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Abstract

Adaptive behaviour requires the ability to focus on a task and protect it from distraction
(cognitive stability) and to rapidly switch tasks when circumstances change (cognitive flexibility).
Burgeoning research literatures have aimed to understand how people achieve task focus and task
switch readiness. In this Perspective, | integrate these literatures to derive a cognitive architecture
and functional rules underlying the regulation of cognitive stability and flexibility. | propose that
task focus and task switch readiness are supported by independent mechanisms. However, | also
suggest that the strategic regulation of both mechanisms is governed by shared learning principles:
an incremental, online learner that nudges control up or down based on the recent history of task
demands (a recency heuristic) and episodic reinstatement when the current context matches a past
experience (a recognition heuristic). Finally, | discuss algorithmic and neural implementations of
these processes, as well as clinical implications.

Introduction

Imagine you were reading this article in a busy café. You would probably notice that the
degree of attentional focus required for reading waxes and wanes in unison with the noise
from other patrons around you. However, even at a time of great concentration, a buzz from
your cell phone would cause you to swiftly shift tasks from reading to answering the call.
This example illustrates two fundamental capacities of human cognition: cognitive stability,
reflected in the ability to focus on a task at hand while ignoring task-irrelevant stimuli, and
cognitive flexibility, reflected in the ability to switch focus to another task when the goals or
circumstances of an individual change.

Cogpnitive stability and flexibility are components of cognitive control, which is the ability
to use internal goals to drive behaviour?. Stability and flexibility are mediated by working
memory, a mental workspace that supports the temporary maintenance and use of internal
information?3. This information includes procedural representations?, such as the current
goal of an individual and the associated rules for attending and responding to stimuli,
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known as a task set>® (Fig. 1). In the café example, the goal of reading this paper and

the corresponding attentional strategy (focus on reading, ignore auditory chatter) would be
maintained and protected in working memory, thereby granting stable task performance.
This protective function of working memory is complemented by a gating mechanism that
allows for selective updating’: the current task set can be switched out in response to cues
indicating that a different goal deserves higher priority, enabling flexibility (Fig. 1). In this
example, the buzzing phone would trigger the gate to open, which would facilitate the
replacement of a paper-reading task set with a phone-answering task set, characterized by
a different goal and attentional strategy (focus on voice on the other end of the line, ignore
written words of the paper).

Critically, the degrees of cognitive stability and flexibility are not fixed. There is also

no single optimal set point; in a dynamic environment, levels of task focus and switch
readiness need to adapt to changing demands®°. In the café example, stability and therefore
task focus can be increased when the environment becomes noisier. Similarly, flexibility
and therefore the readiness to switch tasks would be enhanced if, for instance, you

expected to receive an important phone call. Such context-sensitive regulation of cognitive
stability and flexibility enables people to pursue their goals in the face of distraction
without getting stuck in a suboptimal task set. Conversely, dysregulation of stability and/or
flexibility can result in inappropriate fixedness or distraction and is seen in numerous
clinical conditions1?, including attention deficit hyperactivity disorder!::12 autism spectrum
disorders!2-14, schizophrenial® and Parkinson’s diseasel8.

Two distinct research literatures have sought to determine how cognitive stability and
flexibility are regulated to match situational demands. The conflict-control literature is
concerned with cognitive stability, asking how people manage to focus on information that
is relevant to their task while ignoring irrelevant, distracting informationl’. By contrast, the
task switching literature is concerned with cognitive flexibility, asking how people manage
to switch their focus from one task to another when cued to do so'8. These research
traditions can be seen as complementary, in that conflict-control studies are concerned with
regulating attentional focus within a task, whereas task switching studies ask how focus

is shifted between tasks. Moreover, it is commonly assumed that cognitive stability and
flexibility are interdependent, trading off against each other8%: being more stable, or more
focused on a current task, implies being less flexible, or less ready to switch to another task.
Despite these strong conceptual connections, an overarching framework of control over task
focus and task switching has been lacking in the literature.

In this Perspective, | review these two traditionally disconnected research literatures to
provide an integrative answer to how stability and flexibility are regulated to produce
adaptive behaviour. The existing findings regarding task switching and task focus are often
interpreted as indicating that stability and flexibility are opposite ends of a single dimension
of cognitive control®19, However, based on mounting empirical evidence documenting that
task focus and task switch readiness can be adapted independently of each other, | argue that
cognitive stability and flexibility map onto two independent dimensions of control. After
explaining this theoretical position, | explore the underlying learning principles that guide
stability and flexibility. Despite reflecting independent control dimensions, | conclude that
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stability and flexibility are regulated according to the same learning principles, which can be
thought of as recency and recognition heuristics. In closing, | address clinical implications
and open questions regarding the interplay between different sources of information in
guiding cognitive control.

Adaptation of stability and flexibility

At the turn of the twenty-first century, the conflict-monitoring model pushed the question
of how attentional task focus is dynamically controlled into the limelight of cognitive
psychology and neurosciencel’. This model tried to account for a range of behavioural
phenomena by suggesting that task focus is subject to strategic adaptation, being ramped

up in contexts with more distraction and relaxed in contexts with less distraction.
Subsequent research has shown that task switching processes are similarly subject to
strategic adaptation29-21, Here | introduce canonical protocols and foundational findings
supporting adaptive control from these two literatures. This research enterprise has included
robust debates about potential confounds (Box 1); in this Perspective, | focus on effects that
have been documented using best-practice designs.

A classic probe of task focus, or cognitive stability, is the Stroop task?? (Fig. 2a). In this
task, participants are presented with colour words that are printed in various ink colours and
asked to name the ink colours rather than reading the colour words. Naming the ink colours
constitutes a task set, in this case one that is distinct from the more-common task set of
reading when visual words are presented. The efficacy of imposing the colour-naming task
set is usually measured by comparing response times and error rates between trials in which
the word meaning coincides with the ink colour (congruent condition, such as ‘GREEN’ in
green ink) and trials where they conflict (incongruent condition, such as ‘GREEN’ in blue
ink). Almost invariably, participants display a substantial congruency or conflict effect, with
slower and more error-prone responses to incongruent stimuli as they struggle to overcome
the highly practiced behaviour of reading the words2324, The size of this effect is considered
a measure of cognitive stabilityl”-25 with a smaller congruency effect indexing a more stable
implementation of the colour-naming task set, or greater task focus.

