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A hallmark of habitual actions is that, once they are established, they become insensitive
to changes in the values of action outcomes. In this article, we review empirical research
that examined effects of posttraining changes in outcome values in outcome-selective
Pavlovian-to-instrumental transfer (PIT) tasks. This review suggests that cue-instigated
action tendencies in these tasks are not affected by weak and/or incomplete revaluation
procedures (e.g., selective satiety) and substantially disrupted by a strong and complete
devaluation of reinforcers. In a second part, we discuss two alternative models of a
motivational control of habitual action: a default-interventionist framework and expected
value of control theory. It is argued that the default-interventionist framework cannot solve
the problem of an infinite regress (i.e., what controls the controller?). In contrast, expected
value of control can explain control of habitual actions with local computations and
feedback loops without (implicit) references to control homunculi. It is argued that
insensitivity to changes in action outcomes is not an intrinsic design feature of habits but,
rather, a function of the cognitive system that controls habitual action tendencies.

Keywords: habit, outcome devaluation, Pavlovian-to-instrumental transfer, default-interventionist framework,
expected value of control, cognitive control

“The chains of habit are too weak to be felt until they are too strong to be broken?” (adage
credited to Samuel Johnson, 1748, “The vision of Theodore”)

Human beings like to view themselves as rationally behaving agents (Nisbett and Wilson, 1977).
Yet, we are also creatures of habit. Accordingly, scientists in many different fields have been
attracted to the study of habits because they invoke a dichotomy between automatic and controlled
behavior (Wood and Riinger, 2016). A popular view is that habits run on autopilot until
something goes wrong. For an illustration, let us take the example of our fictitious friend Tom:
when he comes home from work, he has the habit to grab a can of cold beer from the fridge
and to enjoy his after-work beer. On one unfortunate day, his wife bought the wrong beer,
and the drama unfolds: Tom takes his usual large gulp, grimaces in distaste, and the moment
is spoiled. What will happen to Tom? Will he continue with drinking, even if he cannot have
his favorite beer? Maybe at a reduced rate? Or does he stop beer drinking all at once?
These questions are far from trivial, because behavior analysts commonly agree that habitual
action is in principle and by definition independent of the current value of the produced
outcome (see the next section). Yet, it is also clear that most people can control and correct
habitual actions to some degree if the outcome is dysfunctional. In fact, a persistent inability
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to correct for unwanted habitual action patterns is a hallmark
of a variety of pathological states (e.g., addiction)—and hence
the atypical outcome of action control in healthy adults.
This article reviews research on the motivational control of
habitual action. In a first section, we will discuss insensitivity
to changes in action outcomes as a defining feature of habitual
actions. Then, we will review behavioral and neuroscientific
studies that examined a goal-independency of cue-instigated
action tendencies with posttraining outcome revaluation
procedures in operant learning and outcome-selective Pavlovian-
to-instrumental transfer (PIT) tasks. In the second part, we will
discuss two theoretical accounts: a default-interventionist
framework and expected value of control (EVC) theory. While
both accounts can explain a motivational control of habitual
action, we will argue that EVC theory has more potential to
provide a convincing account of habit control in PIT tasks.

PART |

Dual Action Psychology: Habitual and
Goal-Directed Actions

According to behavior analysts, a habit is an acquired behavior
that is triggered by an antecedent stimulus (Dickinson, 1985).
Habit is distinguished from goal-directed action that is controlled
by the current value of the action goal through knowledge
about the instrumental relations between the action and its
consequences. Often implicit to this distinction is an assignment
of features of automaticity (e.g., associative, unintentional,
efficient, etc.) to habitual actions and features of non-automaticity
(e.g., rule-based, intentional, capacity-limited, etc.) to goal-
directed actions (Dickinson and Balleine, 1993). However, close
scrutiny of this distinction makes clear that this dichotomy
is not justified and too simple (for thorough discussions, see
Bargh, 1994; Moors and De Houwer, 2006; Keren and Schul,
2009; for counterarguments, see Evans and Stanovich, 2013).
More useful seems a functional distinction based on correlations
between actions and context features and correlations between
actions and valued outcomes: instrumental actions are goal-
directed because they are correlated more strongly with the
presence or absence of desired outcomes than with the presence
of particular contexts or stimuli. For example, if Tom drinks
his after-work beer because he has a desire to get drunk,
he would be willing to consume another alcoholic beverage
if it has the same intoxicant effect. Habitual action, by contrast,
is correlated more strongly with context features than with
the presence or absence of a particular outcome of the action.
For example, Tom would drink his after-work beer even if
he is not thirsty or keen on getting drunk. For him, it is a
behavioral routine that becomes activated in the appropriate
context. That means, he would not have drunk the beer at
another time or place, and assuming that he has developed
a habit of beer drinking, even not another beverage.

At this point, a few additional qualifications are necessary.
First, the correlation of habitual actions with particular contexts
(or states) does not mean that they are unrelated to the value
of these contexts. Habits typically arise from frequent repetitions

of previously rewarded (instrumental) actions, that means, they
often have a strong reward history (Yin and Knowlton, 2006).
This rewarding context does not change with the performance
of a habitual action (“Tom still gets drunk after beer
consumption”) but, rather, the internal representation of this
state as action outcome has changed (“getting drunk is a
by-product and not an intended consequence anymore”).
Complicating things further, a similar point can be made in
respect to a correlation between instrumental actions and context
features. Goal-directed actions are situated in particular contexts
that offer a variety of informative cues for action control.
Organisms exploit these cues in their active pursuit of a valued
outcome and, if encountered on a regular basis, the action is
correlated with the presence and absence of these contextual
cues. Taken together, this means that a functional distinction
between habitual and goal-directed actions based on the relative
strength of correlations is gradual—and not a categorical one.

Second, for the analysis of a goal-dependency of actions,
it is meaningful to distinguish between proximal and distal
outcomes of actions. According to the standard definition,
habitual action is not controlled by the value of proximal
outcomes (“Tom does not drink his after-work beer because
of the good taste of the beer”); however, the context in which
the habit is performed is controlled by outcomes that are more
distally related to the habitual behavior (e.g., “Tom wants to
enjoy his leisure time and beer drinking serves this goal”).
Thus, distal consequences can be causally involved in the
performance of a habitual action even if its performance is
insensitive to its immediate outcome. Note that this relationship
implies a roughly hierarchical structure in which the habit
(“beer drinking”) is nested in a more abstract and/or temporally
extended activity (“enjoyment of the evening”). In the following,
we mean an insensitivity to immediate outcomes when referring
to a goal-independency of habits.

