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INTRODUCTION: WHY ASSUME INHIBITION IN
COGNITIVE CONTROL?

In cognitive control, we are interested in selection problems: how do participants
chose their next action? And how do they prevent other actions to be performed
instead? To gain some understanding of how people solve those problems, the
task switch paradigm has become a valuable methodological tool (see, e.g., Kiesel
et al,, 2010; Monsell, 2003; Vandierendonck, Liefooghe, & Verbruggen, 2010, for
recent reviews). In this paradigm, participants are required to perform at least two
different tasks (i.e., judging whether a digit is odd or even or whether it is larger
or smaller than 5) in random order. Which task is currently relevant is indicated
cither by a valid task cue (seec Meiran, this volume for a description of the pro-
cedure) or by position in a memorized sequence. Participants then implement
the task set (i.e., the cognitive representation of the currently relevant task; see,
e.g., Logan & Bundesen, 2003; Rogers & Monsell, 1995) and produce a response
in accordance with the given stimulus-response mapping (sce, ¢.g., Kiesel et al,,
2010, for a description of different task switch procedures). The basic inding is an
increase in reaction time in task switch trials compared with task-repetition tri-
als. Most theoretical accounts deal with the processes that give rise to these switch
costs and the possibility to reduce or counteract them (see Kiesel et al., 2010).
Answers to questions of how the cognitive system achieves a successful selec-
tion of task sets come from theories like the one of Norman and Shallice (1986).
According to this theory, the cognitive system selects the most activated task set
(or schema, in the terminology of Norman and Shallice). In their model, selec-
tion thus follows a winner-takes-it-all logic. The most activated schema wins the
selection and takes over control. However, to keep the system flexible and allow
switching of tasks, which people can perform quite successfully, it is not sufhi-
cient to assume activation of task sets as the only mechanism. Imagine two task
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sets of roughly equal current activation, which one will be selected in the end is
probably a matter of chance. One task set might get just a bit more activation,
perhaps because other, irrelevant features in the environment further boost its
activation. To make sure that it is not chance that decides which task set is most
activated, but that we implement the task set indicated by our current goals or
by the instructions, inhibition of competing task sets is beneficial in addition to
activation of the relevant task set (yet not mandatory, as suggested by Altmann
& Gray, 2008, who assume only activation processes but no inhibition). In the
model of Norman and Shallice, this inhibition dampens the activation of concur-
rently active schemata and therefore ensure that the intended or cued schema is
selected (see also Houghton & Tipper, 1996, for a comparable model). In sum,
with rare exceptions (e.g., Altmann & Gray, 2008), the notion of inhibition in the
context of selection is at the bottom of many theories (e.g., Houghton & Tipper,
1996; Klein, 2000; McKay, 1987), and it is therefore not surprising that it has
been proposed to also play a role in task switching. The aim of this essay is to
provide an overview of inhibitory phenomena that are found when switching
among tasks.

The inhibitory mechanism assumed in most models of action selection is lat-
eral inhibition, meaning that the strongest competitor(s) of the currently relevant
task set is suppressed so that it can no longer compete for selection (Houghton
& Tipper, 1996; Norman & Shallice, 1986). Apart from lateral inhibition,
self-inhibition is also widely assumed to contribute to the success of sequential
behavior. The idea behind the principle of self-inhibition is that after selection of a
task set, it is inhibited by a negative feedback-loop that is tied to it (e.g., Houghton
& Tipper, 1994) to avoid erroneous reexecution or perseveration (Arbuthnott,
1996; Li, Lindenberger, Riinger, & Frensch, 2000; McKay, 1987). Furthermore,
proactive and retroactive inhibition can be distinguished (see, e.g., Nigg, 2000).
Proactive inhibition acts top-down and is linked to cues or task preparation (e.g.,
Mayr & Keele, 2000). Retroactive inhibition acts bottom-up and serves to resolve
conflict during task performance (e.g., Koch, Gade, Schuch, & Philipp, 2010;
Schuch & Koch, 2003).

In the next section, we discuss the role of inhibition in task switching. We will
then provide a model case by which we aim to enlighten the problems and solu-
tions arising when invoking inhibitory explanations. The final section is devoted
to n-2 repetition cost, the most commonly used and widely accepted marker for
inhibitory processes in task switching. In the concluding remarks, we briefly dis-
cuss the role of inhibitory processes in formal models proposed to account for
task switch performance.

METHODOLOGICAL PROBLEMS IN ASSUMING
INHIBITION

In this section, we discuss several phenomena in the field of task switching that
have been attributed to inhibitory processes. However, as will be shown, for most
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of these phenomena, activation-only based explanations cannot be ruled out suc-
cessfully. Therefore, caution seems warranted when attributing performance dec-
rements, such as increases in reaction time (RT) or error rate (ER) to the influence
of inhibition.

Performance Decrements as Markers of Inhibition in Task
Switching

The empirical marker of inhibition, on a behavioral level, is commonly thought
to be the increase in RT and ER when switching to a recently inhibited task set
(or task set component), relative to switching to a less recently inhibited task set
(component) (Mayr & Keele, 2000). The increase in RT and ER is assumed to be
due to persisting inhibition of the task set, such that its activation takes longer
to rise above threshold again, which then ensures selection and implementation.
If one takes this increase in RT and ER as a marker of inhibition, then there are
several phenomena that can be explained as inhibitory aftereffects.

