the system needs to remain sensitive to low-level signals or events indicating that
a change may be necessary. For example, abrupt onsets (e.g., Theeuwes, Kramer, Hahn, & Irwin, 1998),
a perceptual change in task cue (Mayr, 2006), presence of information-processing conflict (Botvinick,
Braver, Barch, Carter, & Cohen, 2001), or signals that have been linked with the need for change via
associative learning (O’Reilly, 2006), can all switch working memory into an updating state. This also
implies that the maintenance mode should be relatively effective as long as one can focus on an over-
learned, or otherwise dominant task, and as long as none of the just-mentioned events occur. In this
case, little to no interference from competing non-dominant tasks should be expected. However once
disrupted, the system needs to go through an updating process before the maintenance mode can be
re-established. During this phase, even performance of a dominant task is highly sensitive to interfer-
ence from potential memory instances involving the competing task. In contrast, while performing
non-dominant tasks, ‘‘hard-wired’’ or overlearned, competing response tendencies can produce
low-level signals that can trigger updating attempts (Botvinick et al., 2001). Thus here, the distinction
between updating and maintenance is less crisp and the costs of re-establishing the non-dominant
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task (i.e., after a switch) may be small, relative to the relatively pure difference between updating and
maintenance for the dominant task.

According to this explanation, the back-and-forth switching between dominant and non-dominant
tasks is not a necessary condition for the cost-asymmetry to arise. Instead, the following two condi-
tions are necessary. Condition 1: Subjects working on the dominant task need to have experience with
the competing, non-dominant task so that LTM contains potentially interfering memory traces. Con-
dition 2: There need to be events that interrupt maintenance of the dominant task set so that an
updating process becomes necessary, which in turn allows competing LTM traces to interfere with
ongoing processing. In the standard switching paradigm, subjects constantly experience both tasks
and each task switch enforces an updating operation. However in theory, any exogenous or endoge-
nous event that interrupts maintenance should suffice to produce a cost asymmetry as long as LTM
contains memory traces from competing tasks.

In the earlier-mentioned experiments reported by Bryck and Mayr (2008), the two above condi-
tions were met, without requiring subjects to switch between tasks in a trial-by-trial manner. Most
relevant here is Experiment 3: Subjects in the experimental group performed alternating pure-task
blocks of either only Stroop color or word naming. Thus, within the session, participants in the exper-
imental group experienced both tasks, without ever directly transitioning between them (i.e., Condi-
tion 1). We also varied the response–stimulus interval randomly between 50 and 5000 ms. The idea
behind this manipulation was that long delays increase the probability of losing the current mainte-
nance state and as a consequence trigger an updating process to re-establish the relevant task from
LTM (i.e., Condition 2). As a control we used groups in which participants worked either only with
Stroop color or Stroop word task blocks throughout the entire session. As predicted, we found that
in the long-RSI condition, Stroop color naming RTs were particularly long, but only for participants
who had experienced both tasks. This constitutes a cost-asymmetry pattern in the absence of an actual
switch in task.
1.3. Selecting between endogenous and exogenous control of attention

Typically, the switch-cost asymmetry is assessed using task combinations with mutual response
conflict, such as Stroop word reading and color naming. In all, except for one of the experiments we
report here (Experiment 5), we instead decided to focus on conflict between endogenous and exoge-
nous control of spatial attention.

The distinction between exogenous and endogenous control is an important one in the study of
attention. Experimentally, endogenous control is typically induced through symbolic cues (e.g., central
arrow) and it is relatively slow-acting, and often effortful. In contrast, exogenous control allows fast
orienting responses to sudden onsets in the visual field, requires no effort, but is also difficult or even
impossible to resist (e.g., Jonides, 1981; Müller & Rabbitt, 1989; Posner, 1980). While these two modes
of attentional control (and the differences between them) have been studied extensively, the question
we address here, namely how we select between exogenous and endogenous control, has not been
addressed explicitly.

What makes the examination of these two modes of control particularly useful in the current
context is the fact that we can assume a very strong dominance asymmetry between exogenous
and endogenous control. Exogenously controlled attention is a reflex-like, hard-wired process that
strongly interferes with endogenous control, but should be unaffected by stimuli associated with
endogenous control of attention. At least this is what we expect as long as subjects reside in the
maintenance mode. However, during the updating mode (i.e., after recovering from an interruption),
even exogenous control of attention may become vulnerable. It would be a particularly striking and
novel result if we can create an experimental situation in which people have difficulties reacting
appropriately to the very same stimuli that under typical circumstances elicit reflex-like responses.
According to our model, such a situation should occur when people are both forced into an updating
mode and when LTM contains memory traces from competing tasks (i.e., the endogenous control
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task). More generally, we believe that the contrast between endogenous and exogenous control of
attention establishes a particularly crisp, empirical dissociation between updating (i.e., re-establishing
exogenous control after interruptions) and maintenance (i.e., responding to abrupt onset stimuli once
the exogenous control mode has been re-established).

1.4. The current research

In the earlier mentioned Bryck and Mayr (2008) study the distinction between updating and main-
tenance states was relatively subtle and not in all cases significant. Therefore, instead of using a
manipulation in terms of long vs. short inter-trial delays, we occasionally interrupted pure, dominant
or non-dominant task blocks with a third, ‘‘neutral’’ task.2 The idea here is that recovery from such an
interruption necessarily requires a working memory updating process. In contrast, in the absence of such
interruptions maintenance and shielding against interference should be maximized, at least while per-
forming the dominant, exogenous task.

While the model we describe above can explain in principle how a cost asymmetry might arise in
the absence of opportunity for trial-to-trial carry-over, it remains under-specified in important ways.
In particular we had stated that ‘‘sufficient experience’’ with alternative tasks is necessary to create
potentially competing memory traces. However, we do not know what exactly constitutes such suffi-
cient experience. For example, Bryck and Mayr (2008) had speculated that encoding of non-dominant
task LTM traces may be a function of how much attention is devoted to performing that task. In turn,
the amount of attention devoted to the task may be a function of the presence of conflict from alter-
native tasks during the encoding situation. In other words, experience with the competing task alone
may not be sufficient. Rather, such experience may require the presence of conflict (see also Verguts &
Notebaert, 2009). Therefore, in Experiments 1 and 2, we will explore the role of conflict during encod-
ing in some detail.

An important aspect of our model is the ‘‘structural’’ hypothesis that there is something special
about the abstract category of ‘‘interruptions of the maintenance state’’ that creates opportunity for
interference. Therefore, in Experiment 3 we attempted to rule out an alternative possibility, namely
that associative interference (akin to the fan effect) between specific interrupting activities and com-
peting tasks is the main source of the between-task interference.

Finally, in Experiments 4 and 5 we attempted to generalize the critical pattern of results along two
dimensions. In Experiment 4, we manipulated the control demands of the interruption task. In Exper-
iment 5, we exchanged the exogenous/exogenous attention tasks for a pair of tasks with mutual re-
sponse conflict.

2. Experiment 1

Fig. 1 presents our basic paradigm that pits endogenous and exogenous control of attention against
each other. In this, as in all other experiments subjects only performed pure bocks of either the endog-
enous or the exogenous control task. No matter what the task, subjects had to make a left/right key
press to the letter L or R shown within one of the six stimulus frames in a large circular array (i.e.,
the target circle). In the center of that array there was a much smaller arrangement of cue circles, cor-
responding to the large circular array. During the response–stimulus interval each of these cue circles
was shown in red. With stimulus onset, all but one of the peripheral small circles turned white, leaving
the one remaining red, small circle as a central cue. In addition, as a sudden-onset stimulus, an addi-
tional, large red circle could appear between two of the regularly arranged stimulus circles. On high-
conflict trials, the display contained information associated with the currently irrelevant control mode
(both the sudden onset and the central cue were presented) whereas on low-conflict trials only the
currently relevant information was presented (either the sudden onset or the central cue). In pilot
2 The term ‘‘neutral’’ should not be taken too literally as there is no such thing as a truly neutral task. What we refer to here is
that the interruption task does not induce the kind of between-task conflict that is critical for standard task-switch costs. In
particular, note that the interruption task shares no stimulus aspects with any of the two primary tasks, thus eliminating any
ambiguity about whether or not the interruption task should be performed on a particular trial.