Goal-Independency of Habits
Having laid out what habitual actions are, we now discuss studies
examining a goal-independency of habitual actions. Given the
extensive research literature on habit acquisition and performance,
this review is necessarily selective. In the following, we will
focus on laboratory studies with humans and animals in which
reinforcing stimuli were devalued after extensive instrumental
training. For example, devaluation treatments could be the pairing
of a food reinforcer with toxin, or the devaluation of a monetary
reinforcer. Critically, this devaluation was done after reinforcement
learning; consequently, the value of the reinforcer was changed
in the absence of the associated action. Following devaluation,
action performance was tested in extinction (i.e., without
presentation of the reinforcer that would have allowed for new
reinforcement learning). If the animal or human continued to
perform the behavior which had produced the now-devalued
reinforcer, it was concluded that the motivation to perform this
action was not driven by the current value of the reinforcer
(i.e., action outcome)—and hence habitual.

First, it should be noted that many studies with posttraining
devaluations of action outcomes found that actions
do not become habitual even after extensive training
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(e.g., Adams and Dickinson, 1981). For example, a classic
study trained rats to perform two distinct actions, each
reinforced by a unique food reward (Colwill and Rescorla,
1985). After extensive training, one reward was devalued by
pairing it with a toxin (flavor-aversion conditioning). Then,
the animal was given the opportunity to engage in each of
the responses in extinction. The study showed that the
postlearning devaluation of the food reinforcer selectively
reduced working for that food. Obviously, the rat had retrieved
a memory of the devalued food outcome during the extinction
test, in contradiction to early views that the reinforcer becomes
not encoded in associative stimulus-response structures
controlling reinforced behaviors (Thorndike, 1911; Hull, 1931).
On the other hand, working for the devalued outcome was
often not completely abolished in this research, which was
viewed as evidence for habit formation. However, caution
is warranted with this interpretation. First, other factors
besides context features could have motivated the residual
performance. For instance, the animal could have tested out
whether the action will continue to produce no reinforcer
in the extinction test (see research on the so-called “extinction
burst”; Lerman and Iwata, 1995). Second, the devaluation
of the reinforcer was most typically incomplete (Colwill and
Rescorla, 1990). We will come back to this issue when
we discuss the effectiveness of outcome devaluation
treatments below.

Subsequent studies examined more specific conditions in
which instrumental performance becomes insensitive to outcome
values. This research suggested that overtraining, single-response
training regimes, and interval-based reinforcement schedules
(relative to a fixed-ratio schedule) are conducive to habit
formation (e.g., Dickinson et al,, 1983; Tricomi et al., 2009;
Kosaki and Dickinson, 2010). However, even these protocols
do not invariably lead to an insensitivity outcome values (for
a recent failure, see de Wit et al, 2018) and the conditions
necessary for habit formation are still not very well understood
(Hogarth, 2018). Most important, the ideal “habit test” examines
not only an insensitivity to correlations with (de)valued outcomes
but also a sensitivity to correlations with context features. This
test is found in a procedure called outcome-selective Pavlovian-
to-instrumental transfer of control (PIT).

In outcome-selective PIT, stimuli that are predictive of
specific outcomes prime instrumental responses that are
associated with these outcomes. The canonical procedure is
shown in Figure 1 and consists of three separate phases: an
a first Pavlovian training phase, participants learn predictive
relations between stimuli and differential outcomes (e.g.,
§1-01, $2-02). In a subsequent instrumental training phase,
they learn to produce these outcomes with particular actions
(e.g., R1-O1, R2-02). In a transfer test, both actions are
then made available in extinction, and the preference for a
specific action is measured in the presence of each conditioned
stimulus (i.e., SI: Rl or R2?% S2: R1 or R2?). The typical
result is a preference for the action whose outcome was
signaled by the Pavlovian cue (i.e., SI: R1 > R2; §2: R2 > R1),
suggesting that this stimulus has gained control over responding
(for a review and meta-analysis, see Holmes et al., 2010;

I.  Pavlovian training

W

s1— 01

S2 — 02

Il. Instrumental training

)

R1— O1

Ill. Transfer test
(extinction)

W
S1:R1 or R2?

=

S2:R1or R2?

FIGURE 1 | Pavlovian, instrumental, and transfer phases in the outcome-
selective PIT paradigm. S, stimulus cue; R, response; O, outcome. The
animal shows no preference for a particular outcome (here: two flavors of
cheese) before the training. In the transfer test, the response associated with
the same outcome as the stimulus cue is typically preferred (i.e., S1: R1 > R2;
S2: R2 > R1). See the text for more explanation.
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Cartoni et al., 2016). Note that this cue-instigated action
tendency cannot be explained with rote S-R learning because
the action was not paired with the Pavlovian cue before the
transfer test. Instead, it has been suggested that the Pavlovian
cue primes the action by activating the sensory representation
of the associated outcome via an associative S:(R-O) or S:(O-R)
chain (Trapold and Overmier, 1972; Asratyan, 1974; Balleine
and Ostlund, 2007; de Wit and Dickinson, 2009). According
to this account, the Pavlovian cue activates a cognitive
representation of the identity of the outcome (whatever its
value), and this activation excites the action that is associated
with the same outcome. In line with an associative S-O-R
mechanism, research on “ideomotor effects” showed that
presentations of action effect-related stimuli prime actions
producing these effects (for reviews, see Shin et al., 2010;
Hommel, 2013). An alternative account proposed that the
Pavlovian cues act like discriminative stimuli in a hierarchical
network that signal when a specific R-O relationship is in
effect (Cartoni et al., 2013; Hogarth et al., 2014). According
to this account, action choice in PIT tasks is driven by
participants’ explicit beliefs about which action is more likely
reinforced in the presence of a specific cue. For instance,
participants in one experiment were told that the cues presented
during a PIT test would indicate which action would not
be rewarded. This instruction reversed the cue-instigated
action tendency (Seabrooke et al.,, 2016). A follow-up study
found this reversed PIT effect abolished by a cognitive load
manipulation, while the standard PIT effect was spared
(Seabrooke et al., 2019b). This research suggests that several
processes could contribute to outcome-selective PIT effects:
a resource-dependent one that is highly amenable to
instructions, and a relatively resource-independent one that
could be an association-based mechanism or a very simple
behavioral rule. It should be noted that outcome-selective
PIT effects were also observed in rodent studies, and it has
been argued that the underlying mechanisms are causally
involved in a broad range of “habitual” behaviors (Everitt
and Robbins, 2005; Watson et al., 2012; Hogarth et al., 2013;
Colagiuri and Lovibond, 2015).

Importantly, the outcome-selective PIT task can be combined
with outcome devaluation treatments to examine a goal-
independency of cue-instigated action tendencies. Using this
research approach, animal studies found that rodents still work
harder for a devalued food in the presence of a Pavlovian or
discriminative cue associated with that food (Rescorla, 1994;
Corbit and Balleine, 2005; Corbit et al., 2007). For example,
in one study (Holland, 2004), hungry rats learned relations
between stimuli and two unique food rewards (sucrose and
food pellets). These food rewards were then used to reinforce
two distinct actions (chain pulling and lever presses). In a
subsequent extinction test, the rats had access to these responses
during presentations of the Pavlovian cues. Performance in
this first transfer test showed a standard outcome-selective
PIT effect. After this test, one of the two food rewards was
devalued by pairing it with a toxin. Then, the rats worked on
a second transfer test in extinction. Although the conditioned
food aversion clearly decreased working for that food at baseline,

the cue-instigated action tendency augmenting the devalued
response was spared.