Task switching Phenomena Attributed to Inhibition

The primary empirical phenomenon in task switching is the task switch cost,
denoting a prolonged RT (and increased ER) after a task switch compared with
a task repetition. Inhibitory explanations of switch costs have been around from
the very beginning, for instance in the initial paper by Allport and Wylie (1999).
They assume that negative priming (a classical inhibitory effect from the attention
literature, cf. Tipper, 2001) on the level of task sets causes these switch costs, apart
from persisting activation of recently performed tasks.

Later on, the measure of task set inhibition became more specific. Only
increases in switch costs after incongruent trials, not those after congruent tri-
als, were taken as a measure of task inhibition (Goschke, 2000). The reasoning
is that in incongruent trials, the irrelevant task set needs to be inhibited to avoid
interference. If the task switches in the following trial, this formerly irrelevant
task set becomes relevant, and therefore persisting inhibition needs to be over-
come (Meiran, Hsieh, & Chang, 2011; see also Astle, Jackson, & Swainson, 2012;
Meiran, Hsieh, & Dimov, 2010, for further refinements of this inhibitory explana-
tion to account for RT (and ER) increases after incongruent trials).

A similar logic serves to explain asymmetric switch costs: When switching
between an easier (dominant) and a harder (nondominant) task, switch costs are
higher for the dominant than for the nondominant task (Meuter & Allport, 1999).
The reasoning is that, when performing the nondominant task, the dominant task
needs to be inhibited more strongly than vice versa. Therefore, more inhibition
needs to be overcome when switching to the dominant task than when switch-
ing to the nondominant task, leading to larger switch costs (but see Schneider &
Anderson, 2010, for an alternative explanation).
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A common idea behind all these phenomena is that the competing task set is
inhibited to ensure a successful switch to the “weaker” (i.c., less dominant, primed
to a lesser degree, less well practiced, less S-R compatible, or simply more flexible;
cf. Allport & Wylie, 1999; Goschke, 2000; Schuch, Werheid, & Koch, 2012; Yeung
& Monsell, 2003a) task set.

Problems for the Assumption of Inhibition as Cause for RT
Differences

Although plausible, the assumption of inhibition based on slower RT in a
task switch compared with a task-repetition trial bears several problems. The first
and most important one constitutes the definition of a proper baseline. The sec-
ond one refers to the target of inhibition.

With regard to the first problem, the definition of a baseline, it has been pointed
out (Philipp, Gade, & Koch, 2007a) that using just two tasks does not warrant to
infer inhibitory mechanisms, as differences in RT can be also explained by differ-
ent levels of initial activation of task sets and the need to achieve a certain activa-
tion level that ensures selection and implementation of the task set (cf. Yeung &
Monsell, 2003b, for a similar argument). If, for example, participants are asked
to switch to a “weaker,” less well-trained task, the levels of activation that render
the “weaker” and the “stronger” task set to be executable may ditfer because of
long-term practice (Monsell, Yeung, & Azuma, 2000). This means that switching
to the weaker task set requires the cognitive system lo activate this task set more
than the stronger task set. If one further takes into account the winner-takes-it-
all logic that most selection models inherit (e.g., Norman & Shallice, 1986), this
means that even the usually faster, more-trained (i.e., stronger) task set might
need to be activated to ensure its proper implementation when switching from
the weaker task set. This reactivation takes some time (or to be more precise, the
resolution of conflict between a highly activated, albeit “weaker” task set and a
less activated “stronger” task set by means of overall activation in the cognitive
system) and might be reflected in asymmetric switch costs. Please note that this
explanation in terms of activation differences holds true for any difference in RTs
when assessing just two tasks. Therefore, although inhibitory mechanisms might
provide a straightforward explanation, a valid alternative explanation relies on
activation differences only (Philipp, et al., 2007a).

Alternative Explanation of Increased RT Based on Memory

MacLeod et al. (2003) point to another important source of activation differ-
ences that might erroneously be taken as indication of inhibitory processes—the
role of episodic memory and the impact of the most recent use of stimuli and
responses that might prime (and therefore activate) currently encountered tasks
(Koch & Allport, 2006; Waszak, Hommel, & Allport, 2003). According to this
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account, recently encountered stimuli and responses have an activation advantage
compared with those less recently encountered. If now participants are asked to
switch among tasks on bivalent stimuli (stimuli that can be used in both tasks),
stimulus processing automatically primes the last encountered task set associated
with these stimuli, which, in case of a task switch, happens to be the wrong task.
Therefore, participants first have to counteract this wrong task activation and
raise the activation of the currently relevant task to a sufficient degree for success-
ful performance. This is reflected in prolonged RT (and increased ER). However,
this prolongation in RT arises solely because of memory-based activation differ-
ences that needed to be counteracted to ensure successful and correct task set
implementation and execution.

One field of research in which the debate over which account—associative
learning, inhibition, or episodic retrieval—represents the best explanation of the
observed pattern of results is the study of response-repetition effects. In the fol-
lowing, we will outline the theoretical lines discussed in this field and the data
supporting either one of these accounts. The field of response-repetition effects
is a model case about how the same basic data can be explained with or without
reference to inhibitory mechanisms.