Fig. 1. Stimulus setup used in the present experiments. Shown is an endogenous-task trial where participants use the center
cue to locate the outer circle with the response-relevant information (i.e., L vs. R), while ignoring the sudden-onset stimulus in
the periphery (if presented). For exogenous-task trials, subjects would have to locate the sudden-onset stimulus while ignoring
the central-cue information (if presented). Stimuli are not drawn to scale; gray was presented as white on black background,
black was presented as red. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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work, we found that switching between endogenous and exogenous control on a trial-by-trial manner
indeed leads to a strong switch-cost asymmetry.3

The first prediction we tested in Experiment 1 is that a cost asymmetry can be obtained even when
there is no trial-to-trial switching between competing tasks. Therefore the critical experimental group
alternated between pure endogenous and pure exogenous 80-trial blocks. Performance in these blocks
was interrupted occasionally (p = .25) by math equation trials (see Fig. 2). On these trials, a math equa-
tion was presented instead of the regular displays and participants had to respond with a correct/
incorrect judgment. After an interruption trial, the block continued with the main task relevant in that
block. We assumed that on trials that follow an interruption a process of (re-)updating the current task
set needs to happen, which in turn allows interference from the competing task. Thus, for post-inter-
ruption trials we predicted a cost asymmetry. Once updating has occurred, subject should experience
little ambiguity about which task is currently relevant, thus allowing robust maintenance. Therefore,
on these maintenance trials (i.e., all trials following post-interruption trials prior to the next interrup-
tion) we expected to see little evidence of interference, at least for the dominant task. With the pres-
ence of interruption events one critical condition for the cost asymmetry is met, as these allow
interference from LTM during the post-interruption updating operation. A second condition is that
participants actually had an opportunity to form LTM memory traces about both types of tasks/control
settings. Therefore, aside from the experimental groups, which alternated between endogenous and
exogenous blocks, we included as controls two groups of subjects which either only worked on
3 The pilot experiment used the exact same stimulus presentation procedures as in Experiment 1, but without the interruption
task, with conflict present on each trial, and with tasks randomly cued through visually presented verbal cues occurring either
200 ms or 700 ms into the 1000 ms response–stimulus interval. The words ‘‘central’’ or ‘‘inside’’ were used as cues for the
endogenous task and the words ‘‘surround’’ or ‘‘outside’’ were used as cues for the exogenous task. To avoid cue-priming effects
(e.g., Mayr & Kliegl, 2003), cues were never repeated (following Monsell & Mizon, 2006). Performance was assessed in four 80-trial
blocks with a switch rate of 33%. We found a strong switch-cost asymmetry: RT switch costs were exactly twice as large for the
exogenous, M = 208 ms (SD = 192) as for the endogenous task, M = 104 (SD = 133), F(1,19) = 8.70, p < .01, MSE = 6232.32, and this
effect was not modulated through the cue-stimulus interval. There were no reliable error effects.



Fig. 2. Example sequence of exogenous-task trials. Both the post-interruption trial and the maintenance trial contain conflict
from the endogenous stimulus, whereas the pre-interruption trial contains no conflict.
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endogenous or only on exogenous tasks throughout the entire experiment. These conditions allowed
us to obtain baseline estimates of the size of the post-interruption costs and interference effects when
no LTM traces of the competing task were available.

The second prediction we wanted to test is that it is not just experience with competing tasks that
drives encoding of interfering LTM traces, but that the experienced selection episodes need to include
high levels of conflict. In the critical condition described so far, half of the trials contained conflict from
the alternate task (i.e., a singleton distractor for the exogenous task and an endogenous cue for the
exogenous task). We added two additional between-subject conditions, one of which contained 50%
conflict trials for the exogenous task blocks, but no conflict trials for the endogenous blocks and the
other contained conflict trials for the endogenous task, but not for the exogenous task. If experience
of conflict is a necessary condition for encoding of interfering LTM traces then we expect the elimina-
tion of the cost asymmetry here, in particular for the condition without endogenous-task conflict.

2.1. Methods

2.1.1. Participants
Eighty students the University of Oregon participated in exchange for course credits.

2.1.2. Stimuli
Participants were seated 50 cm from the computer display. Fig. 1 presents the basic stimulus setup

used across all experiments. Six circular stimulus frames (diameter of each circle = 13 mm = 1.5�) were
presented on a virtual circle (diameter = 14 cm = 16�) around the screen’s center. These circles where
always presented in white on a black background. Within each circle the ‘‘&’’ symbol or the letters L, R,
P, T could be presented in white, size 12 Times font. An additional, sudden-onset circle of the same size
could appear between two of the regular circle positions. This circle was always presented in red and
could also contain the letters L, R, P, or T also in white, size 12 Times font. At the center of the screen
there were six smaller ‘‘cue circles’’ (diameter of each circle = 4 mm = .5�). These were arranged in a
way that mirrored the larger set of stimulus circles (diameter of the central cue circle = 14 mm = 1.6�),
such that for each position in the larger stimulus circle, there was a corresponding, smaller cue circle.
The smaller cue circles could be presented either in white or red.

2.1.3. Tasks
Conditional on specific conditions, participants were asked to perform either only the ‘‘endoge-

nous’’ or the ‘‘exogenous’’ task throughout a particular block. In exogenous, single-task blocks, each
trial began with a 1000 ms inter-trial period in which the large peripheral circles all contained the
‘‘&’’ symbol and all central cue circles were red. Next the response-relevant stimulus was presented
in form of a sudden-onset circle, containing either the letter ‘‘L’’ or ‘‘R’’. Participants had to press
the left-arrow key for the letter ‘‘L’’ and the right-arrow key for the letter ‘‘R’’. The large stimulus cir-
cles contained either the letters ‘‘P’’ or ‘‘T’’, to which no response was assigned. Depending on condi-
tion, no-conflict or conflict trials were presented. For no-conflict trials, all of the red cue circles were
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replaced by white circles. In 50% of trials, one of the cue circles remained red (i.e., conflict trials). These
stimuli were presented until a response was executed.

The stimulus sequence for endogenous, single-task blocks differed from that of exogenous blocks
only in that on each trial a red cue circle was left standing during presentation of the response-rele-
vant stimulus. This circle pointed to one of the peripheral large circles, which contained either an ‘‘L’’
or an ‘‘R’’ to which participants could respond (whereas all other circles contained ‘‘P’’s or ‘‘T’’s). In
addition, on 50% of trials the red sudden onset circle was presented, containing either a ‘‘P’’ or a ‘‘T’’
(i.e., conflict trials) whereas on the other 50% no such stimulus was shown (i.e., no-conflict trials).

Subjects only worked with endogenous or exogenous single-task blocks. The exact combination of
tasks and the presence of conflict were manipulated across between-subject conditions. Twenty partic-
ipants each were randomly assigned to one of four conditions. The between-subject control condition
was further divided into two groups of 10 subjects each. The ‘‘pure endo’’ group performed only the
endogenous task throughout the entire experimental session whereas the ‘‘pure exo’’ group performed
only the exogenous task. Conflict from the non-relevant task was presented randomly with p = .5.

In the main experimental condition, the ‘‘exo/endo’’ condition, participants alternated between
endogenous and exogenous task blocks. Conflict from the currently irrelevant task could occur with
probability of p = .5. The ‘‘exo/endo–noconflict’’ condition was identical to the exo/endo condition, only
that while performing the endogenous task, subjects never experienced conflict from exogenous stim-
uli. Finally, the ‘‘exo–noconflict/endo’’ condition was again identical to the exo/endo condition, except
that subjects never experienced endogenous-task conflict while performing the exogenous task.

In addition, in all blocks single-task performance was interrupted by a math task. For these trials,
the standard stimulus display disappeared and instead, an equation of the type ‘‘7 * 8 � 24 = 32’’ was
shown, positioned at the center of the screen (Times font, size = 24). Problems were constrained to
produce solutions in the positive range. Participants used the arrow keys to indicate whether the
equation was correct or incorrect (left key = incorrect, right key = correct). The probability of correct
equations was p = .5. Incorrect equations were off by ±1 or 2. Immediately after responding the next
endogenous or exogenous-task stimulus display appeared. For each trial, the probability of a number
task was p = .25, with the constraint that two number trials could not occur consecutively. In case of
either primary-task or interruption-task errors a short error tone occurred.

2.1.4. Procedure
In the between-subject control condition, subjects began with one 80-trial practice block; in the

remaining conditions with alternating task blocks, subjects began with two 80-trial practice blocks,
one for each task and with the order counterbalanced across subjects. Practice blocks were in all as-
pects identical to the actual test blocks. Then followed eight additional blocks, either of the same task
(in the between-subject control condition) or alternating between the two tasks. For the alternating
condition, onscreen instructions prior to each block indicated the currently relevant task.

2.2. Results and discussion

We excluded all error trials and non-math trials with RTs larger than 4000 ms. Trials after errors
were also excluded, no matter whether they were primary task errors or errors in the interruption
task. In no condition of the primary tasks did error rates exceed 3.9% and in no instance did the pattern
of error effects counteract the pattern of RTs. Therefore, in our analysis we focus on RTs, but we do
present the error results in Fig. 3 along with the RT results. For the interruption task, the mean error
rate was 11.89% (SD = 8.76) and the mean RT was 3667 ms (SD = 1008).