Results of outcome-selective PIT studies with human adults
were however more mixed. While some studies confirmed the
finding of animal studies that reinforcer-selective PIT does
not change when the outcome is no longer desirable (Hogarth
and Chase, 2011; Hogarth, 2012; Watson et al., 2014; van
Steenbergen et al, 2017; De Tommaso et al., 2018), a few
studies observed a change. One of these studies used a stock-
market paradigm for a postlearning devaluation of outcomes
(Allman et al., 2010). Human adults first learned to associate
specific symbols and instrumental actions with two (fictitious)
money currencies. In this phase of the experiment, both
currencies had the same value, and participants knew that
they can swap the earnings into real money after the study.
In a first extinction test, a clear PIT effect was observed. After
retraining, and immediately before a second transfer test, one
of the two currencies was devalued by making the currency
worthless. In the subsequent extinction test, responding for
the intact currency was still elevated by matching cues; in
contrast, working for the devalued money was generally disrupted
and not affected by presentations of a matching cue. In short,
the Pavlovian cue had lost its capacity to excite the
devalued action.

Follow-up research showed that the cue-instigated action
tendency is affected by a postlearning value decrease, but not
by an equidistant value increase (Eder and Dignath, 2016a).
The study used a stock-market paradigm similar to Allman
et al. (2010). This time, however, the revaluation treatment
involved three monetary outcomes: one currency was made
worthless as in Allman et al. by decreasing its value by one
unit (1 > 0); the value of another currency was doubled
(1 > 2); the third currency maintained its value (1 > 1) for
baseline comparisons. If the cue-instigated action tendency is
truly sensitive to the current value of outcomes, then it should
decrease following the devaluation but increase following the
upvaluation of the outcome. Results however showed that only
the devaluation treatment had an effect: Outcome-selective PIT
was significantly reduced after devaluation, reproducing the
result of Allman et al. (2010). In contrast, PIT effects were
not different from the baseline condition after the upvaluation.
In short, only a decrease in the outcome value affected
cue-instigated action tendencies, while an equidistant value
increase had no effect.

The PIT studies reviewed above are puzzling and at odds
with a large number of studies that reported no effect of
postlearning changes in outcome values. In the search for
an explanation, Watson and colleagues proposed that the
stock-market paradigm involved highly abstract representations
of values that were presumably more accessible to explicit
choice strategies (Watson et al, 2018). While it is unclear
why those explicit decision rules should not take a value
increment into account (see Eder and Dignath, 2016a), recent
studies confirmed that explicit beliefs can have a profound
impact on outcome-selective PIT effects (see e.g., Seabrooke
et al., 2016). In addition, the theoretical argument was made
that Pavlovian cues can only activate the sensory identity of
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action outcomes in PIT tasks and not their value (Balleine
and Ostlund, 2007; de Wit and Dickinson, 2009). If money
outcomes in the stock-market studies were represented
predominantly in terms of their value, this could have made
a critical difference to (animal) studies that used primary
reinforcers with a more detailed sensory representation.
Accordingly, it could be hypothesized that a standard PIT
task with food outcomes should be not sensitive to postlearning
changes in the values of outcomes.

Eder and Dignath (2016b) tested this hypothesis with
liquid reinforcers. Participants were trained in separate sessions
to associate specific symbols and keypresses, respectively, with
red and yellow lemonades. Importantly, participants in this
study were asked to consume the lemonades earned during
a transfer test'. After having worked on a first transfer test,
one of the lemonades was devalued with bad-tasting Tween20.
Then, a second transfer test was performed. Each transfer
test was further subdivided into two test blocks. In the first
experiment, participants consumed the earned lemonades
immediately after each test block. In the second experiment,
consumption was not immediate, and participants could take
the earned lemonades with them in bottles. Figure 2 shows
the response rates in both experiments as a function of the
Pavlovian cue in each test block. As can be seen, a strong
and robust PIT effect was observed in both experiments
before devaluation: working for a specific lemonade was
elevated by presentations of cues associated with that lemonade
(relative to a baseline condition with a neutral cue associated
with no lemonade). However, response rates changed
dramatically following the devaluation. Participants now
preferred the action that produced the intact lemonade.
Responding for this lemonade was still augmented by a
matching cue relative to baseline. In contrast, the cue-instigated
action tendency was abolished for the devalued response in
Experiment 1 in which the liquids earned in a test block
were consumed immediately. Interestingly, in Experiment 2
(without immediate consumption of the liquids), the
cue-instigated tendency for the devalued response was abolished
in the first test block only and restored in the second test
block® It is plausible that the immediate consumption of
the drinks increased the motivational relevance of the devalued
drink. These results hence show that a strong devaluation
treatment of food outcomes can also reduce cue-instigated
action tendencies operating on a primary reinforcer.

'The transfer test was carried out in nominal extinction (i.e., without feedback
whether or which lemonade had been earned). This was done to prevent the
feedback from influencing the response choice. Instruction explicitly stated
that the actions during the transfer test procure lemonades (2.5 ml according
to the fixed-ratio 9 schedule) and that the probability of a reward is not
influenced by the pictures presented during this phase. Note that a reward
expectancy during the extinction test is common in PIT studies (see e.g.,
Hogarth and Chase, 2011; Colagiuri and Lovibond, 2015). Furthermore, it
increases the ecological validity of the PIT task to behavior outside of the
laboratory (for a discussion of this point see Lovibond and Colagiuri, 2013).
*Collapsed across both test blocks, however, there was small PIT effect for the
devalued response. Furthermore, the magnitudes of the PIT effects for the
devalued response in both test blocks were not significantly different.