RESPONSE REPETITION EFFECTS IN TASK SWITCHING

In addition to task switch costs, another standard effect in task switching refers to
the pattern of response-repetition effects: Repeating the same response from one
trial to the next usually leads to facilitated performance (i.e., decreased RT and
lower ER) than switching the response, as long as the task stays the same. When
the task switches, however, repeating the same response leads to performance
costs (i.e., increased RT and higher ER) relative to switching the response (see,
e.g., Hibner & Druey, 2006; Meiran, 2000; Rogers & Monsell, 1995; Schuch &
Koch, 2004).

As an example, consider switching between two tasks: categorizing a digit as
odd or even and categorizing a digit as larger as or smaller as 5 (see Figure 7.1).
Assume that the same left and right response keys are used for responding in
both tasks (see also Meiran, this volume). The parity task may require a left key
press for “odd” and a right key press for “even”; the magnitude task may require
a left key press for “larger” and a right key press for “smaller” When participants
press left for “odd” in one trial, they take longer and are more likely to make an
error when they have just pressed the same left key for “larger” in the trial before
than when having just pressed the right key for “smaller” (see, e.g., Schuch &
Koch, 2004).

What is the cause of these response-repetition costs? Do they constitute another
empirical marker of inhibitory processes involved in task switching? Over the last
two decades, several theoretical accounts of response-repetition costs have been
offered, some including inhibitory processes, others not. In the following, we give
a short overview of the main theoretical accounts of response-repetition costs.



142 TASK SWITCHING AND COGNITIVE CONTROL

560 4| ----- Response-----
1| —— Repetition
550 1|--0-- Switch [/

540 -

530 A

RT (ms)

520 A
510 -

500 -

ER (%)
I

Repetition Switch
Task

Figure 7.1 The interaction of task sequence and response sequence. Error bars represent

95% within-subject confidence intervals.
Example data are replotted from Table 2 of Hiitbner and Druey (2008).

Associative Learning Account

Rogers and Monsell (1995) offered several explanations for the observed pattern
of response-repetition benefits versus costs in task repetitions versus task switches,
respectively. One idea was that the strengths of associations between stimulus cat-
egories and responses are continuously modified over time. Every time a response
is selected, the association between this response and the current task-relevant
stimulus category is strengthened. If, on the next trial, the same response needs
to be selected, but in the context of a different task, there is interference between
the different category-response associations that refer to the same response; this
interference is reflected in response-repetition costs. Schuch and Koch (2004,
2010) further elaborated this idea and suggested that response-repetition costs
reflect interference of task-specific response codes. That is, the left response is
associated with the category “odd” in one task but with the category “larger” in the
other task, and there is interference when the same response needs to be reinter-
preted during a task switch. Meiran (2000) developed a computational model of
such “response recoding” processes in task switching. In his connectionist model,
the weights of the respective category-response associations are readjusted during
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every response process, with the currently relevant category-response association
being strengthened.

The associative-learning account can be interpreted as an inhibitory account
in the sense that it involves lateral inhibition on the level of category-response
associations in the course of response selection. In particular, Schuch and Koch
(2004) suggested that the category-response associations that refer to the same
response are competing and therefore mutually inhibit ecach other during response
selection.

That is, according to this suggestion, inhibition of the competing response code
persists over time, leading to performance costs when this response code becomes
relevant on the next trial. Note, however, that response-repetition costs do not
provide unambiguous evidence for lateral inhibition, due to a lack of baseline.
As was outlined here, a difference in RT between two conditions might be due to
inhibition of one representation or activation of another.

Response Inhibition Account

Anotheridea put forward by Rogers and Monsell (1995) is that responses are inhib-
ited after they have been executed to prevent perseveration tendencies. A similar
explanation in the context of response repetition effects in simple choice RT tasks
has already been suggested by Smith (1968) and can be found in several models
on language production (MacKay, 1987), negative priming (Houghton & Tipper,
1996), mental arithmetic (Arbuthnott, 1996), sequential Stroop task (Juvina &
Taatgen, 2009), or random number generation (Baddeley, Emslie, Kolodny, &
Duncan, 1998). However, how can response inhibition explain the whole pattern
of task and response sequence effects? If there was only response inhibition, one
would always expect costs for response repetitions relative to response switches,
irrespective of the relation between the currently relevant task and the previous
task. So, what then is the reason for the response repetition benefit in the task
repetition trials? A careful analysis of this situation reveals that response repeti-
tions in task repetition trials necessarily bring along a simultaneous repetition of
the relevant stimulus category. Thus, taking up the example given here, if the task
in two subsequent trials is to judge digits according to their parity and if both
digits require a left response, this means that both digits were odd. Under the
assumption that this stimulus category remains active from one trial to the next,
the negative effects of response inhibition are counteracted by residual stimulus
category activation. Depending on the relative strengths of residual activation and
inhibition, the negative effects of response inhibition might not only be compen-
sated but even reversed by priming, thus resulting in a net benefit for response
repetitions in task-repetition trials. Hence, in this framework, two opposing
mechanisms account for the response-repetition costs in task switch trials and
the response-repetition benefits in task-repetition trials: response inhibition
and stimulus category priming (Druey & Hiibner, 2008; Hilbner & Druey, 2006;
Steinhauser, Hiibner, & Druey, 2009; sce also Koch, Schuch, Vu, & Proctor, 2011).
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In a recent study, Oberauer, Souza, Druey, and Gade (2013) extended this
framework and partly integrated it with the association learning accounts. In
their study, they showed that stimulus category priming is usually not sufhicient
to reverse the response inhibition effects. But there is a second mechanism add-
ing to the positive priming effects in task repetition trials and thus counteracting
response inhibition: the strengthened association between stimulus category and
response. Together, these two mechanisms are usually sufficiently strong to pro-
duce response repetition benefits in task repetition trials. Moreover, this exten-
sion of the original model provides an interesting integration of the associative
learning and the inhibition accounts (cf. Schuch & Koch, 2004).