Fig. 3 shows RTs and errors as a function of task, conflict level, post-interruption vs. maintenance
trials, and each of the four conditions. We first examined the primary experimental condition, in
which subjects alternated between endogenous and exogenous control, with conflict possible across
all trials (exo/endo). Overall, the results show a cost-asymmetry pattern with large post-interruption
effects for the exogenous task and relatively small effects for the endogenous task, Task � Interrup-
tion: F(1, 19) = 32.71, MSE = 4561.63, p < .001. This pattern occurred in the absence of an immediate
transition between the endogenous and the exogenous task and therefore it cannot be explained in
terms of a trial-to-trial carry-over effect between the endogenous and the exogenous task. In addition,



Fig. 3. Mean RTs as a function of trial type (post-interruption vs. maintenance) and presence of conflict as a function of block
context in Experiment 1. In the ‘‘pure-exo/pure-endo’’ condition, participants either performed only the endogenous or only the
exogenous task throughout the experiment and conflict could occur in either task. In the ‘‘exo/endo’’ condition they performed
the endogenous and the exogenous condition in alternating blocks and conflict could occur for either task. In the ‘‘exo/endo-
noconflict-only’’ condition participants performed both tasks in alternating blocks, but conflict could occur only for the
exogenous task. In the ‘‘exo-noconflict-only/endo’’ condition participants performed both tasks in alternating blocks, but
conflict could occur only for the endogenous task.
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this interaction was modulated by the Conflict factor, F(1,19) = 5.83, MSE = 3464.79, p < .03, reflecting
the fact that the cost asymmetry was 71 ms for no-conflict trials, but 165 ms for conflict trials. Specif-
ically, there was almost no conflict effect for the exogenous task on maintenance trials, M = 5 ms,
t(19) < .8, compared to a very large effect for the exogenous task on post-interruption trials,
M = 121 ms, t(19) = 4.20, p < .001. For the endogenous task, the corresponding difference was much
smaller, M = 74 ms, t(19) = 7.78, p < .001, vs. M = 101 ms, t(19) = 4.16, p < .01, and not reliable,
F(1,19) = 1.69, MSE = 2142.55, p > .2. It may be premature to infer from this that there actually was
no increase in the conflict effect as a function of interruption for the endogenous task. The post-inter-
ruption trials were less frequent than maintenance trials and this may have made it difficult to detect
more subtle differences. However, there can be little question that the combined effect of conflict and
interruptions was much larger for the exogenous than for the endogenous task. Overall, this pattern is
consistent with the prediction that for the exogenous task the maintenance mode effectively shields
against LTM interference, whereas the updating mode creates a situation of strong vulnerability to
such interference.

We can also examine ask to what degree the large cost asymmetry persists throughout an entire
80-trial block. It would be consistent with a long-term memory effect if we see some leveling off of
the effect as new, context-appropriate memory traces are added within a given block. When adding
a block-half factor (i.e., comparing the first 40 trials with the second 40 trials of each block) we find
a weak tendency towards a modulation of the Task � Interrupt interaction, F(1,19) = 2.81,
MSE = 7758.64, p = .11. The cost asymmetry during the first half of 165 ms is reduced to 95 ms for
the second half, but remains reliable throughout, all Fs > 17.2.

In principle it is possible that the large cost asymmetry we observed in the exo/endo condition
arises not from the competition between the exogenous and the endogenous task, but instead results
from the switch between the math task and either of the two primary tasks. If this were the case then
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we should see a similar cost asymmetry even when comparing the pure exo and the pure endo control
conditions. As Fig. 3 indicates, this is clearly not the case. While there may be a small cost asymmetry
for the control condition, it is by an order of magnitude smaller than for the exo/endo condition. To
validate this observation statistically, we compared the exogenous-task condition from the exo/endo
group with the pure exogenous, single-task group and the endogenous-task condition from the exo/
endo group with the pure endogenous, single-task group. For the exogenous task, the Group � Inter-
ruption � Conflict effect was reliable, F(1,28) = 6.54, MSE = 3357.13, p < .02. As the figure shows, RTs
were essentially identical for the maintenance trials, while for interruption trials RTs were generally
increased and there was a substantial conflict effect for the exo/endo condition.

For the endogenous-task trials, the only reliable effect involving the Group contrast, was a
Group � Conflict interaction, F(1,28) = 7.00, MSE = 2254.34, p < .02, indicating that generally, the con-
flict effect was larger in the exo/endo than in the pure-endo condition. Finally, we also checked
whether within the two single-task conditions there was any indication of a cost asymmetry. However
the Task (which is here a between-subject variable) � Interruption interaction was far from reliable,
F(1,18) = .13, nor was the three-way interaction that also included the Conflict factor, F(1,18) = .32.
Thus, clearly the large cost asymmetry observed in the exo/endo condition results from the fact that
two competing primary tasks occur within the same context and is not a simply consequence of
switching between the math and either of the primary tasks.

The exogenous-task condition proved particularly susceptible to the combined effect of interrup-
tions and experience with the alternate task. An important follow-up question is to what degree it
is the experience with the alternate task itself that is responsible for this pattern or whether the inter-
fering LTM traces are particularly potent when encoded during a conflict situation. The latter pattern
would be consistent with the idea that conflict boosts encoding of LTM traces. To examine this ques-
tion, we had included the exo/endo–noconflict condition in which the endogenous task blocks were
presented exclusively without exogenous conflict. As Fig. 3 suggests, the cost asymmetry, which
due to the ‘‘incomplete’’ design with the missing conflict trials for the endogenous task could be eval-
uated for the no-conflict trials only, was substantially reduced relative to the condition with the all-
conflict condition, F(1,38) = 6.02, MSE = 1077.04, p < .02. More importantly, for exogenous-task trials,
the interaction between the Interruption and Conflict factors was reliably larger in the exo/endo than
in the exo/endo–noconflict condition, F(1,38) = 7.52, MSE = 2856.74, p < .01. Combined, this pattern
suggests that while the cost-asymmetry is not completely contingent on the presence of conflict dur-
ing encoding the alternate task, such conflict does boost interference to a substantial degree.

For sake of completeness, we had also included a group that experienced both conflict and no-con-
flict trials in the endogenous task, but only no-conflict trials in the exogenous task. Given that here
participants had experience with the endogenous task in the presence of exogenous conflict, we again
expected a clear cost-asymmetry pattern, which however could be evaluated only for the no-conflict
trials (again because of the ‘‘incomplete’’ design). In fact, the cost asymmetry for this condition was
highly reliable, F(1,19) = 42.45, MSE = 1445.88, p < .001. As for the endogenous condition, there was
a highly reliable conflict effect, F(1,19) = 32.46, MSE = 15152.01, p < .001, but neither the interruption
effect, F(1,19) = .22, nor the interaction with the conflict factor, F(1,19) = .30, were reliable. This pat-
tern was similar to that for the corresponding conditions in the all-conflict condition, with the one
exception that the overall conflict effect was larger when conflict was only experienced in the endog-
enous condition, F(1,19) = 5.48, MSE = 9311.01, p < .05. This difference was not expected. However, we
note that comparisons with the equivalent conditions in Experiments 2 and 3 indicate that this effect
may have less to do with a particularly large endogenous-task conflict effect in the exo–noconflict/
endo condition than with an unusually small effect in the exo/endo condition of this experiment.
3. Experiment 2

A key result of the previous experiment was that the cost-asymmetry after interruptions was par-
ticularly strong when the non-dominant, endogenous task had to be performed under conditions of
conflict. We believe that this result is critical to understanding the cost-asymmetry. After all, a key dif-
ference between the dominant and the non-dominant task is that, per definition, processing in the
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dominant task suffers much less conflict. Thus, the presence of conflict is a necessary condition for the
encoding of the very memory traces that are responsible for the post-interruption costs when per-
forming the dominant task. However, this raises the additional question what it is about experiencing
conflict from the exogenous task while performing the non-dominant task that is responsible for
strong cost asymmetry.

In this context it is important to note that on post-interruption trials the non-dominant task also
interferes with performing the dominant task. If it were conflict itself that drives the post-interruption
selection costs then it is not obvious why this type of conflict would not counteract the cost asymme-
try. Thus, possibly there is something special about the conflict from a dominant task that produces
particularly strong memory traces, while conflict from the endogenous task is less effective in this
regard.

However, there may be a simpler account. While performing the non-dominant task the mainte-
nance mode is much less effective in shielding processing from the competing-task conflict than when
performing the dominant task. Thus, for the non-dominant task, participants experience conflict both
on post-interruption and maintenance trials whereas for the dominant task they experience conflict
only on post-interruption trials, whereas conflict is effectively blocked on maintenance trials. In other
words, the mere number of trials with high, experienced conflict is much smaller for the dominant
than for the non-dominant task. Thus, maybe it is simply the greater frequency of experienced conflict
from the exogenous to the endogenous task than from the endogenous to the exogenous task that
drives the asymmetric cost.

In Experiment 2, we attempted to test this frequency-of-experienced-conflict hypothesis. The crit-
ical condition was identical to the experimental condition from Experiment 1 where conflict could oc-
cur for both the dominant and the non-dominant task, except for one critical change: Conflict from the
exogenous task while performing the endogenous task was limited to post-interruption trials and
never occurred on maintenance trials. Ideally, this should mimic the situation for the dominant task,
where experienced conflict is also limited to post-interruption trials. Thus, if the frequency-of-experi-
enced-conflict hypothesis is correct, we should see a marked reduction of the cost asymmetry in this
condition compared to a situation in which conflict can occur on all trials.