Crucially, the size of the congruency effect and, therefore, the efficiency of the ability of

an individual to maintain the colour-naming task set can vary substantially depending on
context. First, the size of the congruency effect scales with the proportion of congruent trials
encountered over time26:27, This phenomenon is dubbed the list-wide proportion congruent
(LWPC) effect?8:29: the mean congruency effect is larger in mostly congruent blocks of trials
in which incongruent trials are rare than in mostly incongruent blocks when incongruent
trials are common (Fig. 2b). This data pattern suggests that people adapt their task focus to
changing demands, enhancing stability during times in which interference from distractors
(here, incongruent colour words) is more probable. This phenomenon can also be observed
from one trial to the next, as the mean congruency effect tends to be smaller following an
incongruent trial than a congruent one?’, known as the congruency sequence effect39-31,

A second way that task focus can be adjusted based on context is in relation to cues that
are predictive of distraction. Studies have found that control over task focus is adapted
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in response to specific stimuli or stimulus components that are predictive of congruent or
incongruent distractors32. For instance, when a specific colour word33:34 or ink colour35:36

in the Stroop task is frequently part of incongruent stimuli, the mean congruency effect is
smaller for stimuli involving these features than for stimuli with features that are predictive
of congruent stimuli. This finding is referred to as the item-specific proportion congruent
(ISPC) effect?9:32: there is a larger difference between congruent and incongruent response
time for mostly congruent items than for mostly incongruent items (Fig. 2b). In sum, this
literature has documented that people adapt their level of task focus to match changing levels
of distraction over time, as reflected in the LWPC effect, and to match levels of distraction
associated with specific stimuli, as reflected in the ISPC effect.

A parallel literature in the domain of task switching has documented corresponding
adaptation effects for cognitive flexibility20-21. A classic task switching protocol involves
presenting participants with a single digit number (1-9, excluding 5) and cuing them on
each trial to categorize the number either by magnitude (lesser or greater than 5) or by
parity (even or odd)837 (Fig. 2c). The canonical finding is a switch cost: slower and more
error-prone responses on trials in which the task set has to be changed (such as a magnitude
trial after a parity trial) than on trials in which the task stays the same (a magnitude trial
after a magnitude trial)>6.18:38, This switch cost has been variously attributed to interference
from the task set of the previous trial®, the configuration of the newly relevant set6 and the
undoing of stimulus—task bindings3? (reviewed in ref.40). Regardless of the exact source or
mixture of sources, switch costs provide an index of cognitive flexibility, with a smaller
switch cost reflecting greater flexibility or ‘switch readiness’2%21, Similar to the congruency
effect, the size of the switch cost is also strongly dependent on context.

First, temporal contexts (blocks of trials) in which switching is required more frequently
are associated with smaller mean switch costs than contexts in which switching is required
less frequently#1-46. This finding is referred to as the list-wide proportion switch (LWPS)
effect?: there is a larger switch cost for mostly repeat blocks, in which switch trials are
rare, than for mostly switch blocks, in which switching is required more often (Fig. 2d).
Thus, switch likelihood manipulated at the block level appears to modulate the ease with
which tasks can be switched, relative to repeated. Second, if specific stimuli are predictive
of switch demands, switch costs are also modulated in an item-specific manner, with lower
switch costs for switch-predictive stimuli and higher switch costs for repeat-predictive
stimuli. This effect is known as the item-specific proportion switch (ISPS) effect46:47:
mostly repeat items are associated with a larger switch cost than mostly switch items (Fig.
2d). For example, if the digits 3 and 6 were shown primarily on task switch trials and the
digits 4 and 7 primarily on task repeat trials, the mean switch cost for the former digits
would be smaller than for the latter. Finally, list-wide and item-based switch frequency also
modulate the willingness of people to switch tasks when task selection is voluntary*8:49,

These literatures suggest that people learn about variations in control demands over time
and in association with specific stimuli or cues, which leads to adaptation of stability-
supporting and flexibility-supporting control processes. In the next sections, 1 first discuss
the relationship between stability and flexibility, followed by a detailed treatment of the
nature of the learning processes that drive their regulation. Although in principle the
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question of the structure of stability and flexibility is independent of how they are regulated,
I discuss them together to emphasize that distinct control mechanisms can be guided by
shared learning processes.

Independent mechanisms of stability and flexibility

Task focus and task switching are located at different levels of the functional hierarchy of
working memory (Fig. 1). Task focus is a property of the task set that is currently active

in working memory and can be conceptualized as the strength with which that task set is
being Implemented7:25, By contrast, task switching processes are responsible for gating
task sets into working memory and, hence, operate on a given task set rather than within it.
Despite this fundamental distinction, stability and flexibility have traditionally been viewed
as two opposing poles of a single continuum of functional states®92044.50 (Fig. 3a). After
explaining this account, | will review how newer evidence strongly indicates that stability
and flexibility are regulated independently®1:52, This independence account is in line with
the inherent flexibility afforded by a working memory model with separate components
serving maintenance (task focus) versus updating (task switching) functions’ (Fig. 1).
Furthermore, the independence of stability and flexibility suggests a two-dimensional state
space (Fig. 3b) that enables the possibility that people can be both stable and flexible at the
same time (for a more elaborate treatment of this idea, see ref.53).