The inhibitory process proposed in this framework is not simply lateral
response inhibition, because lateral inhibition in this context would result in
an increased activation difference in favor of the just executed response and
not to its disadvantage. Rather, the just executed response is specifically inhib-
ited. Two possibilities can be considered in producing such an effect: first,
automatic self-inhibition and, second, strategic preparation-linked inhibi-
tion. By now, the question of which of these options is actually valid cannot
be answered conclusively. Whereas Steinhauser et al. (2009) in a lateralized
readiness potential study provided evidence in favor of a strategic-like explana-
tion, where response inhibition is directly linked to the preparation of the new
upcoming task, computational models dealing with mechanisms preventing
perseveration usually implement the respective inhibitory processes accord-
ing to the concept of automatic self-inhibition (e.g., Houghton & Tipper, 1996;
Logan & Gordon, 2001).

Episodic Retrieval Account

A third account for the response-repetition effects in task switching has recently
been proposed by Altmann (2011). He argues that the pattern of response-rep-
etition costs and benefits can be explained by an episodic retrieval account. An
episode is one trial in a task switch experiment, which involves a set of features,
such as task cue, task, stimulus, and response. Altmann assumes that all features
of an episode become associated and bound together. If, in the future, a feature
of a previous episode is repeated, this feature activates the whole previous epi-
sode (cf. Hommel et al., 2001; Waszak et al., 2003). This leads to facilitation if the
whole previous episode is repeated but to interference if the present episode dif-
fers in some features from the previous episode. The more similar the number of
repeating and nonrepeating features, the larger is the interference. In particular,
the actual amount of interference is determined by a matching process, with the
number of mismatches relative to the number of matches reflecting the degree of
interference.

As a concrete example, consider the scenario described here, where switch-
ing between a parity and a magnitude task is required. Assume further that the
same digit cannot be repeated from one trial to the next (as is often the case in
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task switching studies; cf. Altmann, 2011). Let us first consider task repetitions: in
response repetitions, the task cue, the task, and the response repeat; in response
switches, only the task cue and the task repeat. Hence, three of four features
repeal in response repetitions, but only two of four repeat in response switches.
The number of repeating and nonrepeating features is less similar in the former
(three and one) than in the latter (two and two) case, which explains why per-
formance is better in response repetition than in response switch trials. Second,
consider task switches: In response repetitions, only the response repeats (i.e.,
one of four features). In response switches, no features repeat (i.e., none of four
features). The number of repeating and nonrepeating stimuli is more similar in
response repetitions (one versus three) than in response switches (none versus
four), which explains why performance is more impaired in the former than in
the latter condition.

A possible weakness of the episodic retrieval account is that it is not clear
how many features compose an episode. For instance, in the given scenario, one
could ask why the stimulus category is not considered as an additional feature.
Furthermore, some of the results in the literature (e.g., the previous-trial congru-
ency effect; Altmann, 2011; Druey & Hiibner, 2008) can only be explained with
the help of several additional assumptions regarding the weighting of the mis-
matching features.

Does the episodic retrieval account of response repetition effects in task switch-
ing involve inhibitory processes? At first sight, it does not seem to. At second
sight, however, inhibitory processes might play a role in this model, too. In par-
ticular, when episodic binding takes place, a feature that is currently bound within
one episode is less accessible for binding within another episode (see Hommel
etal., 2001; Stoet & Hommel, 1999). Being “less accessible,” however, might as well
be conceived of as “being inhibited” (cf. Schuch & Koch, 2004).

A crucial aspect of the episodic retrieval account is that the response is also a
feature of the present episode (cf. Altmann, 2011). As a consequence, the response,
once it is selected, also serves as a retrieval cue, activating features that previously
have been associated with it. Thus, the correct response can be selected (presum-
ably by rule-driven processes?) and only after the response has been selected
the episodic matching process comes into play. That is, according to this model,
response-repetition effects in task switching reflect processes that take place after
a response has been correctly selected. This is in fact in accord with the assump-
tions of the associative learning models (cf. Meiran, 2000; Philipp, Jolicoeur,
Falkenstein, & Koch, 2007b; Schuch & Koch, 2004) as well as with the inhibition
account, according to which a response is inhibited after it has been selected and
executed (cf. Hibner & Druey, 2006).