For an explanation, Eder and Dignath (2016b) suggested
that only strong devaluation treatments suppress cue-instigated
instigated actions. In fact, most studies that found no effect
of the devaluation treatment used rather weak and/or incomplete
devaluation treatments, such as ad libitum feeding, conditioning
of a taste aversion, or health warnings (for a similar
argumentation, see De Houwer et al, 2018)’. Hogarth and
Chase (2011), for instance, used a specific satiety procedure
to devalue a tobacco outcome. Although smoking a cigarette
before a transfer test reduced participants’ craving and working
for cigarettes during the PIT test, cue-instigated action
tendencies for that reward were not affected. Critically, working
for the devalued tobacco outcome (irrespective of the cue)
was still on a high level (>40%), suggesting that the devaluation
was not very strong. In addition, regular smokers typically
know that the state of satiety is only temporary. Therefore,
it could be argued that working for cigarettes was still attractive
for them during the transfer test. The devaluation treatment
that is most comparable to the one used by Eder and Dignath
(2016b) is conditioning of a taste aversion. Rodent studies
often devalued a food reinforcer by pairing it with lithium
chloride (LiCl) inducing sickness (e.g., Rescorla, 1994; Holland,
2004). Although LiCl-conditioning has a strong and lasting
effect on the consumption of that food, the devaluation is
often incomplete, because the animal must approach a magazine
to consume the poisoned food and could reject consumption
before the devaluation was complete. In fact, when Colwill
and Rescorla (1990) used a standard procedure to devalue a
sucrose solution with LiCl-injections before a transfer test,
the devaluation treatment did not eliminate the cue-instigated
action tendency. However, when the poisoned sucrose solution
was injected directly into the mouth of the rat during
conditioning, the stimulus lost its capacity to elevate the
devalued response. Thus, animal research also found
cue-instigated action tendencies abolished after a strong and
immediate devaluation treatment, in line with the results of
human studies reviewed above.

Our main conclusion from this short review is that the
cue-instigated action tendency was suppressed when the
devaluation of the associated action outcome was strong and
complete. This does not mean that the action tendency scales
directly with the current value of the associate outcome, as
proposed for a goal-directed process. In this case, studies with
a weak (but still effective) devaluation of the outcome should
also have observed a reduction in cue-instigated tendencies,
which was not the case (e.g., Hogarth and Chase, 2011;
Watson et al., 2014; De Tommaso et al.,, 2018). In addition, an

A notable exception is Experiment 1 in Seabrooke et al. (2017) that showed
a PIT effect despite the use of a fairly strong devaluation treatment (coating
of snacks with a distasteful paste). It should be noted, however, that (1) this
study presented pictures of the food outcomes (and not Pavlovian cues) during
the transfer test; (2) despite a clear reduction in subjective liking ratings,
working for the devalued food (in the baseline condition) was still on a sizeable
level (~25%); (3) the devalued food earned during the test was not immediately
consumed (see Eder and Dignath, 2016b); (4) the same devaluation treatment
affected PIT tendencies in subsequent experiments after modification of the
task procedure (Seabrooke et al, 2017, 2019a).
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FIGURE 2 | Response ratios in Eder and Dignath (2016b) before and after the devaluation of a liquid reinforcer as a function of stimulus cue, action, and test block
in Experiment 1 (upper panel A) and Experiment 2 (lower panel B). S, stimulus cue; R, response; dev, devalued outcome. *significant difference to the baseline

condition at p < 0.05.
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upvaluation of the associated outcome should have enhanced
the cue-instigated action tendency, which was not observed
(Eder and Dignath, 2016a). In short, the studies reviewed above
do not question that the cue-instigated action tendency was
“habitual” in the sense that the behavior was insensitive to
the current value of the outcome; rather, they suggest that the
habitual action tendency was cognitively suppressed because the
devalued outcome was in conflict with other goals or intentions.
According to this interpretation, an internal conflict signal is
created after registration that the present state will deteriorate
markedly with continued performance of the habitual action.

Detection of this conflict signal then triggers behavioral adaptations
that aim to correct for the maladaptive habitual response. In
the next section, we will describe two frameworks of how such
a control system could be implemented on the cognitive level:
a default-interventionist framework and EVC theory.

PART I

In this part, we will discuss two alternative frameworks of
cognitive control: (1) a default-interventionist framework that
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proposes a higher order cognitive control system that intervenes
when the habitual action goes faulty. (2) EVC theory that
explains the allocation of control with neural computations of
the expected payoffs from engaging in cognitive control.

Default-Interventionist Framework

The default-interventionist framework postulates a cognitive
control system that can intervene when the habitual “default”
response becomes inappropriate, cumbersome, or defective.
In its most basic form, the framework assumes two systems
or control units of actions: a habitual controller and a
goal-directed controller. Only the goal-directed controller is
sensitive to changes in outcomes, while the habitual controller
implements a stimulus-driven behavior without detailed
representation of its consequences. This distinction is supported
by neurophysiological research that studied dissociations in
the control of voluntary and habitual actions on a neural
systems level. More specifically, habitual and goal-directed
controllers have been linked to two distinct (but interacting)
cortico-basal ganglia networks in the brain: The associative
cortico-basal ganglia loop controls goal-directed actions via
projections from the prefrontal cortex (PFC) to the caudate
nucleus and the anterior putamen. The sensorimotor loop
controls habitual actions and connects the somatosensory
and motor cortex with the medial and posterior putamen
(for reviews, see Yin and Knowlton, 2006; Balleine et al.,
2007; Graybiel and Grafton, 2015). Research found that after
overtraining of a response (i.e., habit formation), neural
activation is shifted from the associative loop to the
sensorimotor loop (Ashby et al., 2010). Interestingly, goal-
oriented behavior can be reinstated after inactivation of the
infralimibic prefrontal cortex in the rodent brain (Coutureau
and Killcross, 2003). This finding suggests that the circuits
controlling goal-directed behavior are actively suppressed after
habit formation.

The default-interventionist framework rests on the idea
that there is a dynamic balance between action control
systems, and that control could be shifted back from the
habitual to the goal-directed control system if needed. This
idea also fits with the long-standing view that prefrontal
cortical areas have the capacity to override unwanted lower-
order action tendencies (Koechlin et al., 2003). However, it
has been argued that regaining control over habitual action
tendencies is effortful and requires cognitive resources
(Baddeley, 1996; Muraven and Baumeister, 2000). Furthermore,
the person must be sufficiently motivated to invest resources
in the executive control of the habitual action (Inzlicht and
Schmeichel, 2012). Hence, a number of requirements must
be met for the default-interventionist framework (for a defense
and criticisms of this view, see Evans and Stanovich, 2013;
Kruglanski, 2013; Hommel and Wiers, 2017; Melnikoff and
Bargh, 2018).

It is likely that these conditions were met in the posttraining
devaluation studies reviewed above. With a strong and complete
devaluation of the outcome, participants were arguably motivated
to avoid that outcome. In addition, performing the free-operant
transfer task was very easy and without time pressure. However,

the explanatory problems with the default-interventionist
framework are much more fundamental and concern the very
architecture of this account. Specifically, it is not specified
what controls the controller, leading to an infinite logical
regress. This problem became apparent in early accounts that
conceptualized the interventionist as a unitary system
(supervisory attentional system, working memory system, goal-
directed action controller, etc.,). This approach was heavily
criticized of introducing a “homunculus” (the executive
controller) that pulls the levers to regulate lower levels if
needed (Monsell and Driver, 2000). As a reaction to this
criticism, the unitary control system view was replaced by
more complex models that decomposed the “executive” in
more specific control functions (e.g., mental set shifting, memory
updating, response suppression; Miyake et al., 2000). However,
as Verbruggen et al. (2014) unerringly pointed out, this approach
only resulted in a multiplication of control homunculi and
not in an explanation of how control is exercised. Thus, a
fundamentally different approach is needed that explains
cognitive control functions as an emergent phenomenon of
the cognitive system.