A one-dimensional conception of stability and flexibility reflects the basic intuition that
being more stable implies being less flexible, and vice versa. Moreover, even within a
working memory model that situates task focus and task switching in different components,
it is quite plausible that the two could be reciprocal or functionally yoked>*. Specifically, a
closed-gate state could prevent task switching and also confer protection upon the task set
currently held in working memory, lending low flexibility and high stability”-25. This notion
is captured in the influential proposal that the degree of stability (and, ergo, flexibility) is
governed by a single meta-control parameter, a working memory ‘updating threshold’8:19
(Fig. 3a). When the updating threshold is low, the current task set is poorly shielded (low
stability) and it is easy to switch to a different task (high flexibility). By contrast, when

the threshold is high, the current task set is well protected (high stability) but at the cost

of making switching more difficult (low flexibility). This conception leads to an obligatory
trade-off between stability and flexibility®®, and it renders any putative metric of stability
(such as the congruency effect) an inverse measure of flexibility and any putative metric of
flexibility (such as the switch cost) an inverse measure of stability20.

Empirical support for a trade-off between stability and flexibility derives from several
findings in the task switching literature. First, it is often observed that the degree to which
a currently irrelevant task interferes with the currently relevant one is greater on switch
than on repeat trials8:56:57, This cross-task interference is measured in switch protocols
with bivalent stimuli — stimuli that both tasks can be performed on — and overlapping
responses, a scenario that produces task-congruent and task-incongruent stimuli6-37, For
example, in the magnitude and parity task described in Fig. 2c, if the responses ‘less than
5 and ‘odd’ were both mapped onto one response button and ‘greater than 5 and ‘even’
onto another button, the digits 2, 4, 7 and 9 would require different (incongruent) responses
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between the two task sets, whereas 1, 3, 6 and 8 would require the same (congruent)
response. The relative slowdown and greater error rate for incongruent than for congruent
stimuli is the cross-task congruency effect and can be used as a (inverse) measure of
cognitive stability20. The fact that this effect tends to be enhanced during switch trials is in
line with the idea that a low updating threshold required for task switching also results in
poor protection against interference from the alternate task set.

Second, the switch cost also tends to be enhanced on trials that follow an incongruent

trial, which could be attributable to the stability-enhancing effect of conflict’, making

it harder to be flexible on the subsequent trial®8-%. To wit, encountering an incongruent
stimulus under the magnitude task set would nudge up focus on that task, which in turn
would make it more difficult to switch to the parity task on the next trial — reflecting

a stability—flexibility trade-off. Third, affect and reward manipulations have often been
found to elicit opposing effects on measures of stability and flexibility6%:61, which would
be expected if stability and flexibility were inversely related to each other. For instance,
presentation of task-irrelevant pleasant (compared to neutral or negative) images can result
in poorer proactive task cue maintenance (low stability) but better reactive target detection
(high flexibility)52. By contrast, reward prospect can enhance cue maintenance but impair
adaptation to changing task and reward contingencies3:64. Finally, one study showed that
rewarding cued switch trials can induce a greater voluntary switch rate on free-choice trials,
but at the cost of larger cross-task congruency effects®®.

Despite this putative support, the trade-off account can be criticized on both conceptual

and empirical grounds®1:53, Conceptually, the theoretical premise of a single stability—
flexibility continuum renders the hypothesis unfalsifiable: if one assumes that any metric

of stability is also an inverse metric of flexibility, and vice versa?0, it is impossible to test
for their potential independence, as the two constructs cannot be manipulated or measured
independently®3. Although it is intuitive to consider stability and flexibility as intrinsically
yoked in the abstract, once these constructs are operationalized as task focus and task switch
readiness, the issue of their relationship reduces to the empirical question of whether a
greater task focus necessarily results in less efficient switching, and whether greater task
switch readiness necessarily comes at the cost of less task focus.

On the empirical side, many findings in the literature speak against an obligatory inverse
relationship between stability and flexibility. One such finding was noted in several of

the foundational studies of task switching: whereas a longer time interval between a task
cue and the subsequent target stimulus reliably reduces switch cost, it does not tend to

alter cross-task congruency effects®©:38, violating the trade-off assumption. Another line of
evidence comes from studies of cognitive training. On the one hand, extensive training on
the Stroop task led to reduced congruency effects but had no reciprocal impact on measures
of task set shifting or working memory updating®6. On the other hand, extensive training
on cued task switching led to reduced switch costs but had no reciprocal effect on Stroop
congruency effects®’. Thus, increasing stability through training does not seem to reduce
flexibility, and increasing flexibility through training does not seem to reduce stability; both
findings run counter to the trade-off account. Individual difference data also speak against
the idea of a single factor mediating task focus and task switching®8.69. For instance, a
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large-scale 2022 study had participants perform both LWPC and LWPS protocols to probe
the cognitive structure of learned adaptation in task focus and switch readiness®2. Structural
equation modelling revealed that learned adjustments of stability and flexibility relied on
distinct latent factors®2.

Finally, particularly compelling evidence against a single stability— flexibility dimension
comes from studies in which incentives for stability and flexibility were manipulated
independently. In one such study, the proportion of forced versus free task selection trials

in a task switching protocol was varied between groups of participants, and prospective
reward was manipulated at the trial-to-trial level within groups’®. A low rate of forced
choices was found to increase stability (eliciting fewer voluntary switches) at the block
level. However, a trial-by-trial change in reward prospect induced greater switch rates,
reflecting concurrent local flexibility”?. Under a strict trade-off assumption, it should not be
possible for participants to be both stable and flexible at the same time. The most direct
demonstration of independent adaptations of stability and flexibility comes from a study in
which the rate of task switches and cross-task congruency was varied orthogonally within
the same group of participants®! (Fig. 4a). If task focus and switching were inversely yoked,
conditions with a high switch rate should result in smaller switch costs (the LWPS effect)
but also larger congruency effects. Conversely, conditions with a high rate of incongruent
trials should result in smaller congruency effects (the LWPC effect) but also greater switch
costs. The results did not support these predictions: Switch rate modulated switch costs but
not congruency effects, and congruency rate modulated congruency effects but not switch
costs®! (Fig. 4b). Thus, the findings support independence between the regulation of task
focus and task switching processes.