Integrative Perspective

Although the three theoretical accounts of response repetition effects in task
switching outlined here differ in a number of ways, they have two important
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aspects in common. First, they all involve some kind of “inhibition,” at least if
inhibition is defined on a functional level as some mental representations being
less accessible than others. The inhibition account explicitly proposes that pre-
viously executed responses are inhibited. The associative learning and episodic
retrieval accounts do not explicitly refer to the concept of inhibition. Nevertheless,
some mechanisms within these models are functionally equivalent to inhibition
(i.e., lateral inhibition of competing stimulus-response associations in the course
of response selection; responses bound into one episode being less accessible for
binding into a new episode).

Second, all three theoretical accounts agree that response-repetition costs in
task switches reflect processes that take place after a response has been (correctly)
selected. This is true for the episodic retrieval model (Altmann, 2011), the asso-
ciative learning models (cf. Meiran, 2000; Philipp et al., 2007b; Schuch & Koch,
2004), as well as for the inhibition account, according to which a response is inhib-
ited after it has been selected and executed (FHibner & Druey, 2006; Druey, 2014).

Hence, although the exact mechanisms underlying response-repetition effects
in task switching are still under debate, a common picture is emerging (sce
Oberauer et al., 2013, for a suggestion). More research is needed to further enable
integration of the different accounts (cf. Tipper, 2001).

INHIBITION IN TASK SWITCHING AS MEASURED BY N-2
REPETITION COSTS

To disentangle accounts relying on episodic memory and associative learning
from those assuming inhibitory mechanisms, clever experimental designs are
required. One such clever design includes the introduction of a third task, which
allows establishing a proper comparison between task sequences and leads to a
less ambiguous proof of inhibitory mechanisms in task switching. The remainder
of this essay is dedicated to this inhibitory effect, the research it has generated, and
the questions it answers.

In a task switching study using three different tasks, Mayr and Keele (2000)
introduced an odd-item out paradigm. In this paradigm, participants were asked
to indicate the location of the item differing from the other items in the cued
dimension (e.g., size, tilt, or colour). Mayr and Keele used three-dimensional
stimuli, so that they could compare performance in trial n (in the following exam-
ples indicated as underlined dimension) after an n-2 change (i.e., sequences of the
type CBA, whereby C, B, and A denote different dimensions) to performance after
an n-2 repetition (i.e., sequences of the type ABA). In a series of experiments, they
observed n-2 task repetition costs, showing that it was harder to return to a recently
performed task (#-2 task repetitions) than to switch to a less recently performed
task (n-2 task nonrepetition). Mayr and Keele (2000) termed these observed costs
“backward inhibition,” but we prefer to use the theoretically more neutral term
“n-2 repetition costs” (Koch et al., 2010). Using three tasks instead of two allowed
establishing a valid marker of inhibitory processes, because it provided conditions
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in which an activation-based account and an inhibition-based account make dif-
ferent predictions.

For an activation-based account, switching back to a recently performed task
(i.e., ABA) should be beneficial compared with switching to a less recently per-
formed task (i.e., CBA); thus, an n-2 repetition benefit should emerge. On the
other hand, an inhibition account, which states that the last performed task (or
last attended-to stimulus dimension) should be suppressed to prevent interfer-
ence while establishing a new task/attending to a new dimension, predicts n-2
repetition costs because the recently inhibited task still suffers from residual inhi-
bition and therefore RT (and ER) will be increased.

The introduction of a third dimension (or task) thus allows for the comparison
of n-2 repetition and n-2 switches, which in turn allows testing inhibition-specific
predictions. In their study, Mayr and Keele (2000) could also show that other
well-known inhibitory phenomena like negative priming (Tipper, 2001) and
inhibition of return (Klein, 2000) could not account for n-2 task repetition costs.
Using this new paradigm, researchers set out to further clarify the role of inhi-
bition in task switching. In the following section, we briefly review the most
important findings (see Koch et al., 2010, for a comprehensive review). There is
little discussion that inhibition leading to »n-2 repetition costs reduces the conflict
among tasks and ensures successful implementation of the now relevant task set.
The main interest of the studies reported here refers to the question as to the pro-
cessing stage at which conflict among tasks arises. Related to this question of the
functional locus of conflict is the question as to the target of inhibition: Is inhibi-
tion applied to task sets as a whole, or only to specific parts of the task set such as
cue-, stimulus-, or response-related elements of the task set?

Cue-Related Processing

If we break down the clements of a trial in cued task switching, the first elements
participants encounter is a cue that indicates which task to perform next. Based on
work of Logan and colleagues (e.g., Schneider & Logan, 2005), we not only know
that cues might actually influence performance by indicating the task but also
that its processing has been shown to affect the size of the switch costs (Logan &
Bundesen, 2003; see Jost, de Baene, Koch, & Brass, 2013, for a review). Therefore,
studies investigating the role of the cue for the occurrence of n-2 repetition costs,
and whether it is a target of the inhibitory process, seemed warranted. In the orig-
inal study by Mayr and Keele (2000), there was a 1:1 mapping between dimension
and cue. Mayr and Kliegl (2003) used a 2:1 cue-to-task mapping and found no
significant influence of cue repetition or cue change on n-2 task repetition costs,
although n-2 repetition costs were numerically absent with cue repetitions. They
accounted for this modulation of n-2 repetition costs by cue sequence (repeti-
tion vs. switch) as positive priming from the repeated cue. However, Altmann
(2007) and Gade and Koch (2008) also used two cues per tasks, and both stud-
ies revealed no evidence for cue-related task set inhibition (see Philipp & Koch,
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2009, for supporting evidence in language switching). That is, n-2 repetition
costs were observed, regardless of whether the specific cue repeated or changed.
Furthermore, the lack of cue-related inhibition also suggest that task inhibition is
not applied proactively (i.e., top-down, Mayr & Keele, 2000) but rather reactively,
bound to the emergence of conflict due to persisting activation of stimulus or
response categories (see Koch et al., 2010, for a discussion).