We used in this experiment two control conditions, which also allowed us to replicate the central
results from Experiment 1. The first was the exo/endo condition from Experiment 1, for which we
again expect the fullblown cost asymmetry. The second was the exo/endo-noconflict condition, for
which we again expect to see only a small asymmetry. For the third condition in which non-dominant
task conflict was limited to post-interruption trials, we expect performance to be similar to exo/endo-
noconflict condition, assuming the frequency-of-experienced-conflict hypothesis is correct. If, how-
ever there is something special about conflict suffered from the dominant task that is responsible
for the interfering memory traces then the pattern for the new condition with exogenous conflict lim-
ited to post-interruption trials, should be more similar to the standard, exo/endo condition.
3.1. Methods

3.1.1. Participants
A total of 60 students of the University of Oregon participated in exchange for course credits in this

experiment.
3.1.2. Design
Stimuli, tasks, and procedures were identical to those used in Experiment 2, except for the differ-

ences mentioned below. Subjects were randomly assigned to three conditions, two of which were ex-
act replications of Experiment 2 conditions: (1) The exo/endo condition with a p = .5 of conflict for
both the endogenous and the endogenous task. (2) The exo/endo-noconflict condition with a p = .5
of conflict for the exogenous task, but p = 0 conflict for the endogenous task. In the third, the experi-
mental condition there was a p = .5 of conflict for the exogenous task and for the post-interruption tri-
als of the endogenous task, but a p = 0 of conflict for the maintenance trials of the endogenous task.
Participants were randomly assigned to the three different conditions.
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3.2. Results

We used the same trial exclusion criteria as in the previous experiments. In no condition of the pri-
mary task did error rates exceed 3.6% and in no instance did the pattern of error effects counteract the
pattern of RTs. Therefore, we again focus only on RTs here, but present error results in Fig. 4. For the
interruption task, the mean error rate was 14.45% (SD = 9.69) and the mean RT was 4787 ms
(SD = 1761).

Fig. 4 shows the pattern of RT and error results for each of the three conditions as a function of task,
interruption (post-interruption vs. maintenance), and conflict. First, note that the pattern for the all-
conflict and the exogenous-conflict-only conditions was very similar to the two corresponding condi-
tions in Experiment 1. Thus, we replicated the basic pattern of an interruption-based cost asymmetry
that is dependent on experience with conflict in the endogenous task. This conclusion is confirmed in
the statistical analyses. When comparing the exo/endo and the exo/endo-noconflict group, we found a
highly significant Group � Task � Interruption interaction, F(1,38) = 8.06, p < .01, MSE = 11288.99, and
a significant Group � Task � Interruption � Conflict interaction, F(1,38) = 9.68, p < .01, MSE = 2136.51.

Regarding the new condition with endogenous-task conflict only for post-interruption trials, we
first need to note that RTs in the endogenous, post-interruption, conflict trials were almost 300 ms lar-
ger than in the corresponding trials from the exo/endo condition (see also Experiment 2). Likely, this is
due to the fact that in this condition, conflict is a rare event that occurs only on post-conflict trials and
that therefore is particularly disruptive (e.g., Tzelgov, Henik, & Berger, 1992). We will return to poten-
tial implications of this effect below.

The most important result for this condition is that the pattern of RTs of task-specific interruption
effects was more similar to the exo/endo-noconflict condition than to the exo/endo condition. Note,
that this is somewhat obscured by the fact that there were larger task-unspecific post-interruption
costs in this group. To confirm this impression, we first compared the corresponding no-conflict con-
ditions for both tasks between the exogenous-conflict-only and the experimental group. In general,
Fig. 4. Mean RTs as a function of trial type (post-interruption vs. maintenance) and presence of conflict as a function of block
context in Experiment 2. The ‘‘exo/endo-noconflict-only’’ and the ‘‘exo/endo’’ conditions were identical to the corresponding
conditions in Experiment 1. The ‘‘exo/endo-conflict-postinterrupt-only’’ condition was identical to the ‘‘exo/endo’’ condition,
however for endogenous trials conflict could occur only on post-interruption trials.
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there was a significantly larger post-interruption main effect for the experimental group than for the
exogenous-conflict-only group, F(1,38) = 6.31, p < .02, MSE = 6064.78, however there was no trace of
the critical Task � Interruption interaction, F(1,38) < .2. We can also compare the exogenous condi-
tions across these two groups. Again, we found a Group � Interruption interaction here,
F(1,38) = 6.14, p < .02, MSE = 7340.83, but the Group � Interruption � Conflict interaction was not reli-
able, F(1,38) < .1.

Finally, we can also compare the experimental group with the all-conflict group. Here, we do see a
reliable Group � Interruption � Conflict interaction, F(1,38) = 4.72, p < .05, MSE = 3540.66, suggesting
that in the exo/endo group there was greater conflict on exogenous, post-interruption trials than in
the experimental group.

As in the previous experiment, we again checked to what degree the cost asymmetry in the exo/
endo condition was persistent within the 80-trial blocks. As in the previous experiment, there was
a tendency towards a reduced asymmetry in the second half of the block, F(1,19) = 3.19, p > .07,
MSE = 7340.83 (1st half = 182 ms, 2nd half = 110 ms), however the critical interaction was reliable
for both halves, F(1,19)>23.23.

In general, these results suggest that frequency of experienced conflict is at least one critical factor
behind the cost asymmetry observed in the all-conflict conditions in Experiment 1 and the current
experiment. However, we need to ask at this point to what degree these conclusions need to be qual-
ified by the unusually long RTs in endogenous, post-interruption, high-conflict trials (see Fig. 4). Argu-
ably, if amount of conflict were critical then the strong conflict that was experienced on these trials
should have also led to particularly strong interference on exogenous-task, post-interruption trials.
We did find that participants had larger post-interruption costs in a task-unspecific manner—which
possibly is due to the experience of very high conflict on some post-interruption trials. However, there
was no specific effect on conflict trials that would qualify our main conclusions. If anything the large
RTs in the endogenous, post-interruption, high-conflict trials ensured that our experimental condition
produced a rather conservative test of the idea that frequency of conflict instances is more critical than
the experience of conflict per se.
4. Experiment 3

Experiments 1 and 2 clearly confirmed our predictions: Recovery from interruptions produced a
strong cost asymmetry in the absence of actual switches between competing tasks and this effect
was particularly pronounced when the competing task was experienced frequently in conditions of
high conflict. The main purpose of this experiment was to further examine the role of interruptions
in eliciting the cost asymmetry. From the perspective of our model, the effect of interruptions is struc-
tural in nature. It enforces an updating operation, which in turn creates an unconditional opening for
any memory traces associated with the current context, wanted or unwanted, to influence processing.
However, there is an alternative possibility. Across alternating blocks, the specific interruption task (e.g.,
solving math equations) may become linked with either of the two possible tasks that can potentially
follow the interruption task via associative learning. Thus, after concluding a math trial, there may be
two learned associations in place, one to the endogenous task and the other to the exogenous task and a
time-consuming, controlled retrieval process may be necessary to determine the currently relevant
task. To examine this possibility we used two different interruption tasks in Experiment 3. The first
was the math task, identical to the one used in Experiments 1 and 2. The second task involved solving
simple anagrams (i.e., the ‘‘word task’’). In the critical condition there was a consistent mapping be-
tween interruption task and block type (i.e., 2:2 mapping), such that for half of the subjects the math
task would be only coupled with the exogenous task and the word task only with the endogenous task
(and the other way round for the other half of the subjects). We compared this condition to one in
which each participant was exposed to only one interruption task for both endogenous and exogenous
blocks (i.e., 1:2 mapping). If learned associations matter then the cost-asymmetry pattern should be
present only in the group with the inconsistent 1:2 mapping. However, if we obtain the cost asymmetry
even when type of interruption is consistently mapped to block type then this would suggest that inter-
ference is due to the structural effect of interruptions rather than to specific associations.
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In this experiment, we also wanted to rule out another possible alternative explanation for the
interruption-triggered cost asymmetry. In Experiments 1 and 2, the interruption-task stimuli were
presented centrally, which is the same area on the screen where also the cue for the endogenous task
was shown. This overlap in location may have biased participants towards the center of the screen
while recovering from the interruption, thus giving priority to the endogenous task cues. The fact that
the cost asymmetry was absent for the single-task conditions or much reduced when the endogenous
task was experienced without conflict (in both of which the interruption task was also presented cen-
trally) indicates that the positioning of the interruption task could not be the sole explanation. How-
ever, it is possible that this served as a mitigating factor. Therefore, in Experiment 3 we presented the
interruption task at random locations on the screen, avoiding positions closer than 6� to the center.

4.1. Methods

4.1.1. Participants
A total of 40 students of the University of Oregon participated in exchange for course credits in this

experiment.

4.1.2. Tasks and design
The same tasks and stimuli were used as in the preceding experiments. However, we added as a

second interruption an anagram task. Participants were shown four or five-letter anagrams along with
two letters just below to the left and the right of the anagram (Times font, size = 24). Subjects had to
press either the left or right key to indicate which of these was the first letter of a legal word that could
be formed with the anagram letters. Anagrams were selected from a pool of 140 possible words.
Words could be used more than once per experiment, but only after all other words had been used.
Another difference from the preceding experiments was that interruption task stimuli both for the
math and the anagram task were presented in random positions within an area that was at least 6�,
but no more than 9� away from the center of the screen.