Expected Value of Control

A model that has the potential to explain habit control in
the PIT paradigm without recourse to control homunculi is
found in EVC theory (Shenhav et al., 2013, 2016). This model
analyzes cognitive control as a domain of reward-based decision
making; that means, it is assumed that cognitive control
functions serve to maximize desired outcomes through
“controlled” processes when those outcomes could not otherwise
be achieved by (habitual) “default” processes (Botvinick and
Braver, 2015). The model aims to explain whether, where,
and how much cognitive control is allocated to ongoing or
planned activities. At the neural level, it is assumed that a
central hub in this decision making process is the dorsal
anterior cingulate cortex (dACC) that lies on the medial
surfaces of the brain’s frontal lobes (see the central panel in
Figure 3). Many studies showed that the dACC becomes
active in control-demanding situations in which automatic
action tendencies, such as habits, are in conflict with task-
defined responses (see e.g., Procyk et al, 2000; for meta-
analyses see Ridderinkhof et al., 2004; Nee et al., 2007). As
a key hub in a wide network of distributed brain regions,
it receives inputs from brain areas responsible for the valuation
of incoming stimuli or action outcomes and sends output
signals to areas responsible for the implementation of control
(see Figure 3). In this network, it is assumed that dACC
serves several functions: (1) it monitors ongoing processing
to signal the need for control; (2) it evaluates the demands
for control; (3) and it allocates control to downstream regions
(Botvinick, 2007; Shenhav et al., 2016); for a different account
of dACC functions, see Kolling et al., 2016).

According to EVC theory, two sources of value-related
information are integrated in the dACC: (1) what control
signal should be selected (i.e., its identity) and (2) how
vigorously this control signal should be engaged (i.e., its
intensity). The integration process considers the overall payoff
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that can be expected from engaging in a given control signal,
taking into account the probabilities of positive and negative
consequences that could result from performing a task. In
addition, it takes into account that there is an intrinsic cost
to engaging in control itself, which is a monotonic function
of the intensity of the control signal (Shenhav et al., 2017).
The expected value of a candidate control signal is the sum
of its anticipated payoffs (weighted by their respective
probabilities) minus the inherent cost of the signal (a function
of its intensity). By relative comparisons, the candidate control
signal with the maximum expected value is selected for a
down-stream regulation of more basic processes. This selection
process has been simulated as a stochastic evidence
accumulation process using the drift diffusion model that
avoids any recourse to a homunculus (Musslick et al., 2015).
In contrast to the default-interventionist framework, EVC
theory does not assume a hierarchy of action control systems
but, rather, views the control of habitual actions as an emergent
phenomenon of a unitary cognitive system. In addition, neural
computations of the expected payoffs are continuously
performed during task engagement, and control (e.g., attention)
can be applied in varying degrees to the task at hand. It
should be noted that the hypothesis of a neural implementation
in the dACC is in principle independent of the computations
proposed by the theory on the algorithmic level (Marr, 1982).
In other words, it is possible that future neuroscientific research
will identify other neural structures that calculate expected
payoffs of engaging in control. By providing a computationally
coherent and mechanistically explicit account of cognitive
control functions on the algorithmic and implementational
levels, EVC theory avoids the pitfall of introducing a new
homunculus-like entity that magically guides cognition
and behavior.

EVC theory can account for cognitive control functions
and subsequent control adaptations in classic response conflict
tasks (Ridderinkhof et al., 2004; Carter and van Veen, 2007;
Nee et al., 2007), and the model was also used to explain
behavioral flexibility that is characteristic of exploration and
foraging (Shenhav et al., 2016). Most important for the present
discussion, EVC theory can help to understand habit control
in PIT tasks. In the remainder of this article, we provide a
preliminary account of control functions in outcome-
selective PIT.

In PIT tasks, the default response that must be potentially
overcome is the cue-instigated action tendency that primes
actions associated with shared outcomes. Before the revaluation
treatment, however, there exists no motivation to override this
default tendency. There is no action that would be more “correct”
or valuable and that could be increased for a better payoff.
To the contrary, overcoming the PIT tendency would be effortful
(for indirect evidence on this assumption, see Cavanagh et al.,
2013; Freeman et al., 2014; see also Yee and Braver, 2018).
Therefore, the expected payoff does not justify the intrinsic
cost of control. As a result, the cue-instigated action tendency
is not or only minimally controlled in this phase, resulting
in a PIT effect.

Expected payoffs however change dramatically after a strong
revaluation of the outcome. Now, there exists a clear difference
in the value of action outcomes, and response rates are adjusted
to maximize the reward. At the computational level, this
behavioral adjustment is implemented by prioritizing control
signals that maximize the value of outcomes. As a consequence,
control of action tendencies that would produce devalued
outcomes is now justified, because the anticipated outcome of
the intact response outweighs the effort that is necessary to
override the devaluated response. Control is however not
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intensified following the registration of an action tendency
that would result in high-value outcomes. As a consequence,
the cue-instigated action tendency is only controlled
(i.e., suppressed) if it results in a devalued outcome, whereas
actions resulting in desirable outcomes do not (or to a much
smaller degree) demand control.

EVC theory can hence explain why studies found reduced
PIT tendencies only with very strong and/or complete
devaluation treatments. The outcome value arguably shrank
less by a weak relative to a strong devaluation treatment.
The small decrement in the expected payoftf does not justify
the intrinsic costs of engaging in control. Furthermore, a
EVC account of the PIT task can also explain observed effects
that the default interventionistic account cannot explain. For
instance, computations of expected payoffs take into account
a temporal discounting of future and/or past outcomes (Yi
et al,, 2009). Immediate outcomes are typically weighted more
than temporally distant outcomes. This immediacy bias can
explain why immediate (relative to delayed) consumptions
had a stronger effect on cue-instigated action tendencies in
the study of Eder and Dignath (2016b). Furthermore, if the
negative value of the devalued drink was discounted with
the time that elapsed or will elapse since the consumption
of that drink (Yi et al., 2009), the expected value of engaging
in control is the largest immediately after consumption of
the drink. Temporal discounting of the negative outcome
value can hence explain why PIT tendencies were abolished
in the first test block and restored in the second test block
of Eder and Dignath’s experiment.