Another cue-related variable that might influence the observation of n-2 rep-
etition costs was investigated by Druey and Hiibner (2007). They found that in all
studies reporting n-2 repetition costs, the cue remained on the screen and thus
temporally overlapped with the target, and concluded that this feature of experi-
mental design might have influenced n-2 repetition costs. Therefore, Druey and
Hiibner (2007) contrasted conditions in which the cue occurred only briefly and
participants had to memorize it for performing the correct task with those in
which the cue remained on the screen until the response was given. Brief cue
presentation requires participants to encode and memorize the cue immediately.
Druey and Hiibner (2007) found that indeed the continued presence of the cue
seems to foster the observation of n-2 repetition costs. However, in a replication,
Grange and Houghton (2009) showed that temporal overlap between cue and tar-
gel is not necessary to observe »n-2 repetition costs.

The previous studies referred to cue identity in n-2 task repetitions or the
cue-target overlap, but there is also evidence regarding the influence of the type of
cue. That the type of cue can influence n-2 repetition costs was repeatedly shown
by Arbuthnott and colleagues (Arbuthnott, 2005, 2008; Arbuthnott & Frank,
2000; Arbuthnott & Woodward, 2002). In their studies, the actual task was cued
by symbols, words, shapes, or, using a column for stimulus presentation, by spa-
tial cues. For spatial cues, no n-2 repetition costs were observed. This was taken
as evidence that spatial cuing renders the tasks more distinct from each other
and reduces between-task conflicts, which then lead to less need for inhibitory
mechanisms.

The influence of cue type on the amount of conflict was further investigated by
Houghton, Pritchard, and Grange (2009). Using an odd-item out paradigm like
Mayr and Keele (2000), they found that cue-transparency, referring to the format
of the cue (e.g., a depiction of the dimension of interest) modulated the size of
n-2 repetition costs. For highly transparent cues, where no “translation” of cue to
stimulus was required (e.g., both contained the odd shape), n-2 repetition costs
were absent, whereas the costs increased with increasing translation demands
(e.g., a word cue and a visual stimulus, see also Grange & Houghton, 2011).

To sum up, although studies using a 2:1 cue-to-task mapping showed that
the cues themselves seem to be an unlikely target of inhibition, the type of cue
nonetheless alters the amount of conflict among tasks and therefore determines
the occurrence of n-2 repetition costs or alters their size. Yet, the presentation of
cues is not necessary to observe n-2 repetition costs. Lien and Ruthruff (2008)
found evidence for n-2 repetition costs in a voluntary task switching paradigm
(see Arrington, Reiman, & Weaver, this volume) in which no cues appear because
participants can freely select which task to perform.
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Stimulus-Related Processing

After the cue the actual target stimulus is presented. In most studies investigating
n-2 repetition costs, stimuli were multivalent (e.g., Gade & Koch, 2005; Schuch &
Koch, 2003), so that participants could not decide based on the stimulus alone
which tasks they have to perform. However, there is just one other study examin-
ing the effects of stimulus valence on the occurrence of n-2 repetition costs. In
their study, Sdoia and Ferlazzo (2008) found no evidence for n-2 repetition costs
with univalent stimuli (i.c., color patches), but n-2 repetition costs were observed
again when the univalent stimuli were combined with other stimuli yielding tri-
valent stimuli again, suggesting that multivalent stimuli increase conflict among
tasks (Hiibner, Dreisbach, Haider, & Kluwe, 2003; Lien, Ruthruff, & Kuhns, 2006;
Woodward, Meier, Tipper, & Graf, 2003). Consequently, inhibition is required to
resolve this conflict. In a recent study, Gade and Koch (2012) used a paradigm
with 25% univalent trials which were randomly interspersed among trivalent tri-
als, if univalent trials lead to less conflict univalent stimuli in trial n-1 should lead
to less interference. Iowever, that was not was Gade and Koch (2012) found; n-2
repetition costs were observed regardless whether participants encountered a uni-
valent trial in n-1 or a trivalent trial, with a tendency to observe numerically larger
costs after univalent stimulus in trial »n-1. Thus, conflict during stimulus process-
ing yielded inconsistent pattern so far and seems to require further investigation.