Half of the subjects were randomly assigned to the 1:2 mapping group, which worked either only
with the math task or only with the anagram task (i.e., 10 subjects each). The other half of the subjects
was assigned to the 2:2 mapping group, for which both the math and the anagram task were pre-
sented randomly. Otherwise, the endogenous and exogenous tasks were identical to the exo/endo con-
ditions in Experiments 1 and 2 with 50% conflict in either the endogenous or the exogenous task.

4.2. Results and discussion

We used the same trial exclusion criteria as in the previous experiments. Again, in no condition of
the primary task did error rates exceed 3.0% and in no instance did the pattern of error effects coun-
teract the pattern of RTs. Therefore, we focus our reporting of analyses on RTs only, but we do present
errors in Fig. 5 along with RTs.

The mean error rate for the math task was 11.1% (SD = 6.7%) in the group that only performed the
math task and 15.5% (SD = 12.4%) in the group that performed both interruption tasks. The corre-
sponding values for the anagram task were 9.8% (SD = 11.4) and 6.1% (SD = 3.4). Mean RTs for the math
task were 4486 ms (SD = 1496) for the math-only group and 4979 ms (SD = 2118) for the mixed group.
The corresponding RTs for the anagram task were 2759 ms (SD = 789) and 2478 ms (SD = 1028).

The upper panel of Fig. 5 presents RT results for the primary tasks as a function of task, interrup-
tion, and conflict, separately for the condition in which interruption task and primary tasks were
either inconsistently (1:2) or consistently (2:2) mapped. As apparent, across both conditions the qual-
itative data pattern was largely similar to the one obtained for the corresponding exo/endo conditions
in Experiments 1 and 2. The switch-cost asymmetry, that is the Task � Interruption interaction was
highly significant, F(1,38) = 55.88, MSE = 5846.37, p < .001, and this effect was not modulated by the
Mapping factor, F(1,38) = .25. As in the preceding experiments, the cost-asymmetry was further mod-
ulated by conflict, F(1,38) = 26.07, MSE = 5745.93, p < .001. In particular, there was generally no con-
flict effect for exogenous-task maintenance trials, while there was a substantial effect for interruption
trials. Again, this interaction was not significantly modulated by the task mapping, F(1,38) = .51. As in



Fig. 5. Mean RTs as a function of trial type (post-interruption vs. maintenance) and presence of conflict as a function of mapping
between interruption tasks and primary tasks (1:2 mapping vs. 2:2 mapping) for Experiment 3.
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the previous experiments, we checked whether the asymmetry pattern persisted across the entire
block and found a numerical reduction of the asymmetry effect from 145 to 108 ms, that however
was not significant, F(1,38) = 1.81, MSE = 7780.39, p < .15.4

To conclude, with the present results we cannot rule out the presence of associative learning effects
between consecutive tasks (e.g., Koch, 2001). Small effects of this kind may have been difficult to de-
tect with our design. However, the results provide little reason to suspect that associative links be-
tween tasks play a major role in producing the interruption-specific, cost-asymmetry pattern.
Therefore, they strengthen our structural hypothesis, namely that interruptions enforce an updating
operation in the course of which interference through LTM traces can enter the selection process.

Different from the preceding experiments, we presented the interruption-task stimuli far from the
screen’s center to avoid any kind of bias favoring the central cue after an interruption. The qualitative
pattern of effects was very similar to the one obtained in precious experiments. Therefore it is unlikely
that the positioning of the interruption task on the screen played a major role in the pattern of costs.
5. Experiment 4

One limitation of our results thus far is that we used interruption tasks which themselves were
fairly complex and required considerable attentional control. Maybe the pattern of post-interruption
costs we had observed can be explained in terms of an after-effect of immediately preceding, high con-
trol demands. Therefore, in this experiment, we used a variant of a spatial Stroop task requiring man-
ual key responses as interruption events that allowed us to directly manipulate control demands.
Specifically, one group of subjects performed the interruption task with low-demand instructions,
where correct key responses were indicated through the dominant dimension (i.e., arrow directions).
4 The math task was considerably harder than the anagram task, both in terms of RTs and error rates. Thus, it is worth checking
to what degree the observed cost asymmetry may be limited to the difficult math task, but is less apparent for the easier anagram
task. A clean contrast is only possible for the 1:2 mapping group where half of the subjects worked only with the math task and the
other half worked only with the anagram task. We included interruption task as a between-subject factor along with the within-
subject factors of the main analysis. The only effect that involved the between-subject factor was a four-way interaction between
interruption task, task (i.e., endogenous vs. exogenous), interruption, and conflict that approached significance, F(1,18) = 3.72,
MSE = 4918.26, p = .07. For subjects who were interrupted through the anagram task, the critical cost asymmetry was somewhat
larger than for subjects who were interrupted by the math task. While we cannot conclude from this result that the observed
asymmetry is larger for easier tasks, it certainly provides no indication that it is limited to difficult interruptions.
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The second group of subjects performed the task with high-demand instructions. Here, correct key
presses were indicated through arbitrary color-key assignment rules and the arrow direction pro-
duced potentially conflicting information. Also, different from the preceding experiments, the inter-
ruption events were not just single trials, but followed the same probabilistic ‘‘switch’’ rules as the
primary tasks. Specifically, no matter what the current task type, there was a p = .2 probability that
the next trial switched to the other task possible in that block. This also allowed us to examine to what
degree the pattern of post-interruption costs depended in any critical manner on the number of inter-
vening interruption events/trials.

5.1. Methods

5.1.1. Participants
A total of 40 students of the University of Oregon participated in exchange for course credits in this

experiment.

5.1.2. Tasks and design
The same primary tasks and stimuli were used as in the preceding experiments. However, a new

interruption task was used that allowed a manipulation of response-selection demands. For these
interruption trials, initially an empty stimulus box (6� side length) appeared on the screen. After
1000 ms, an arrow (4.8� length) appeared that pointed to one of the four corners of the box and
was colored red, blue, green, or yellow. Depending on condition, subjects responded with their
right-hand index finger by pressing keys on the numerical keypad that corresponded to the corners
of the square (2, 3, 5, or 6). Subjects in the low-control condition were instructed to press the key that
was compatible with the arrow direction. The color dimension was not explicitly mentioned to these
subjects. For subjects in the high-control condition the correct key was indicated through arbitrary
color-key assignments (red = upper left, green = upper right, yellow = lower left, blue = lower right).
Arrow direction and the key indicated by the color were in conflict on 50% of interruption trials. Tran-
sitions between the primary task and the interruption task occurred with probability p = .2.

As in the critical experimental conditions of the preceding experiments, subjects alternated be-
tween pure endogenous and pure exogenous control blocks. The only difference was that we extended
the length of blocks to 100 trials per block. Half of the subjects worked exclusively with the low-con-
trol interruption task, the other half with the high-control interruption task.

5.2. Results and discussion

We used the same trial exclusion criteria as in the previous experiments. In this experiment rele-
vant error results were obtained and will be reported alongside with RT results.

The mean RTs for the low-demand interruption task was 501 ms (SD = 63). Mean RTs for the high-
demand interruption task were 714 ms (SD = 114) for compatible and 816 ms (SD = 169) for incompat-
ible trials. Corresponding error percentages were 0.7% (SD = .64), 1.4% (SD = 2.2) and 5.9% (SD = 3.0%).
Thus, with these interruption tasks, we implemented a strong variation in control demands.

Fig. 6 presents RT and error results for the primary tasks as a function of task, interruption, and con-
flict, separately for the low-demand and the high-demand interruption conditions. As apparent, across
all conditions the qualitative RT data pattern was largely similar to the one obtained for the corre-
sponding conditions from the previous experiments. For the analysis, we added as additional factor
whether or not the last interruption episode was short (i.e., 62 trial) vs. long (>2 trials). With this cat-
egorization of interruption episodes, there was an about equal number of observations in each cate-
gory. The switch-cost asymmetry, that is the Task � Interruption interaction was highly significant,
F(1,38) = 29.33, MSE = 19629.69, p < .001, and this effect was not modulated by the type of interruption,
F(1,38) = .07. Also, the cost-asymmetry was modulated by conflict, F(1,38) = 5.63, MSE = 13918.91,
p < .03. In particular, there was generally no conflict effect for exogenous-task maintenance trials, while
there was a substantial effect for interruption trials. Again, this interaction was not significantly mod-
ulated by interruption-task demands, F(1,38) = .04. Also the Task � Interruption interaction was not



Fig. 6. Mean RTs and errors as a function of task (exogenous vs. endogenous), trial type (post-interruption vs. maintenance),
presence of conflict, and control demands of the interruption task for Experiment 4.
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significantly modulated by whether the previous interruption episode was short or long, F(1,38) = .18,
and there were no other significant effects associated with the length of the interruption.

As in the previous experiment, there was a tendency for the cost asymmetry to decline between the
first half (142 ms) and the second half of the block (98 ms), F(1,38) = 3.52, MSE = 3037.54, p > .06.
However, the cost asymmetry was highly reliable for both block halves, Fs(1,38)>24.15.