Together, the empirical data are incompatible with a trade-off or one-dimensional account
of stability and flexibility, which cannot account for situations in which the two modes are
not inversely yoked. By contrast, the two-dimensional or independent-mechanisms view can
accommodate situations in which this inverse relationship is present and situations in which
stability and flexibility are both low or both high51:53 (Fig. 3b). The working memory model
sketched out in Fig. 1 can easily span this state space by assuming independent regulation of
the strength of task set implementation in working memory versus the ease of input gating.
Furthermore, a bulk of neuroscientific evidence maps working memory maintenance of an
ongoing task set and the switching between task sets onto distinct (but interacting) brain
structures (Box 2). A related proposal to account for the possibility of concurrent stable

and flexible processing modes suggests that stability and flexibility can be modulated by
two distinct means, either by varying a working memory updating threshold or by varying
how many task sets are being held in working memory20. In this scheme, one of the two
mechanisms could promote stability (such as a high updating threshold) while the other one
could promote flexibility (holding more than one task set in working memory), therefore
producing a state in which stability and flexibility are both high?°.

Nevertheless, one might wonder why behaviour often seems to resemble a stability—
flexibility trade-off. A probable reason is cognitive effort or the cost of control’L. Both
task focus and task switching are experienced as effortful and preferably avoided’2-74,
Thus, if a task context primarily incentivizes stability, switch readiness tends to be low —
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not because it is inversely yoked to task focus but because high switch readiness is not
required and would involve unnecessary effort. The obverse argument applies to situations
that primarily incentivize flexibility and are therefore associated with a low need for costly
stability®1:53, Having argued that cognitive stability and flexibility should be considered
distinct dimensions of cognitive control, | next turn to the question of how they are adapted
to suit changing contexts.

Shared principles of adaptive control

The fact that people adjust their levels of task focus and switch readiness to meet

changing demands over time and different contexts raises the key question: what kind of
learning processes guide these adaptations? Although stability and flexibility are regulated
independently, the underlying learning principles that attune task focus and switch readiness
to situational demands seem to be shared and have two main forms. The first learning
principle is incremental, online adjustment of control, which continually nudges stability and
flexibility settings up or down based on recent demands (exemplified by LWPC and LWPS
effects) (Fig. 5a,b). This principle represents a proactive, anticipatory form of control’>,
driven by the implicit assumption that the near future tends to resemble the recent past’S.
The second learning principle is episodic binding of specific stimuli and contexts with the
control processes that were active during their encoding and are subsequently reinstated
when those stimuli or contexts are re-encountered (exemplified by ISPC and ISPS effects)
(Fig. 5¢,d). By contrast to the first principle, this one represents a reactive, stimulus-driven
application of control’®. In this section, | unpack these learning mechanisms in cognitive
terms, and in the ‘Heuristics and algorithms’ section, I review possible implementations in
algorithmic terms.

Incremental, trial-by-trial adjustments in control lie at the heart of the influential conflict-
monitoring modell’. The basic idea is that the cognitive apparatus monitors for the
occurrence of conflict — the co-activation of mutually incompatible responses — as a proxy
for whether the current level of task focus is appropriate for performing the task well. Task
focus is then nudged up or down from trial to trial based on whether the level of conflict
experienced on the current trial is greater or less than a running averagel”-”?. Accordingly, if
a participant performing the Stroop task encountered several incongruent, conflict-inducing
stimuli in a row, their level of task focus would steadily increase. In an everyday scenario,
this adjustment in control would be akin to a driver increasing their focus on the road in
response to poorer visibility with the onset of a rainstorm (Fig. 5b). Conversely, several
congruent trials in a row in the Stroop task would result in a gradual relaxation of task
focus. Incremental online learning based on conflict detection can, therefore, account for
adjustments in task focus to varying demands over time, both at the trial-by-trial level (the
congruency sequence effect) and the block level (the LWPC effect)”.”7 (Fig. 2b).

This type of incremental control mechanism can also learn about alternative trial
characteristics or performance metrics other than response conflict. Thus, although it has
received much less attention in the literature, the same logic of trial-by-trial adaptation
can also be applied to task switching processes, either by treating switching as a form of
conflict>® or by making task sets the target of the learning process’® 79, Accordingly, an
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incremental learning mechanism could also detect task switches and nudge switch readiness
up or down based on deviations from a recent running average of switch demands (Fig. 5a).

Importantly, the incremental learning mechanism envisaged here (and in the conflict-
monitoring model) operates at the level of task sets or goal representations and is not
concerned with learning about specific stimulus features. Accordingly, control is adapted by
modulating the strength of the task set rather than the representations of particular stimulil’.
Owing to their distinct functional roles with respect to task sets, incremental adjustments to
the strength of task sets have different consequences for the regulation of stability versus
flexibility.

For stability, operating within a task set, learned adjustments in task focus are generalizable
or transferrable across stimuli. For instance, in the Stroop task, an increase in the strength of
the goal representation because of conflict will lead to greater focus on colour processing,
which will reduce the impact of distractors regardless of whether the forthcoming stimulus
is ‘BLUE’ printed in red or ‘RED’ printed in yellow, or some other stimulus that has never
been encountered previously. The fact that incremental learning of control demand occurs
at the level of task goals is crucial because it permits the conflict-monitoring and related
models to account for commonly observed adjustments in task focus that are unrelated to
the specifics of the stimuli in question1”-77, such as LWPC effects obtained in the absence
of reoccurring stimuli80 or in relation to stimuli that are themselves not predictive of control
demands?8:81-88 (Box 1).