Response-Related Processing

After having processed cue and stimulus, the participant in the experiment is
required to sclect a response (i.c., which key to press to indicate to which category
the stimulus belongs to or which of the four targets differs in the indicated dimen-
sion). First evidence of the role of response selection for n-2 repetition costs came
from a study by Schuch and Koch (2003). They asked participants to perform digit
classification tasks (i.e., odd/even, smaller/larger than 5, or inner/outer on the
number line from 1 to 9) and unpredictably interspersed no-go trials in 25% of all
trials. In some experiments, the authors replaced the no-go requirement with the
requirement to perform a task-unspecific response (“double press”; i.e., pressing
both response keys simultaneously) instead of a task-specific response. In both
conditions, they found no n-2 repetition cost after a no-go (or double-press) trial
(see Figure 7.2), despite clear evidence for cue-based task preparation (i.e., effect
of cuing interval) in those trials that turned out to be go trials. This decrease of
n-2 task repetition costs following no-go trials suggest that task-specific response
selection in trial n-1 is critical for n-2 repetition costs to be observed (see also
Philipp, Jolicoeur, Falkenstein, & Koch, 2007b).

In another study, Gade and Koch (2007) observed no n-2 repetition costs when
the response categories were ditferent for the task in trial »-1. They instructed
participants on four tasks, three of which relied on trivalent stimuli that called
for responding to size, color, or type of stimuli by saying “left” or “right,” while
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the fourth task relied on univalent stimuli requesting participants to judge the
fill of a rectangle (i.e., saying “filled” or “empty” or “up” and “down” in different
experiments, respectively). In these conditions, there were no significant n-2 task
repetition costs, but when the response sets for all four tasks overlapped (i.e., par-
ticipants said “left” or “right” in response to any stimulus as indicated by the S-R
mapping), n-2 repetition costs were observed even if the fill task with univalent
stimuli (i.e., nonoverlapping stimulus sets) was performed in trial n-1.

Further evidence for response-related conflict as trigger of inhibitory processes
leading to n-2 repetition costs was provided by studies from Philipp and col-
leagues (2007b), who highlighted the role of response execution using a go-signal
procedure. In this procedure, a go/no-go tone was presented a variable time after
stimulus presentation to inform participants to either execute or withhold the
response. The authors found clear n-2 repetition costs following go-trials, but no
or clearly reduced n-2 repetition costs were observed after no-go trials even when
the signal delay was very long (1500 ms; i.e., with fully prepared responses). This
result suggests that processes even later than response selection, such as response
initiation or response evaluation, are crucial trigger conditions for inhibition of
the preceding task.

Further evidence for response-related conflict as triggering conditions for n-2
repetition costs comes from studies assessing switching among response modali-
ties (i.e., manual, pedal, and vocal; Philipp & Koch, 2005) or experiments that
differed in response requirements, i.e., asking participants to perform a double
key press response for one task (Koch, Philipp, & Gade, 2004).

In sum, there are several studies that suggest that processes of response selec-
tion and response execution invoke conflict among tasks that require inhibition of
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the most recently performed task to solve this conflict. These studies explored the
role of manipulations of the type of representation and their overlap across tasks
in task inhibition. In the next section, we discuss studies focusing on the influence
of temporal variations of the cuing interval or the overall trial duration.

The Influence of Preparation Time and Response Cue Interval
on n-2 Repetition Costs

Mayr and Keele (2000) speculated that #-2 repetition costs contribute to residual
task switch costs (i.c., the switch costs that remain even after ample preparation
time). One reason for this claim was the observation that n-2 repetition costs did
not decrease significantly with longer preparation time (e.g., cue-target interval
[CTI]). This finding has been replicated several times (e.g., Gade & Koch, 2008;
Philipp & Koch, 2006; Schuch & Koch, 2003), suggesting that prolonging prepara-
tion time did not affect n-2 repetition costs reliably (Koch et al., 2010).

However, Grange and Houghton (2011) suggested a different way of analysis
using cumulative distribution functions that provides some evidence that prep-
aration has an effect on the distribution of prepared and unprepared trials. In
their analysis, fast responses (which, in their argument, arise from optimally pre-
pared tasks) showed no n-2 repetition costs, whereas n-2 repetition costs became
larger with longer RTs (but see Prior, 2012, for conflicting findings). That is, for
the fastest responses, n-2 repetition costs were absent, even though the actual
preparatory state of these responses must remain undetermined in this purely
correlational analysis.

There are three further studies in which n-2 repetition costs were reduced to a
nonsignificant level with longer CTI. In one study (Koch, Philipp, & Gade, 2004),
participants were required to respond with a double key-press for one of the tasks.
In the second study, which examined language switching (Philipp et al., 2007a),
participants were asked to name digits in German, English, or French. In the third
study (Gade & Koch, 2012), participants were required to perform classification
tasks (letter, digit, and symbol classification), but univalent stimuli were presented
in 25% of trials, That s, all three studies differed in some respect from the standard
paradigm used to assess n-2 repetition costs. These differences might account for
the finding of significantly reduced »n-2 repetition costs, but the exact role of these
differences in the influence of prolonged preparation time on n-2 repetition costs
is not yet fully conclusive and warrants further investigation.

Another timing interval that can be manipulated in task switching is the
response—cue interval (RCI; Meiran, Chorev, & Sapir, 2000). The duration of this
interval has been found to affect n-2 repetition costs (Gade & Koch, 2005; Mayr,
2002; Mayr & Keele, 2000). The n-2 repetition costs are reliably smaller after a
long RCI compared with a short RCI. More specifically, though, Gade and Koch
showed, using a trial-by-trial manipulation of RCI, that the duration of the RCI in
trial n-2 instead of that in trial n-1 is crucial for the amount of inhibition observed.
They proposed that the decrease in task activation during a long RCI leads to less
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conflict when establishing the task in trial n-1, so that less inhibition of the pre-
vious task is required. This provides further evidence for the above mentioned
linkage between the amount of conflict experienced and the size of n-2 repetition
costs (see also Arbuthnott, 2008; Philipp et al., 20074, for a similar argument).