For the high-demand condition, the pattern of errors was consistent with previous experiments in
that it was not reliably affected by the experimental factors; in particular there was no trace of a cost
asymmetry, F(1,19) = .01. However, in the low-demand condition, the cost-asymmetry pattern was
opposite to that obtained on the level of RTs and the relevant Task � Interruption interaction as reli-
ably modulated by the condition factor, F(1,38) = 6.42, MSE = 13.10, p < .02. In principle, this pattern
could point to a speed-accuracy tradeoff. However, the size of the ‘‘reverse’’ error cost-asymmetry ef-
fect showed a zero correlation with the RT cost-asymmetry effect in either of the two between-subject
conditions (low demand: r = –.01; high demand: r = –.01). Also, when repeating the RT analyses for the
low-demand group after eliminating those subjects with an above-median reverse cost-asymmetry ef-
fect, there was still a highly reliable cost asymmetry, F(1,38) = 3.52, MSE = 2557.40, p < .01. Thus,
while the unique pattern of error effects was certainly not predicted for the low-demand condition,
there is no reason to assume that it qualifies the pattern of RT results.5 Therefore, the main result of
5 In interpreting accuracy effects it is important to keep in mind that in the exogenous/endogenous paradigm response selection
difficulty was not correlated with input selection difficulty (i.e., exogenous/endogenous conflict). In fact, high selection demands
on the input side (e.g., due to increased interference from the endogenous cue on post-interruption trials) may produce slack time
for response-selection difficulties to dissipate. In the current paradigm such response-selection difficulties can arise for the
exogenous task in form of a Simon-type effect as subjects had to make a left–right response to a stimulus that appears either on the
left or the right side of the screen. Further, subjects may have greater difficulties with warding off such Simon-type interference in
the low-demand condition due to contextual carry-over from an interruption task that required responding to the location of a
stimulus. In fact, when we repeated the main RT and error analyses after eliminating those trials that should produce the largest
Simon-type effects (e.g., when the exogenous stimulus occurs either on the leftmost or the rightmost side of the stimulus circle),
the difference between attentional demand conditions on the error cost-asymmetry was no longer reliable, F(1,38) = 2.90,
MSE = 17.36, p = .1, while the RT cost asymmetry remained highly reliable in either of the two conditions, Fs(1, 38) > 11.19.
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this experiment was that neither the level of control demands during the interruption nor the length of
the interruption influenced the pattern of post-interruption costs in a theoretically significant manner.
6. Experiment 5

So far, as our primary task pair we had juxtaposed endogenous vs. exogenous control over spatial
attention. In this final experiment we wanted to examine to what degree the basic pattern of results
generalizes to a paradigm where conflict is generated during response selection, rather than during
attentional-input selection. To this end, we replaced the endogenous vs. exogenous spatial attention
tasks with a spatial Stroop task. Participants in the experimental group switched back and forth be-
tween blocks that either required a response to a word (UP, DOWN, LEFT, or RIGHT) presented in
one of four locations, or execute a spatially compatible response to the location of the word. We also
included two different control groups of subjects who either only performed the word or the location
task throughout the experiment. As interruption events, we returned to the math tasks from Experi-
ments 1–3, but presented at random locations (as in Experiment 3).

6.1. Method

6.1.1. Participants
A total of 60 students of the University of Oregon participated in exchange for course credits in this

experiment.

6.1.2. Tasks and design
On each trial, four squares (4� side length) were presented at one of four locations, in a crosswise

arrangement (8� from the center of the screen). Additionally, a single word (UP, DOWN, LEFT, or
RIGHT, presented in 24 point Helvetica font) appeared in the center of one of the squares. Subjects re-
sponded with their right-hand index finger by pressing either the 2 (bottom), 4 (left), 6 (right), or 8
(top) key on the numerical keyboard. In the word task, subjects were instructed to press the key that
corresponded to the word that was displayed. In the location task, subjects’ key responses were com-
patible with the spatial location of the word. Each block was 100 trials long. The response–stimulus
interval was 1000 ms. The math interruption task was presented exactly as in Experiments 3.

Subjects were randomly selected into the experimental condition or in one of two single-task con-
trols conditions. In the experimental condition (N = 20), subjects alternated between pure word and
pure location blocks. In each of the two control conditions (N = 20), subjects either performed only
the word or only the location task throughout the experiment. As in the previous experiments, partic-
ipants performed on initial practice block for each task that was identical to the following test blocks.

6.2. Results and discussion

We used the same trial exclusion criteria as in the previous experiments. Initial analyses revealed
that in this experiment, different results were obtained for the first vs. the second half of each block.
Therefore, Fig. 7 shows the RT and error pattern separated by block half. Given that in this experiment,
error patterns could reflect theoretically relevant response-conflict effects, we analyzed them here as
well.

Turning first to the experimental group, in the first block half there was a clear RT cost-asymmetry
pattern, whereas in the second block half, overall interruption costs and the cost asymmetry pattern
were much smaller. In the experimental group, the two-way interaction indicative of the cost asym-
metry pattern did not quite reach the significance criterion, F(1,19) = 3.19, MSE = 3183.20, p > .09; the
same is true for the additional modulation of this effect through the response-congruency factor,
F(1,19) = 3.28, MSE = 1224.43, p < .09. However, the cost-asymmetry interaction was significantly
modulated through the block-half factor, F(1,19) = 5.36, MSE = 3466.19, p < .04. In the first half, the
cost asymmetry was reliable, F(1,19) = 6.84, MSE = 2386.41, p < .02, and the additional modulation
of this effect by the response-conflict factor was almost reliable, F(1,19) = 3.83, MSE = 1038.90,



Fig. 7. Mean RTs and errors as a function of task (spatial Stroop responses to locations vs. words), trial type (post-interruption
vs. maintenance), presence of conflict, block half, and control vs. experimental conditions (pure-location/pure-word vs.
alternating location/word) for Experiment 5.
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p < .07. For the second half, both of these two effects were far from reliable, F < .5. In terms of errors,
the theoretically critical Task � Interruption interaction approached significance, F(1,19) = 3.97,
MSE = 10.26, p < .07, while the additional interaction with the Congruency factor was in the expected
direction, but not significant, F(1,19) = 1.85, MSE = 14.45, p = .19.

By looking at the control groups, we can again assess to what degree the cost asymmetry present in
the experimental group is an unspecific phenomenon rather than tied to experience with both types of
tasks. As obvious from Fig. 6, the cost asymmetry that is present in the experimental group (at least in
the first half) is completely absent when comparing the two control groups. In fact, in an ANOVA com-
paring the two word-task group and the location-task group, there was a nearly reliable
Group � Interruption interaction that in terms of direction was opposite to the cost asymmetry inter-
action in the experimental condition, F(1,38) = 3.89, MSE = 2357.60, p < .06.

Also, when comparing the dominant, location-task performance for the control and the experimen-
tal groups there was a highly reliable Group � Task � Interruption interaction, F(1,38) = 20.54,
MSE = 5439.39, p < .01, that was further modulated by the block-half factor, F(1,38) = 10.56,
MSE = 2506.01, p < .01, and in addition, by the response-congruency factor, F(1,38) = 4.15,
MSE = 880.64, p < .05, with somewhat larger congruency effects for first-half, post-interruption trials.
Furthermore, for the location task, there was no reliable difference between groups for maintenance
trials F(1,38) < .6, suggesting that once recovery from interruptions was complete, subjects in the
experimental condition were able to focus on the location task just as well as those in the control con-
dition. For errors, it is evident that there is no hint of a post-interruption cost-asymmetry in the con-
trol condition.

All in all, the pattern we obtained with this task combination was similar to what we found for the
endogenous/exogenous attentional control tasks (see also our previous results with the Stroop task
(Bryck & Mayr, 2008). However, there were two qualifications. First, the effect was less persistent than
in the previous experiments with a clear cost asymmetry in the first half that largely diminished in
the second half. Accumulation of new memory traces during the first half of each block in the
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experimental condition may have counteracted the interference from the previous block with the com-
peting task. We had found a tendency of a diminishing cost asymmetry also in the preceding experi-
ments. Thus, at this point it would be premature to conclude that there is a qualitative difference in
the persistence of interference between attentional-selection and the response-selection domain.