However, for the regulation of flexibility, the fact that the incremental learning mechanism
operates on task goals means that learned switch readiness is tied to specific task sets and
does not tend to transfer to other task sets#4:89:90 even in the same temporal context*491 (but
see ref.”® for an empirical demonstration that transfer can occur under some circumstances).
For example, consider an LWPS study design involving three tasks. Like in the traditional
design, two of the tasks are ‘switch frequency-biased’ in that they are most frequently
presented on task switch trials in some blocks (creating blocks with a high switch rate) and
on task repetition trials in other blocks (creating blocks with a low switch rate). Critically,
the third task is ‘unbiased’, presented equally often on task switch and task repetition trials
in all blocks. This set-up allows researchers to probe whether the LWPS effect would occur
only for tasks whose switch rate is varied across blocks or would also transfer to the third
task that is intermixed in the same blocks but itself is not associated with a biased switch
rate. It turns out that only the two switch frequency-biased tasks display a LWPS effect44:91,
However, in spite of a lack of transfer to the unbiased task set, for the two switch frequency-
biased task sets, the LWPS effect generalizes over all task stimuli, meaning that the reduced
switch cost can be observed even for task stimuli that themselves are not associated with
frequent switching®#91, This observation fits with the assumption that incremental learning
operates at the level of task sets and with a variety of related findings suggesting that task
sets form the units or boundaries of cognitive control strategies’6:91-94, Together, these
findings support the idea of incremental control that modulates the strength of the current
task set for regulating stability and modulates the accessibility of specific alternative task
sets for regulating flexibility (rather than making all other task sets more accessible) (Fig.
5a).
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However, a task-set-based incremental learning mechanism cannot produce item-specific
effects of control for two reasons. First, this learning mechanism has no means of linking
control settings with specific stimuli®>%. Second, ISPC and ISPS effects are not rooted in
block-level biases of the proportion of incongruent or switch trials, with the consequence
that participants cannot anticipate whether the next trial will be an incongruent or switch
trial36:47. Instead, these item-level effects suggest that re-encountering a demand-predicting
stimulus leads to a swift reinstatement of the appropriate control setting gleaned from
prior encounters3®, a reactive and episodic mode of control”>76 (Fig. 5c). Thus, to
account for ISPC and ISPS phenomena, control settings have to become associated with
the particular features of demand-predicting stimuli or contexts: episodic or event-based
information’6:97.98_|n everyday life, this form of control learning is evident when one
approaches a particular intersection where they experienced a car crash in the past, which
now triggers the retrieval of a high focus of attention toward traffic (Fig. 5d).

One way this episodic form of control could be accomplished in the case of task focus

is if conflict were to enhance the binding between the task goal and the specific relevant
feature value of a conflict-inducing stimulus (such as the colour red)?>%. A broader

version of this proposal accommodates stimulus-specific and context-specific control effects
by extending the theory of event coding® to include cognitive control states?6.97.100.101
Event coding theory states that memory binds together features of ongoing experience

into ‘event files” and subsequent encounters with some or all of those features lead to the
retrieval of similar event files, which can serve as a shortcut for perceptual inference and
response selection?9100, Accordingly, the binding of object features with actions performed
in response to those features facilitates repeat performance but impairs performance when a
different action is required in the presence of those stimulus features'92:193 By adding the
assumption that internal states such as the current task set'94 and level of focus’6-105 of an
individual are also part of this episodic feature integration process, one can naturally account
for item-specific and other context-specific control effects. Re-encountering a particular
stimulus would retrieve not only prior associated motor responses but also the associated
cognitive settings, such as the level of task focus or switch readiness’6:97:101.105 (Fjq,

5c¢,d). However, episodic reinstatement cannot account for adaptation effects in the absence
of item-level control-demand associations, as observed in many LWPC28:80-88 and | WPS
protocols#4-46.91,

In summary, to explain the full range of how cognitive stability and flexibility settings

are adapted to meet varying demands, one has to posit incremental learning mechanisms
that continually adjust the strength of and access to goal representations (Fig. 5a,b) and
event-based learning mechanisms that bind together episodic details with internal control
states (Fig. 5¢,d). These learning mechanisms would operate simultaneously in influencing
context-appropriate levels of cognitive stability and flexibility on a moment-by-moment
basis. This proposal, in addition to reconciling many findings across the conflict-control and
task switching literatures, also connects the cognitive control literature with developments
in the study of value-based decision-making, in which it has been shown that choices can
be guided by a combination of incremental online learning and the recall of specific prior
experiences06,
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Heuristics and algorithms

At the cognitive level, the learning principles discussed in the previous sections can be
neatly summarized in terms of two fundamental heuristics guiding control: the incremental
learner is an expression of a recency heuristic, in which stability and flexibility are

adjusted to match recent demands (Fig. 5a,b) and the episodic learner is an expression of a
recognition heuristic, in which control settings are driven by a match between the current
situation and a similar past experience (Fig. 5c,d). One unifying property of the two is

that they reflect “sticky’ control states07. Stability and flexibility settings stick around over
timel08 and stick to other event features during memory encoding and retrieval109.110, At
the algorithmic level, computational models have been built to account for the regulation of
cognitive stability and, to a lesser extent, flexibility. An initial algorithmic implementation
of incremental control was provided by the conflict-monitoring model®” that, within a neural
network model framework, adopts a common reinforcement learning algorithm (temporal
difference learning)11! to guide task focus. The strength with which the current task set
biases task-relevant over task-irrelevant processing pathways on trial N is a function of the
strength of the task set on trial N — 1, updated by the product of the trial N — 1 control
prediction error and a learning rate. The prediction error refers to the difference between
control demand on trial N — 1 and a running average of demand on the preceding trials.
The learning rate determines how many of those preceding trials are averaged over: the
higher the rate, the shorter the trial history on which the estimate is based, and the greater
an influence the trial N - 1 prediction error will have on the updated strength of the task set
for trial N. In the original model, learning rates were fixed for a given individual, but this is
suboptimal because the model had to employ vastly different rates to separately account for
task focus adjustments at the trial-by-trial level versus the block levell’.