EVC theory also provides an explanation why the
postlearning devaluation of the outcome had a stronger effect
on the control of PIT tendencies compared to the upvaluation
(Eder and Dignath, 2016a). Research on cognitive control
showed that negative outcomes elicit a stronger control signal
(Hajcak et al., 2005) and that conflict is aversive (Botvinick,
2007; Inzlicht et al, 2015). In line with this suggestion,
studies found that conflict elicits a negative affective response
(Dreisbach and Fischer, 2012) that triggers avoidance (Dignath
et al., 2015; Dignath and Eder, 2015). In addition, (unexpected)
positive events reduce conflict-driven behavioral adaptations,
presumably because they weaken the negative conflict signal
that signals need for control (e.g., van Steenbergen et al.,
2009; but see also Dignath et al., 2017). It is hence plausible
that a positive affective response to the (unexpected)
upvaluation of a currency in the study of Eder and Dignath
(2016a) has analogously decreased the intensity of the control
signal that signaled need for control of the cue-instigated
action tendency.

In summary, EVC theory can explain most findings of
the PIT studies reviewed above. While this account is ex
post facto, it has the benefit of providing a formal and
mechanistic account of the effect of posttraining revaluation
treatments on PIT tendencies. In addition, the account allows
for new predictions. According to EVC theory, cognitive
control of cue-instigated action tendencies should be inversely
related to the intrinsic cost of control effort. Therefore, one

would expect that PIT tendencies should recover in demanding
transfer tasks with high intrinsic costs of control, even when
the devaluation of the associated outcome was very strong.
For instance, costs of engaging in control could be manipulated
by increasing the investment of resources that are necessary
to reach a decision and/or to implement the action (Boureau
et al., 2015). These costs could be cognitive (e.g., evaluation
times), physical (e.g., energy expenditure), and/or emotional
(e.g., negative affective experiences). When intrinsic costs
outweigh the cost of producing a devalued outcome in a
PIT task, the prediction would be that control of cue-instigated
action tendencies becomes relaxed, resulting in larger outcome-
selective PIT effects. Having a strong foundation in
neuroscientific research, the account also makes new predictions
at the neural level. Specifically, activity of dACC should
increase following the strong devaluation of an outcome,
indexing the monitoring and implementation of a control
setting. In addition, dACC should be most active during
presentations of Pavlovian cues predictive of the devalued
outcome. Hence, several hypotheses can be deduced from
EVC theory that could be examined in future research.

CONCLUSION

Habits have a great influence on our behavior. Some habits
we strive for, and work hard to make them part of our behavioral
repertoire. Other habits we want to abolish because they are
problematic. Habits are consequently closely linked to cognitive
control functions that regulate habitual action tendencies for
the pursuit of higher-order goals. In this article, we argued
on the basis of EVC theory that the allocation of control to
habitual action tendencies is based on evaluations that compute
the expected value of control by taking intrinsic costs of effortful
control into account. Habits hence may be insensitive to changes
in outcomes values because the expected benefits that follow
from habit control do not justify the costs of control. The
often cited insensitivity to changes in action outcomes is
consequently not an intrinsic design feature of habits but,
rather, a function of the cognitive system that controls habitual
action tendencies.

AUTHOR CONTRIBUTIONS

AE drafted the manuscript. DD provided critical revisions. All
authors approved the final version of the manuscript
for submission.

FUNDING

The work described in this article was supported by grants
Ed201/2-1 and Ed201/2-2 of the German Research Foundation
(DFG) to AE. The funding agency had no role in writing the
manuscript or the decision to submit the paper for publication.

Frontiers in Psychology | www.frontiersin.org

August 2019 | Volume 10 | Article 1812


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Eder and Dignath

Motivational Control of Habits

REFERENCES

Adams, C. D., and Dickinson, A. (1981). Instrumental responding following
reinforcer devaluation. Q. J. Exp. Psychol. 33, 109-121.

Allman, M. J., DeLeon, . G., Cataldo, M. E, Holland, P. C., and Johnson, A. W. (2010).
Learning processes affecting human decision making: an assessment of reinforcer-
selective Pavlovian-to-instrumental transfer following reinforcer devaluation.
J. Exp. Psychol. Anim. Behav. Process. 36, 402-408. doi: 10.1037/a0017876

Ashby, E G., Turner, B. O., and Horvitz, J. C. (2010). Cortical and basal
ganglia contributions to habit learning and automaticity. Trends Cogn. Sci.
14, 208-215. doi: 10.1016/j.tics.2010.02.001

Asratyan, E. A. (1974). Conditional reflex theory and motivational behavior.
Acta Neurobiol. Exp. 34, 15-31.

Baddeley, A. (1996). Exploring the central executive. Q. J. Exp. Psychol. 49,
5-28. doi: 10.1080/713755608

Balleine, B. W,, Delgado, M. R., and Hikosaka, O. (2007). The role of the
dorsal striatum in reward and decision-making. J. Neurosci. 27, 8161-8165.
doi: 10.1523/J]NEUROSCI.1554-07.2007

Balleine, B. W.,, and Ostlund, S. B. (2007). “Still at the choice-point: action
selection and initiation in instrumental conditioning” in Reward and
decision making in corticobasal ganglia networks. eds. B. W. Balleine, K.
Doya, J. O’Doherty, and M. Sakagami (Malden: Blackwell Publishing),
147-171.

Bargh, J. A. (1994). “The four horsemen of automaticity: awareness, intention,
efficiency, and control in social cognition” in Handbook of social cognition,
Vol. 1: Basic processes; Vol. 2: Applications. 2nd Edn. eds. R. S. Wyer Jr.,
and T. K. Srull (Hillsdale, NJ England: Lawrence Erlbaum Associates, Inc.),
1-40.

Botvinick, M. M. (2007). Conflict monitoring and decision making: reconciling
two perspectives on anterior cingulate function. Cogn. Affect. Behav. Neurosci.
7, 356-366. doi: 10.3758/ CABN.7.4.356

Botvinick, M., and Braver, T. (2015). Motivation and cognitive control: from
behavior to neural mechanism. Annu. Rev. Psychol. 66, 83-113. doi: 10.1146/
annurev-psych-010814-015044

Boureau, Y.-L., Sokol-Hessner, P, and Daw, N. D. (2015). Deciding how to
decide: self-control and meta-decision making. Trends Cogn. Sci. 19, 700-710.
doi: 10.1016/j.tics.2015.08.013

Carter, C. S., and van Veen, V. (2007). Anterior cingulate cortex and conflict
detection: an update of theory and data. Cogn. Affect. Behav. Neurosci. 7,
367-379. doi: 10.3758/CABN.7.4.367

Cartoni, E., Balleine, B., and Baldassarre, G. (2016). Appetitive Pavlovian-
instrumental transfer: a review. Neurosci. Biobehav. Rev. 71, 829-848. doi:
10.1016/j.neubiorev.2016.09.020

Cartoni, E., Puglisi-Allegra, S., and Baldassarre, G. (2013). The three principles
of action: a Pavlovian-instrumental transfer hypothesis. Front. Behav. Neurosci.
7:153. doi: 10.3389/fnbeh.2013.00153

Cavanagh, J. F, Eisenberg, 1., Guitart-Masip, M., Huys, Q., and Frank, M. J.
(2013). Frontal theta overrides Pavlovian learning biases. J. Neurosci. 33,
8541-8548. doi: 10.1523/]NEUROSCI.5754-12.2013

Colagiuri, B., and Lovibond, P. E (2015). How food cues can enhance and
inhibit motivation to obtain and consume food. Appetite 84, 79-87. doi:
10.1016/j.appet.2014.09.023

Colwill, R. M., and Rescorla, R. A. (1985). Instrumental responding remains
sensitive to reinforcer devaluation after extensive training. J. Exp. Psychol.
Anim. Behav. Process. 11, 520-536.