Second, in the preceding experiments with the endogenous/exogenous tasks the presence of con-
flicting information (in particular the presence/absence of endogenous task cues) typically had a reli-
able effect on the cost asymmetry. In the spatial Stroop task, the presence of response conflict had less
of an additional effect on the dominant task over and above the effect of interruptions. One possible
reason for this divergence is that in order to avoid contingencies between the irrelevant and the rel-
evant dimensions (e.g., Melara & Algom, 2003) locations and word stimuli were selected randomly,
leading to an average conflict probability of p = .75. In situations with high probability of conflict, con-
flict effects are often reduced, possibly because of a general tightening of control (Tzelgov et al., 1992).
Another reason for a relatively small contribution of conflict trials to the cost asymmetry is that in this
experiment, conflict effects were ‘‘diluted’’ across RTs and errors, whereas in the endogenous/exoge-
nous task conflict effects affected RTs only. The error effects we did observe in Experiment 5 were in
the same direction as RT effects, albeit only approaching the statistical significance criterion.
7. General discussion

Our goal was to explore the conditions that make it difficult to select between competing control
settings, specifically between endogenous and exogenously controlled attention. On a theoretical level
we started out by proposing two conditions that have to be met so that subjects experience substan-
tial selection costs. First, LTM needs to contain memory traces from earlier selection instances with the
competing task. Second, these memory traces produce interference only once working memory is
forced from a maintenance to an updating state, such as through strong bottom-up interference (as
in the endogenous task), task switches, or during recovery from externally imposed interruptions
(as in the exogenous task during post-interruption trials). From these assumptions we derived and
empirically confirmed the prediction that the asymmetric selection costs (i.e., larger costs for domi-
nant than for non-dominant control settings) arise after any interruption of ongoing processing. This
is in contrast to predictions from the currently dominant ‘‘carry-over’’ account of task switching (e.g.,
Gilbert & Shallice, 2002), which cannot explain a selection cost asymmetry that arises from mere
interruptions. Rather, for this account the trial-to-trial clash between competing task or control set-
tings is a necessary condition for the selection cost asymmetry to arise.

Cost asymmetries in the absence of task switches between competing tasks have been reported
occasionally in the past (Allport & Wylie, 2000; Bryck & Mayr, 2008). The current results go signifi-
cantly beyond the existing evidence and allow us to both strengthen and fill in important details about
our rather broad starting propositions:

First, the interruption-based cost asymmetry is fairly general. In particular, it occurs both in situa-
tions in which subjects need to select between competing attentional control settings (Exp. 1–4) and
between competing stimulus–response mappings (Exp. 5; see also Bryck & Mayr, 2008)).

Second, in line with the LTM memory account, we document the role of experienced conflict on
encoding of LTM traces. The cost asymmetry arises only when subjects have experienced conflict from
the dominant task while performing the non-dominant task (Exp. 1).

Third, we also examined the role of interruptions in determining the cost asymmetry. Consistent
with the idea that interruptions have a structural effect (i.e., in terms of enforcing an updating process
during recovery from the interruption), we demonstrated that the cost asymmetry could not be ex-
plained in terms of task-specific associative mappings (Experiment 3). Also, consistent with the struc-
tural hypothesis we demonstrated that the type, the attentional control demands, or the duration of
interruptions have at best very small effects on the cost asymmetry. In line with our general model
this suggests that what matters is not the interruption activity itself, but simply the fact that interrup-
tions elicit a working-memory updating process.

Fourth, an important aspect of the current work is that the interruption paradigm, combined with
the exogenous/endogenous tasks provides a particularly clear empirical distinction between the
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updating mode (post-interruption trials) and the maintenance mode (exogenous-task maintenance
trials). In standard task-switching situations it seems particularly difficult to bring subjects to adopt
a pure maintenance mode, as the mere possibility of task switching may induce a tendency to update
even on no-switch trials (e.g., Monsell & Mizon, 2006). A clear empirical distinction between updating
and maintenance allows examining context and individual differences factors that could selectively
affect these two modes of control and how people negotiate between them. We are currently using
this paradigm to test the hypothesis that older adults are ‘‘chronic updaters’’ (Mayr, 2001; Spieler,
Mayr, & LaGrone, 2006). Our initial results indicate that while young adults exhibit virtually no trace
of conflict from the endogenous task in exogenous-task maintenance trials (e.g., as in the exo/endo
condition in Fig. 2), old adults continue to exhibit substantial costs and conflict effects across mainte-
nance trials. This is consistent with the hypothesis that old adults find it difficult to revert to a full
maintenance mode following an interruption.

Combined, our results provide a powerful challenge to models that emphasize the clash between
the immediate past and the present as the main driver of task-selection costs. In the following we dis-
cuss both implications of our results, as well as remaining challenges.

7.1. Controlling attentional control

We found that adopting an exogenous attentional setting after an interruption produces a larger RT
cost than adopting an endogenous attentional setting. As noted, this pattern is similar to the switch-
cost asymmetry found for other dominant vs. non-dominant task combinations in traditional task-
switching situations. It is a defining criterion of exogenous control that it suffers no or only very little
interference from signals associated with endogenous control. Thus, the present results suggest an
important exception from this rule. Exogenous control appears fluent and interference-resistant only
once it is established and when it merely needs to be maintained across trials. In fact, what we know
about the difference between exogenous and endogenous selection comes from studies using such
‘‘maintenance’’ conditions (i.e., pure blocks and no interruptions; e.g., Müller & Rabbitt, 1989; Posner,
1980). The current results show that the process of intentionally selecting an exogenous mode of con-
trol seems at least as vulnerable as the process of selecting endogenous settings, at least when LTM
contains traces about competing, endogenous control settings.

A remaining open question is how exactly endogenous-task interference disrupts processing on
post-interruption, exogenous-task trials. Responses to sudden-onset stimuli have been proposed to re-
flect an unconditional, reflex-like response (e.g., Theeuwes, 2004). Therefore it would be a particularly
noteworthy (and for this notion damaging) result if exogenous-task selection costs arise because the
potency of the exogenous stimulus to attract attention is reduced on post-interruption trials. Alterna-
tively, it is also possible that the initial, exogenous pull of the exogenous stimulus remains intact and
that it is only after visiting the exogenous stimulus that attention is (erroneously) brought back to in-
spect the central cue. We are currently investigating this important question by applying eye-tracking
analyses to the exogenous/endogenous control paradigm.

7.2. Carry-over vs. LTM retrieval

The LTM encoding/retrieval model of task selection that is supported by the current data has the
potential of explaining traditional task-switching effects without invoking the need for passive,
trial-to-trial carry-over of information. Such passive carry-over is a hallmark of connectionist explana-
tions for task-switch effects (Brown, Reynolds, & Braver, 2007; Gilbert & Shallice, 2002; Yeung & Mon-
sell, 2003a, 2003b). Obviously, such models cannot explain selection costs that arise in the absence of
any switch from the competing task. Also, these results cannot be explained by the kind of hybrid car-
ry-over/LTM retrieval model proposed by Waszak et al. (2003, Waszak, Hommel, & Allport, 2005).
According to this account, interference does result—just as we assume––from LTM traces of earlier
selection instances. However, it is the trial-to-trial carry-over of the no-longer relevant task represen-
tation (i.e., ‘‘task-set inertia’’) that generates the vulnerability towards these LTM traces on switch
trials. Instead, our results suggest that the a switch between competing tasks is only one instance
of a broader category of events that lead to a working-memory updating state, which in turn allows
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interference from LTM traces to enter the system. Carry-over from the preceding trial is not a necessary
part of this process.

Any recovery from interruptions involves a switch in task (albeit not necessarily from a competing
task) and on the basis of the current results alone we cannot rule out that this switch is somehow
responsible for the cost asymmetry. However, in Bryck and Mayr (2008) we did find a cost asymmetry
even after 5 s unfilled delays between trials and in the absence of any switches in tasks. As we would
argue, such delays increase the probability of loosing the current task set, which then triggers working
memory updating.

The LTM-interference/updating account can explain both the clearly LTM-induced cost asymmetry
studied here and the traditional switch cost asymmetry (see also, Mayr, 2008, 2009; Waszak et al.,
2003). Therefore, according to Occam’s razor any inferences about an additional process (such as car-
ry-over) should be based on strong evidence that the trial-to-trial switching situation is in some way
unique and cannot be handled by the LTM-interference/updating account alone.

One result that at first sight seems to support the carry-over model comes from Yeung, Nystrom,
Aronson, and Cohen (2006). Participants switched between tasks that required subjects to attend
either to word or to face stimuli. After task switches there was greater activity in neural areas associ-
ated with the currently irrelevant task than after non-switch trials. Also, the degree of this irrelevant-
task activity predicted RT switch costs. These results are consistent with the carry-over account, but
not necessarily inconsistent with the LTM interference account. With only two tasks it is impossible to
tell to what degree there would have been also heightened activity on no-switch trials––only to a les-
ser degree than on switch trials. It is not at all incompatible with an LTM model when interference is
greater for a more recently used alternate task (e.g., on switch trials) than for a less recently used task
(e.g., on no-switch trials; for related findings see Bryck & Mayr, 2008). In fact, Wylie, Javitt, and Foxe
(2004) looked for activation in neural areas associated with task dimensions that had been performed
in a previous block of trials, but were not relevant on the current single-task block. Consistent with the
LTM model, they found increased task-irrelevant activity (compared to a control situation in which the
irrelevant task had not yet been experienced), even though no immediate switching between tasks
was involved.