In sum, with respect to timing manipulation, n-2 repetition costs have been
found to be largely unaffected by prolonged preparation time in some studies but
not in other studies, so that the pattern of results is not fully conclusive. In con-
trast, n-2 task repetition costs seem to decrease with long RCI, suggesting that
inhibition dissipates over time, even though, again, the underlying mechanism is
not yet fully understood.

Clinical Populations and Elderly Participants

The prefrontal cortex is commonly assumed to be the neural substrate of executive
functions (Dreher & Berman, 2002; Miller, 2000). Therefore, studies in patients
with lesions in the prefrontal cortex (PFC) or psychiatric or neurologic disorders
affecting prefrontal functions seem to be informative with respect to the role of
PFC in task inhibition. Mayr et al. (2006), for instance, examined task set selec-
tion and inhibition in patients with right and left prefrontal lesions. Patients with
lesions in the left PFC exhibited deficits in task set selection (i.e., increased switch
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costs), whereas patients with lesions in the right PFC were found to have weaker
task set inhibition (i.c., lack of n-2 repetition costs), which points to a critical role
of the right PFC in inhibition (cf. Aron, Robbins, & Poldrack, 2004). The notion
of right PFC involvement in task inhibition has also found empirical support in
a neuroimaging study (Dreher & Berman, 2002) in a paradigm requiring partici-
pants to switch among three tasks.

Another ncuroanatomical structure that is of interest when secarching for
the neural correlates of task inhibition are the basal ganglia which are known
to have strong connections to the frontal lobes (Alexander, De Long, & Strick,
1986). Moritz et al. (2004) found no evidence for diminished inhibitory abilities
in patients with obsessive-compulsive disorder, and Tales et al. (2006) investigated
patients with Parkinson’s disease and found increased ER for n-2 repetitions but
no difference in RT. That is, with respect to patients’ studies, there are some hints
that task inhibition as measured by n-2 repetition costs can be altered by patho-
logical conditions affecting either frontal lobes or strongly connected regions, but
further investigation seems needed.

Another population of participants known to suffer from decline of PFC func-
tion are elderly participants (West, 1996). [f one assumes that intact PFC function-
ing is crucial for n-2 repetition costs to be observed, it is surprising that no decline
in n-2 repetition costs in elderly participants (over 60 years of age) was found,
although the study of Mayr (2001) as well as a recent study by Lawo, Philipp,
Schuch, and Koch (2012) found impairments in dealing with task interference in
task switching (Mayr, 2001) or decreased preparation benefits (Lawo et al.,, 2012).

Taken together, the data of patients thought to suffer from impaired PFC func-
tion or from decrement of basal ganglia functions show no consistent evidence for
an impairment of task inhibition. Likewise, studies examining n-2 repetition costs
in elderly participants did not find evidence for a decrease in the ability to inhibit
a competing task set.

Summary and Final Remarks

From the very beginning, theorizing on task switching invoked explanations based
on the inhibition of competing task sets (e.g., Allport & Wylie, 1999). However, for
many seemingly inhibitory phenomena, there are viable noninhibitory accounts,
and lively debates regarding this issue are still going on. Furthermore, as pointed
out by our review and discussion of response-repetition effects in task switching,
integrative accounts combining memory-based and inhibitory mechanisms are
clearly desirable but yet not fully developed.

To our knowledge, n-2 repetition costs are the only nondisputed inhibitory phe-
nomenon in task switching. They have been observed in many studies and across
different paradigms (see Koch et al., 2010, for a review). Given the robustness of
this inhibition effect across various paradigms, we propose that n-2 repetition
costs represent a marker of inhibition in sequential task performance. However,
this does not imply that the absence of (significant) n-2 repetition costs indicates
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a lack of inhibition (see Grange, Juvina & Houghton, 2012, for a profound discus-
sion and a formal model on this issue). Rather, the finding of small or even slightly
reversed n-2 repetition costs might be due to inhibition and activation counter-
acting each other (as in all two process models, see Druey & Hiibner, 2008).

One important step in research on inhibition of task sets is the incorporation
of n-2 repetition costs in models of task switching (cf. Altmann & Gray, 2008;
Gilbert & Shallice, 2002). So far, the published models only comprise two-task situ-
ations, and most of them incorporate lateral inhibition mechanisms to deal with
competition among tasks. A first attempt to model n-2 repetition costs has been
made by Grange and colleagues (2012) and will for sure further nourish the discus-
sion about the exact underlying mechanisms and the type of inhibitory processes
involved.

Existing research on n-2 repetition costs has been fruitful in identifying trig-
gering conditions for task-related inhibition. However, because of the flexibil-
ity of task inhibition (it is observed after cue-, stimulus-, or response-triggered
conflict), its exact target within the cognitive representation of a task remains to
be specified. Possible targets of the inhibition could be the task cues, responses,
stimuli, or the complete task set, and the exact target might vary with the source
of conflict in the particular experimental situation.
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