Colwill, R. M., and Rescorla, R. A. (1990). Effect of reinforcer devaluation on
discriminative control of instrumental behavior. J. Exp. Psychol. Anim. Behav.
Process. 16, 40-47.

Corbit, L. H., and Balleine, B. W. (2005). Double dissociation of basolateral
and central amygdala lesions on the general and outcome-specific forms
of Pavlovian-instrumental transfer. . Neurosci. 25, 962-970. doi: 10.1523/
JNEUROSCI.4507-04.2005

Corbit, L. H., Janak, P. H., and Balleine, B. W. (2007). General and outcome-
specific forms of Pavlovian-instrumental transfer: the effect of shifts in
motivational state and inactivation of the ventral tegmental area. Eur. J.
Neurosci. 26, 3141-3149. doi: 10.1111/j.1460-9568.2007.05934.x

Coutureau, E., and Killcross, S. (2003). Inactivation of the infralimbic prefrontal
cortex reinstates goal-directed responding in overtrained rats. Behav. Brain
Res. 146, 167-174. doi: 10.1016/j.bbr.2003.09.025

De Houwer, J., Tanaka, A., Moors, A., and Tibboel, H. (2018). Kicking the
habit: why evidence for habits in humans might be overestimated. Motiv.
Sci. 4, 50-59. doi: 10.1037/mot0000065

De Tommaso, M., Mastropasqua, T., and Turatto, M. (2018). Working for
beverages without being thirsty: human Pavlovian-instrumental transfer
despite outcome devaluation. Learn. Motiv. 63, 37-48. doi: 10.1016/j.
Imot.2018.01.001

de Wit, S., and Dickinson, A. (2009). Associative theories of goal-directed
behaviour: a case for animal-human translational models. Psychol. Res. 73,
463-476. doi: 10.1007/s00426-009-0230-6

de Wit, S, Kindt, M., Knot, S. L., Verhoeven, A. A. C., Robbins, T. W,
Gasull-Camos, J., et al. (2018). Shifting the balance between goals and
habits: five failures in experimental habit induction. J. Exp. Psychol. Gen.
147, 1043-1065. doi: 10.1037/xge0000402

Dickinson, A. (1985). Actions and habits: the development of behavioural
autonomy. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 308, 67-78.

Dickinson, A., and Balleine, B. (1993). “Actions and responses: the dual psychology
of behaviour” in Spatial representation: Problems in philosophy and psychology.
eds. N. Eilan, R. A. McCarthy, and B. Brewer (Malden: Blackwell Publishing),
277-293.

Dickinson, A., Nicholas, D. J., and Adams, C. D. (1983). The effect of the
instrumental training contingency on susceptibility to reinforcer devaluation.
Q. J. Exp. Psychol. 35, 35-51. doi: 10.1080/14640748308400912

Dignath, D., and Eder, A. B. (2015). Stimulus conflict triggers behavioral
avoidance. Cogn. Affect. Behav. Neurosci. 15, 822-836. doi: 10.3758/
s13415-015-0355-6

Dignath, D., Janczyk, M., and Eder, A. B. (2017). Phasic valence and arousal
do not influence post-conflict adjustments in the Simon task. Acta Psychol.
174, 31-39. doi: 10.1016/j.actpsy.2017.01.004

Dignath, D., Kiesel, A., and Eder, A. B. (2015). Flexible conflict management:
conflict avoidance and conflict adjustment in reactive cognitive control. J. Exp.
Psychol. Learn. Mem. Cogn. 41, 975-988. doi: 10.1037/xlm0000089

Dreisbach, G., and Fischer, R. (2012). Conflicts as aversive signals. Brain Cogn.
78, 94-98. doi: 10.1016/j.bandc.2011.12.003

Eder, A. B, and Dignath, D. (2016a). Asymmetrical effects of posttraining
outcome revaluation on outcome-selective Pavlovian-to-instrumental transfer
of control in human adults. Learn. Motiv. 54, 12-21. doi: 10.1016/j.
Imot.2016.05.002

Eder, A. B,, and Dignath, D. (2016b). Cue-elicited food seeking is eliminated
with aversive outcomes following outcome devaluation. Q. J. Exp. Psychol.
69, 574-588. doi: 10.1080/17470218.2015.1062527

Evans, J. S. B. T, and Stanovich, K. E. (2013). Dual-process theories of higher
cognition: advancing the debate. Perspect. Psychol. Sci. 8, 223-241. doi:
10.1177/1745691612460685

Everitt, B. J., and Robbins, T. W. (2005). Neural systems of reinforcement for
drug addiction: from actions to habits to compulsion. Nat. Neurosci. 8,
1481-1489. doi: 10.1038/nn1579

Freeman, S. M., Razhas, I, and Aron, A. R. (2014). Top-down response
suppression mitigates action tendencies triggered by a motivating stimulus.
Curr. Biol. 24, 212-216. doi: 10.1016/j.cub.2013.12.019

Graybiel, A. M., and Grafton, S. T. (2015). The striatum: where skills and
habits meet. Cold Spring Harb. Perspect. Biol. 7:a021691. doi: 10.1101/
cshperspect.a021691

Hajcak, G., Holroyd, C. B., Moser, J. S., and Simons, R. E (2005). Brain
potentials associated with expected and unexpected good and bad outcomes.
Psychophysiology 42, 161-170. doi: 10.1111/j.1469-8986.2005.00278.x

Hogarth, L. (2012). Goal-directed and transfer-cue-elicited drug-seeking are
dissociated by pharmacotherapy: evidence for independent additive controllers.
J. Exp. Psychol. Anim. Behav. Process. 38, 266-278. doi: 10.1037/a0028914

Hogarth, L. (2018). “A critical review of habit theory of drug dependence” in
The psychology of habit: Theory, mechanisms, change, and contexts. ed.
B. Verplanken (Cham, CH: Springer International Publishing), 325-341.
doi: 10.1007/978-3-319-97529-0_18