To overcome this limitation, the updated ‘flexible control model” incorporated a self-
adjusting learning rate that is driven by the volatility, or rate of change, of control demand?”.
This extension embraces the insight that learning rates should be higher in a volatile than in
a stable environment because in a volatile environment, a surprising observation has a higher
tendency to indicate a true change in the circumstances of an individual12, Thus, a Stroop
task sequence of many incongruent trials in a row would not only result in increasing control
(as in the original conflict-monitoring model) but also produce a steadily decreasing learning
rate because the level of control demand is stable, which would attenuate the prediction
error-driven updating’’. This more flexible incremental learning mechanism can therefore
account for both trial-by-trial and block-level effects of conflict on task focus adjustments
simultaneously’”. As noted in the ‘Shared principles of adaptive control’ section, the same
logic of incremental updating of demand expectations instantiated in these models can also
be applied to the challenge of task set selection’®79. However, neither of these models

can account for item-based control learning because they operate at the level of goal
representations only.

One way to produce item-level effects in variants of the conflict-monitoring model is to
enable conflict to modulate the connections between goal representations and item-level or
feature representations (such as colours and words in the Stroop task)®>%. For instance,
using activation-dependent (Hebbian) learning to strengthen connections between active
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goal representations and stimulus features in response to increased conflict can account

for both the ISPC and the congruency sequence effect®. However, this type of model

has trouble accounting for adaptation effects in cases in which list-wide effects transfer

to unbiased stimuli28:81-88 and when stimulus sets are large!3 or trial unique80.92,
Accordingly, there remains a need for a hybrid model that combines incremental
adjustments at the level of goal representations with item-level, episodic learning. Moreover,
none of the models discussed in the previous sections has attempted to combine the
regulation of stability with concurrent adjustments in flexibility (but see ref.° for a model
that incorporates both conflict and task switching components).

I suggest that a comprehensive model of learned adjustments in task focus and

switch readiness requires two independent incremental stability and flexibility learning
mechanisms, complemented by an episodic reinstatement mechanism (Fig. 5a,c). Inspiration
for implementing the latter can be found in the decision-making literature, in which

models relying on “‘episodic sampling’ have been successful in describing reward-guided
choices!14115. |n these models, choices are based on stochastic sampling of prior
decisions16, which can be weighted not only by recency (mimicking incremental learning)
but also by contextual feature matching with more remote episodes!’. Thus, future work
could use these models to explain at an algorithmic level how re-encountering a control-
demanding situation reinstates the associated control settings. A plausible neural mechanism
for this can be found in the phenomenon of hippocampal pattern completion!18, In summary,
promising models have been developed to account for the learned adaptation of cognitive
stability over time and in relation to specific items, but an algorithmic integration of
incremental and episodic learning mechanisms, and of concurrent adjustments in stability
and flexibility, remains a challenging research target for the future.

Conclusion

In this Perspective, | have synthesized the past two decades’ worth of research on how
people regulate cognitive stability and flexibility, deriving a cognitive architecture in which
task focus and switch readiness reflect two independent mechanisms whose control is
guided by the same two general learning principles. The first learning principle reflects an
incremental, online learning process that adapts stability and flexibility settings to match
recent demands. This process operates by modulating the strength and/or accessibility of
task goal representations, seems to be well-captured by reinforcement learning algorithms
and can be thought of as regulating cognitive control settings via a recency heuristic. The
second learning principle reflects the encoding and similarity-based retrieval of episodic
event files, which enable the reinstatement of previously used control setting when specific
items or contexts are re-encountered. This process could be captured by extending episodic
memory sampling models to incorporate cognitive control settings and can be thought of
as matching control states to current demands via a recognition heuristic. | hope that the
integrative perspective laid out here stimulates further progress in understanding how people
achieve context-sensitive control over task focus and task switching, as well as lends some
future insight into clinical conditions (Box 3). I close by highlighting a few important
remaining challenges.
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One key issue to resolve is the degree to which the binding phenomena investigated in

the event coding literature correspond to episodic memories!®. The former effects are
usually assessed by averaging over many trial pairs with a prime—probe structure, in which
stimulus and response features either repeat or change across successive trials102103, By
contrast, episodic memories are typically assessed in the form of recall or recognition
memory tests following a single exposure and much longer encoding-retrieval delays.
Given that most ISPC and ISPS studies also use recurring stimuli, one might wonder
whether item-based control learning effects are truly episodic or whether they could instead
reflect incremental learning of item-level associations!19, Some recent studies have provided
critical proof-of-principle support for episodic effects by documenting that item-specific
task focus and switch readiness associations can be formed based on a single experience
(one-shot learning)199:110 and that the effects of such associations can endure for at least
several minutes!20, However, the exact relationship between feature integration phenomena
in event coding studies, item-level control, and associative episodic memories remains to be
fully worked out.

Another major challenge is to determine the specifics of the interplay between incremental
and episodic contributions to control. Assuming parallel learning processes, the respective
influences of incremental and episodic learning on guiding control settings would need

to be reconciled in some way, but the details of this process are currently unknown. One
possibility is a competitive relationship, in which some evaluative metric determines which
learning mechanism dominates at a given point in timel21. A plausible possibility could

be some form of recognition memory threshold: if the current situation does not evoke a
sufficiently close match, episodic reinstatement does not occur, but above the threshold, the
best-matching episodic event file would be reinstated and determine control settings. In line
with this idea, the decision-making literature has produced some clear examples of episodic
reinstatement overriding choices based on incremental learning106:117_ Alternatively, there
could be a more symbiatic or cooperative relationship between these learning mechanisms,
in line with proposals that reinforcement learning might draw on episodic memories to
produce maximally adaptive behaviour!?2, However, testing and modelling both these ideas
in the domain of cognitive stability and flexibility remain to be done.