We are aware of one set of studies that proposed a specific version of a carry-over model, and also
made an explicit effort of ruling out an LTM account of the cost asymmetry. Yeung and Monsell
(2003a) had presented a connectionist model that explains different patterns of cost asymmetry as
resulting from the combination of carry-over of task activation and the relative amounts of control
activation required when tasks either do or do not directly compete with each other. Yeung and Mon-
sell (2003b) extended this work to test the carry-over (a.k.a. task-set inertia) against the LTM (a.k.a.,
associative priming) account. Participants had to switch between two initially unfamiliar tasks (i.e.,
alphabet arithmetic and judging whether a letter and a number both contained curves or not). How-
ever, each switching block was preceded by a single-task practice block that was supposed to selec-
tively strengthen one of the two tasks. Across the experiment, practice blocks alternated between
the two tasks. The authors proposed that the associative priming account predicts that it should be
particularly hard to switch to the most recently non-practiced task because that would require coun-
tering the interference from the most recently practiced task. In contrast, the carry-over account pre-
dicts larger costs when switching to the recently practiced task because more control was necessary
for the recently unpracticed task on the pre-switch trial, which in turn should make it harder to switch
away from that task (due to carry-over). The results were largely consistent with the latter prediction.
However, there were also aspects of these results that are inconsistent with the interpretation that the
observed cost asymmetry was due to inertia of either high-control or a low-control task settings
across trials. Specifically, there was little evidence that the relatively short practice blocks (i.e., 32 tri-
als) actually affected relative task dominance. In fact, no-switch RTs were largely similar across re-
cently practiced and unpracticed tasks. Therefore it is not clear to what degree this actually
constituted a traditional switch-cost asymmetry, which is defined in terms of larger switch costs to
a dominant/easy than to a non-dominant/hard task.

An alternative interpretation of the pattern reported by Yeung and Monsell (2003b) is that the lar-
ger switch costs to the practiced task reflect the effect of ‘‘inappropriate transfer’’ between the single-
task blocks and the task-switching blocks. It may be harder to switch to the most recently practiced
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task (i.e., task A) exactly because switch operations were not necessarily associated with this task dur-
ing the interspersed task-A practice block. In contrast, task B had last been used in a switching context
(i.e., the switching block that preceded the last single-task block). Thus, at this point we do not know
to what degree the pattern reported in Yeung and Monsell (2003b) truly reflects a switch-cost asym-
metry associated with relative differences in dominance between tasks. Whether or not the LTM ac-
count will turn out to be fully sufficient to explain task-switch costs, our results do show an important
category of asymmetric costs for which the carry-over account clearly cannot provide a sufficient
explanation.

As mentioned earlier, our finding of large selection costs in the absence of task switches are not
without precedence. For example, several researchers have shown that a simple restart of a continu-
ous run of tasks produces substantial costs (e.g., Allport & Wylie, 2000; Altman, 2007; Gopher, Ar-
mony, & Greenshpan, 2000; Lien & Ruthruff, 2004). Based on our account, these costs arise because
the need for a restart enforces an updating process, including costly re-retrieval of the current task
set. There are probably many factors that can elicit such updating operations, such as forced breaks
(Gopher et al., 2000), high probability of task switches (e.g., Mayr, 2007), or errors and the experience
of conflict (e.g., Botvinick et al., 2001).

We do not want to preclude the possibility that trial-to-trial transitions between task/control set-
tings have unique characteristics that are not present for LTM retrieval effects. In fact, when also con-
sidering stimulus–response repetition effects across task repetitions vs. changes, usually a
characteristic cost-benefit pattern arises. Specifically, costs are largest when there is partial overlap
(e.g., cost for task changes with stimulus or response repetitions is larger than when everything
changes). Hommel (2004) has suggested that this partial-mismatch pattern reflects aftereffects of
integrated ‘‘event files’’ that bring all relevant codes for a specific selection instance together into
an executable state and that have to be ‘‘unpacked’’ if specific codes need to be reused on the next trial.
Using a rule-switching paradigm, Mayr and Bryck (2005) looked for such a partial-mismatch pattern
both for trial-to-trial transitions and for the effect of long-term memory traces on current processing.
Interestingly, while the first yielded the non-monotonic, partial-mismatch pattern, LTM effects were
characterized by monotonic, similarity-based effects (the greater the match between past and current
traces the larger the effects). Thus, there seem to be qualitative differences in the way in which the
most recent and the less recent past influence processing. The exact cognitive/neural basis for these
differences are currently not well understood. Clearly, this is a theoretically important issue that de-
serves further investigation.

7.3. Conflict and LTM encoding/retrieval

According to our results, presence of conflict modulates the cost asymmetry at two points. First,
and not surprisingly, across all experiments the cost asymmetry was increased (albeit not quite sig-
nificantly so in Exp. 5) when stimuli associated with the non-dominant task (i.e., the central cues)
were present while performing the dominant task. This result is consistent with findings in the stan-
dard task-switching paradigm (e.g., Yeung & Monsell, 2003a) according to which the cost asymmetry
is modulated through the presence of stimulus and/or response-related conflict. From the LTM per-
spective, this can be explained by assuming that the endogenous stimulus serves as a particularly
powerful retrieval cue for the currently irrelevant (endogenous) task.

Second, and theoretically more interesting is the fact that the presence of the exogenous stimulus
(i.e., the sudden onset) while performing the endogenous task is apparently a necessary condition for
the encoding of the encoding memory traces that later lead to selection costs (Experiments 1 and 2).
This result is consistent with the idea that conflict boosts in a general manner attention on the cur-
rently relevant processes (i.e., attending to the endogenous cue), which in turn promotes encoding
of memory instances of that particular selection episode (Bryck & Mayr, 2008; Verguts & Notebaert,
2009).

Another possible interpretation of this result is that when exposed to an exogenous stimulus dur-
ing the endogenous task, subjects encode a ‘‘suppression response’’ along with this stimulus (for a
similar explanation of negative priming effects, see Rothermund, Wentura, & De Houwer, 2005). This
suppression response is then retrieved during the post-interruption trials in the exogenous task and
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interferes with the now appropriate orienting towards the exogenous stimulus. In future experiments
it will be important to distinguish between these accounts. For example, if conflict generally boosts
encoding of memory traces, we should find the cost asymmetry even when that conflict is elicited
in a different way (e.g., through incongruent flanker stimuli) than through the exogenous stimuli.

In Experiment 2 we also tested a condition in which experience with conflict during the endoge-
nous task was limited to post-interruption trials. We did this with the goal to roughly equate the con-
flict experience during the endogenous task to that during the exogenous task, where subjects are able
to effectively filter out the interfering information from the endogenous task during maintenance tri-
als. Indeed, we found that in this situation the cost asymmetry was reduced. Thus, it seems that in the
standard situation, frequent experiences with conflict during the endogenous task are responsible for
the large post-interruption costs. Obviously, this type of a positive relationship between amount of
interference and frequency of encoding opportunities is consistent with an LTM account, such as in-
stance theory (e.g., Logan, 1988).

The results from this experiment also suggest a possible reason why the cost asymmetry occurs in
the first place: The effective filtering during maintenance of the exogenous control setting prevents
the encoding of potentially interfering memory traces, whereas the relatively ineffective filtering in
the endogenous task allows the encoding of such traces. This leads to a testable prediction: In situa-
tions in which filtering is disrupted or for individuals with filtering problems, the cost asymmetry
should be weakened or even eliminated. Interestingly, in the above-mentioned initial results with old-
er adults (who show no efficient maintenance/filtering in the exogenous task) we actually do find an
absence of a clear cost asymmetry between the exogenous and the endogenous task.

We have not yet completely resolved the question how exactly selection costs in general and more
specifically the cost asymmetry arise. However, our results clearly indicate that aspects of the initial
encoding situation (e.g., type and frequency of specific selection instances), critically determine the
potency of LTM traces, which then eventually lead to the costs of selecting between competing control
settings.

7.4. When and why are interruptions harmful?

It is a truism that interruptions of ongoing activities harm fluent and effective performance. How-
ever, we currently do not have a full understanding of when and why exactly interruptions––an omni-
present reality in most real-world work environments––actually do have negative effects.

One thing we do know is that at least after interruptions of cumulative tasks (i.e., where one needs
to take off exactly where one stopped before the interruption) there is a time cost in terms of re-estab-
lishing the current task context in working memory (e.g., Altman & Trafton, 2007). The current results
point to an additional factor. If our explanation of the cost-asymmetry is correct then every recovery
from an interruption will force the system into an updating state during which it is vulnerable to alter-
native paths of action. Take for example a typical, complex work situation with multiple tasks that
need to be performed before the day is done. These additional demands may have little effect while
one is absorbed in the currently prioritized task. However, once pulled away (e.g., through the email
inbox signal) the return to that task may easily go astray because that requires crossing a choice point
during which the system is temporarily open to all alternative paths of action that are currently acti-
vated in LTM. Thus, one potential danger of interruptions may lie in increasing the number of these
choice points, a hypothesis that can be tested empirically and that may have important practical con-
sequences for how to operate in or design multi-tasking environments.

7.5. Conclusion

The current work allows two broad conclusions. First, while exogenous control of attention may be
fast and effortless, the process of intentionally adopting such a control setting produces larger behav-
ioral costs than when adopting an endogenous control setting. Second, our pattern of results suggests
that at least two things need to come together to produce interference when adopting an exogenous
task setting: the presence of interfering LTM traces and an updating working memory mode, as trig-
gered for example while recovering from an interruption. We propose that this model also provides a
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more general explanation of the types of costs regularly obtained in task-switching situations than the
assumption of trial-to-trial carry-over between competing tasks or control settings.
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