Finally, | have focused on online incremental adaptation and episodic reinstatement of
control because these two learning schemes appear both necessary and sufficient for
explaining a large body of work on trial-by-trial, list-wide, and item-based adjustments

in task focus and switch readiness. However, learning-guided control can take additional
forms. For instance, control adjustments can be based on other contextual cues to control
demand, such as stimulus location123, or stimulus-stimulus associations24. Zooming out
further, in everyday scenarios, context-appropriate task goals and the means to achieve them
often have to be derived from inferences based on rich representations of world knowledge
in long-term memory, such as schemas or cognitive maps!2°. For example, a person might
use their knowledge of typical airport layouts to inform temporary task sets that enable
them to achieve goals such as finding their gate or a café in an unfamiliar airport!26, The
current perspective assumes that, as more abstract knowledge is converted into actionable
task sets126, the latter become subject to the regulatory mechanisms described in this paper,
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but the intricacies of the interplay between inference-based versus incremental learning and
episodic influences on control settings are yet to be explored.
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Box 1
Measuring adaptive control

One challenge of measuring putative effects of adaptive control is that the learning

of stimulus-response contingencies can mimic these effects'27:128, For instance, in an
LWPC Stroop protocol, blocks with a high proportion of incongruent trials typically
contain many more instances of specific incongruent stimuli (such as ‘BLUE’ in red)
than the blocks with low proportion of incongruent blocks, and the reverse is true of
congruent stimuli?6. Thus, the faster responses to incongruent stimuli in blocks with a
high rate of incongruent trials could simply reflect frequency-based stimulus-response
learning for these contextually probable stimuli rather than adjustments in control27:128,
Similarly, in an ISPC Stroop protocol, if a specific colour word was paired more
frequently with a particular incongruent ink colour, the faster responses to that item
could simply reflect the learning of a contingency between the colour word and a
specific action rather than the reactive recruitment of task focus33:127:128 Thys, it is
essential to devise experiments that tap adaptive control in a manner that accounts for
stimulus-response learning confounds!2,

One way to minimize these confounds is to not use recurring stimuli at all. For instance,
one study asked participants to name line drawings of common objects that were overlaid
with congruent or incongruent distractor words (such as a table with the word ‘TABLE’
or ‘CHAIR’). Because it is possible to create hundreds of unique stimuli of this kind, this
paradigm allows for assessing an LWPC effect free of any stimulus-response learning®0.
Similarly, LWPS effects can be obtained on task switch protocols that employ trial-
unique stimuli, with tasks such as classifying common objects by their size (‘is it smaller
or larger than a soccer ball?’) or origin (“is it natural or man-made?’)°%. Another common
approach is to devise tasks that distinguish between “inducer’ and ‘diagnostic’ items, in
which the former create the biased statistical distribution of control demands, and the
latter are unbiased probes that measure the effects of control2°, For example, in a Stroop
LWPC protocol, a subset of colour word combinations can be presented frequently

as incongruent stimuli to create a block with high control demand, and the effect of

that manipulation is assessed in a different subset of colour word combinations that

are presented equally often as congruent and incongruent stimuli28:81-88 An equivalent
approach can be used in LWPS protocols*4-46,

Similarly, for measuring ISPC effects, specific colours can be assigned to be mostly
congruent or incongruent by pairing them with a subset of congruent or incongruent
colour words on inducer trials, and item-specific control effects can then be gauged

on diagnostic trials in which distractor words are not congruency biased36 (see also
refs.34.130)_ For assessing ISPS effects, each stimulus can be presented equally often
under each task rule (and their respective response requirements) despite being biased in
terms of switch likelihood*’:49, For instance, in the parity and magnitude paradigm (Fig.
2c), one could present the digit 3 on task switch trials 80% of the time, but half of those
switch trials could involve the magnitude task and the other half the parity task.
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Finally, the Stroop and parity and magnitude paradigms (Fig. 2a,c) are only
representative examples of probes of task focus and flexibility. These specific protocols
are not without their critics (for an alternative take on the Stroop task, see ref.131), but the
literature reviewed and conclusions drawn in this Perspective encompass a much wider
array of conceptually similar tasks.
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Box 2
Neural mechanisms of task focus and switching

The stable maintenance of working memory content has long been associated with the
lateral prefrontal cortex (LPFC)132.133, Subsequent work expanded this association to
the representation of task rules34-137 and their use to impose attentional biases on
stimulus processing and response selection138-141 Byilding on the assumption that
stability is subserved by the LPFC, conflict-monitoring theory proposed that the degree
of stability (and top—down influence) of task goals held in LPFC is modulated as a
function of conflict detected by the dorsal anterior cingulate cortex (dACC)L’. Although
there has been much debate about the specifics of dACC function, there is broad
agreement that it has a key role in evaluating performance and initiating behavioural
adjustments’1:142-144 |n Jine with the basic idea of a conflict-control loop for adapting
task focus that involves these structures, many studies have documented increased dACC
activity in response to conflict!4°-147 and greater LPFC involvement when conflict

is successfully adapted to146-149, Neuroimaging studies that applied computational
modelling of incremental learning to estimate the updating of conflict predictions from
trial to trial have additionally implicated the dorsal striatum in linking contextual cues to
adjustments in task focus119.150.151,

Studies of task switching and working memory updating have also implicated frontal%2-
154 and striatal sites'>>159, These co-activations can be accounted for by the influential
proposal that working memory input gating is mediated by interactions between the
basal ganglia and the LPFC, in which the former functions as the gate that, if

opened, allows representations in LPFC to be updated’. Neural mechanisms of adjusting
flexibility to varying demands have been much less studied than adjustments in stability,
but imaging studies that have manipulated switch rates across blocks of trials have
documented context-sensitive activation changes in frontoparietal cortex160:161 These
findings perhaps suggest that frontal cortex regulates flexibility by modulating the gating
threshold in the basal ganglial®2. (For a dynamic brain network perspective on cognitive
flexibility, see ref.10),

The interplay between the basal ganglia and LPFC in regulating task sets raises

the question of the interdependence between the stability of task sets maintained in

the LPFC and the flexibility granted by the basal ganglia gating function. However,
although stability-supporting and flexibility-supporting functions of the LPFC and
basal ganglia can display a seesaw-like relationship suggestive of functional yoking®’,
an obligatory reciprocity of function has been considered not probable®*. Moreover,
genetic and pharmacological studies selectively targeting IPFC versus striatal function
have demonstrated double dissociations of stability and flexibility163.164, For instance,
selective pharmacological disruption of LPFC function impairs stability but leaves
flexibility unaffected, whereas the opposite is true when disrupting striatal function64,
Finally, the basal ganglia LPFC gating model itself envisages the updating of working
memory to be selective, by assuming multiple cortico-striatal loops with independent
basal ganglia gates’. This assumption means that some working memory content can be
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stably maintained even while other items are being updated’, making it possible to have
stability and flexibility at the same time.
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Box 3
Clinical implications

Cognitive stability and/or flexibility are impaired in normal ageing6.166 and many
psychiatric and neurological conditions1?, with particularly well-documented deficits

in attention deficit hyperactivity disorder (ADHD)1.12, autism spectrum disorderl2-14,
schizophrenial® and Parkinson’s diseasel®. Thus, these constructs are targets in the
search for transdiagnostic biomarkers of potential failure modes in neural processing6”.
However, there is little agreement on optimal assessment and treatment of putative
deficits in task focus and switch readiness. The current Perspective can provide some
conceptual clarification to aid in fine tuning expectations for behaviour related to
cognitive stability and flexibility and the assessment of deficits.

First, an appreciation that stability and flexibility are independent of each other
immediately demystifies the co-occurrence of deficits in both task focus and switching,
as is common in conditions such as ADHD8 and schizophrenial®, and which

is currently considered ‘paradoxical’1?. According to the two-dimensional account
advocated here (Fig. 3b), there is no reason to assume that a condition that is
characterized by low flexibility would necessarily be associated with high stability.
The independence account also predicts that therapeutic interventions that aim to, for
instance, improve cognitive stability should not necessarily alter cognitive flexibility or
vice versa.

A second lesson from the studies reviewed here is that any comprehensive assessment

of cognitive stability and flexibility should tap into the dynamic learning processes

that are involved in matching task focus and switch readiness to changing contexts.

For example, it is clear that individuals with ADHD do not have a generic inability

to focus attention. Rather, they can become extremely engrossed in some activities, a
state known as hyperfocus!®. Instead, the ability of these individuals to properly align
attentional focus with contextual demands seems to be impaired. The same deficit in
learning to adapt control probably applies to other conditions in which individuals are
thought to have deficits in cognitive stability or flexibility — it might not be an inability
to focus or switch per se, but rather an impairment in context-sensitive regulation of
these abilities. However, there is a relative dearth of clinical assessments involving
dynamic, context-dependent changes in demands on stability and flexibility. An emphasis
on adaptive learning has quite naturally emerged in assessing clinical deficits in reward
processingl79-171 and adopting a similar approach to characterizing potential impairments
in cognitive control should prove very usefull’2,

Finally, the distinction drawn in the current Perspective between incremental and
episodic learning contributions to regulating stability and flexibility is unexplored in
characterizing cognitive control deficits in clinical populations. However, given the well-
documented distinction between the neural systems that underpin reinforcement learning
versus episodic memory173.174 it stands to reason that differential deficits in these two
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Figure 1. Working memory in the use and updating of task sets.
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A task set maintained in working memory (task set A) biases perception and action in line
with the stimulus-response mapping rules of the task set. The task set can be switched out
(here, with task set B) when the gate to working memory is opened.
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Figure 2. Classic tasks and resultsindexing adjustmentsin cognitive stability and flexibility.
a, In a typical Stroop task, participants are required to hame the ink colours while ignoring

the words. b, A typical response time pattern is that the size of the conflict effect (the
difference between incongruent and congruent trials) is reduced for blocks and items or
stimuli that are associated with frequent conflict. The list-wide proportion congruent effect
and the item-specific proportion congruent effect can be seen by comparing the difference of
differences between the two bars on the left and the two bars on the right sides of the graph.
¢, In a typical cued task switching protocol, the colour of each digit cues the participants
whether to perform a parity or magnitude task. d, A typical response time pattern in cued
task switching, in which the performance cost of switching tasks (the difference between
switch and repeat trials) is reduced for blocks and items that are associated with frequent
switching. The list-wide proportion switch effect and the item-specific proportion switch
effect can be seen in the larger difference between the left set of bars than between the right

set of bars.
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Figure 3. One-dimensional and two-dimensional conceptions of cognitive stability and flexibility.
a, The traditional assumption that stability and flexibility are opposing poles of a one

dimensional continuum that trades off stability against flexibility. The present set point on
the continuum is conceptualized as an ‘updating threshold” meta-control parameter. b, A
two-dimensional model in which stability and flexibility are independent dimensions. This
view accommodates states in which stability and flexibility appear to trade off (upper left
and lower right quadrants) and states in which both stability and flexibility are low or high
(lower left and upper right quadrants, respectively).
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Figure 4. Independent effects of control over stability and flexibility.
a, The relationship between the regulation of stability and flexibility can be investigated

by independently and simultaneously varying demands on task focus, via the rate of
incongruent trials, and on switch readiness, via the rate of switch trials. b, The rate of
incongruent trials modulates the congruency effect but not switch costs, and the rate of
switch trials modulates the switch cost but not congruency effects, suggesting independent

control of cognitive stability and flexibility. Data from ref.51.,
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Figure5. Incremental and episodic guidance of stability and flexibility.
a, Incremental learning mechanisms nudge the strength of the currently active task set,

and the ease of access to alternative task sets, up or down in line with the recent history

of task demands. b, The incremental learner tracks ongoing changes in task difficulty

and gradually nudges task focus up or down in line with changing demands (incremental
learning of task focus). While driving, task focus would be nudged up gradually if it begins
to rain or traffic density increases (indicated by the red colour in the colour gradient).

¢, An episodic memory mechanism reinstates task focus and switch readiness settings

from prior experiences if they closely resemble the present situation. d, The episodic
learner detects matches between perception and memory and, when recognizing a familiar
situation, reinstates matching memories, including task focus settings associated with the
prior experience (episodic reinstatement of task focus). While driving, an intersection where
one previously encountered a crash would lead to retrieval of a high task focus (indicated by
the sharp transition to the red colour in the colour gradient).
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