Frontiers in Psychology | www.frontiersin.org

August 2019 | Volume 10 | Article 1812


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1037/a0017876
https://doi.org/10.1016/j.tics.2010.02.001
https://doi.org/10.1080/713755608
https://doi.org/10.1523/JNEUROSCI.1554-07.2007
https://doi.org/10.3758/CABN.7.4.356
https://doi.org/10.1146/annurev-psych-010814-015044
https://doi.org/10.1146/annurev-psych-010814-015044
https://doi.org/10.1016/j.tics.2015.08.013
https://doi.org/10.3758/CABN.7.4.367
https://doi.org/10.1016/j.neubiorev.2016.09.020
https://doi.org/10.3389/fnbeh.2013.00153
https://doi.org/10.1523/JNEUROSCI.5754-12.2013
https://doi.org/10.1016/j.appet.2014.09.023
https://doi.org/10.1523/JNEUROSCI.4507-04.2005
https://doi.org/10.1523/JNEUROSCI.4507-04.2005
https://doi.org/10.1111/j.1460-9568.2007.05934.x
https://doi.org/10.1016/j.bbr.2003.09.025
https://doi.org/10.1037/mot0000065
https://doi.org/10.1016/j.lmot.2018.01.001
https://doi.org/10.1016/j.lmot.2018.01.001
https://doi.org/10.1007/s00426-009-0230-6
https://doi.org/10.1037/xge0000402
https://doi.org/10.1080/14640748308400912
https://doi.org/10.3758/s13415-015-0355-6
https://doi.org/10.3758/s13415-015-0355-6
https://doi.org/10.1016/j.actpsy.2017.01.004
https://doi.org/10.1037/xlm0000089
https://doi.org/10.1016/j.bandc.2011.12.003
https://doi.org/10.1016/j.lmot.2016.05.002
https://doi.org/10.1016/j.lmot.2016.05.002
https://doi.org/10.1080/17470218.2015.1062527
https://doi.org/10.1177/1745691612460685
https://doi.org/10.1038/nn1579
https://doi.org/10.1016/j.cub.2013.12.019
https://doi.org/10.1101/cshperspect.a021691
https://doi.org/10.1101/cshperspect.a021691
https://doi.org/10.1111/j.1469-8986.2005.00278.x
https://doi.org/10.1037/a0028914
https://doi.org/10.1007/978-3-319-97529-0_18

Eder and Dignath

Motivational Control of Habits

Hogarth, L., Balleine, B. W, Corbit, L. H., and Killcross, S. (2013). Associative
learning mechanisms underpinning the transition from recreational drug
use to addiction. Ann. N. Y. Acad. Sci. 1282, 12-24. doi: 10.1111/§.1749-6632.
2012.06768.x

Hogarth, L., and Chase, H. W. (2011). Parallel goal-directed and habitual control
of human drug-seeking: implications for dependence vulnerability. J. Exp.
Psychol. Anim. Behav. Process. 37, 261-276. doi: 10.1037/a0022913

Hogarth, L., Retzler, C., Munafd, M. R, Tran, D. M. D., Troisi, J. R. II,
Rose, A. K., et al. (2014). Extinction of cue-evoked drug-seeking relies on
degrading hierarchical instrumental expectancies. Behav. Res. Ther. 59,
61-70. doi: 10.1016/j.brat.2014.06.001

Holland, P. C. (2004). Relations between Pavlovian-instrumental transfer and
reinforcer devaluation. J. Exp. Psychol. Anim. Behav. Process. 30, 104-117.
doi: 10.1037/0097-7403.30.2.104

Holmes, N. M., Marchand, A. R., and Coutureau, E. (2010). Pavlovian to
instrumental transfer: a neurobehavioural perspective. Neurosci. Biobehav.
Rev. 34, 1277-1295. doi: 10.1016/j.neubiorev.2010.03.007

Hommel, B. (2013). “Ideomotor action control: on the perceptual grounding
of voluntary actions and agents” in Action science: Foundations of an emerging
discipline. eds. W. Prinz, M. Beisert, and A. Herwig (Cambridge, MA US:
MIT Press), 113-136.

Hommel, B., and Wiers, R. W. (2017). Towards a unitary approach to human
action control. Trends Cogn. Sci. 21, 940-949. doi: 10.1016/j.tics.2017.09.009

Hull, C. L. (1931). Goal attraction and directing ideas conceived as habit
phenomena. Psychol. Rev. 38, 487-506.

Inzlicht, M., Bartholow, B. D., and Hirsh, J. B. (2015). Emotional foundations
of cognitive control. Trends Cogn. Sci. 19, 126-132. doi: 10.1016/j.
tics.2015.01.004

Inzlicht, M., and Schmeichel, B. J. (2012). What is ego depletion? Toward a
mechanistic revision of the resource model of self-control. Perspect. Psychol.
Sci. 7, 450-463. doi: 10.1177/1745691612454134

Keren, G., and Schul, Y. (2009). Two is not always better than one: a critical
evaluation of two-system theories. Perspect. Psychol. Sci. 4, 533-550. doi:
10.1111/j.1745-6924.2009.01164.x

Koechlin, E., Ody, C., and Kouneiher, E. (2003). The architecture of cognitive
control in the human prefrontal cortex. Science 302, 1181-1185. doi: 10.1126/
science.1088545

Kolling, N., Wittmann, M. K., Behrens, T. E. J., Boorman, E. D., Mars, R. B,
and Rushworth, M. E. S. (2016). Value, search, persistence and model updating
in anterior cingulate cortex. Nat. Neurosci. 19, 1280-1285. doi: 10.1038/
nn.4382

Kosaki, Y., and Dickinson, A. (2010). Choice and contingency in the development
of behavioral autonomy during instrumental conditioning. J. Exp. Psychol.
Anim. Behav. Process. 36, 334-342. doi: 10.1037/a0016887

Kruglanski, A. W. (2013). Only one? The default interventionist perspective as
a unimodel—commentary on Evans & Stanovich (2013). Perspect. Psychol.
Sci. 8, 242-247. doi: 10.1177/1745691613483477

Lerman, D. C., and Iwata, B. A. (1995). Prevalence of the extinction burst
and its attenuation during treatment. J. Appl. Behav. Anal. 28, 93-94. doi:
10.1901/jaba.1995.28-93

Lovibond, P. E, and Colagiuri, B. (2013). Facilitation of voluntary goal-directed
action by reward cues. Psychol. Sci. 24, 2030-2037. doi: 10.1177/
0956797613484043

Marr, D. (1982). Vision: A computational investigation into the human representation
and processing of visual information. San Francisco, US: W. H. Freeman
and Company.

Melnikoff, D. E., and Bargh, J. A. (2018). The mythical number two. Trends
Cogn. Sci. 22, 280-293. doi: 10.1016/j.tics.2018.02.001

Miyake, A., Friedman, N. P, Emerson, M. J., Witzki, A. H., Howerter, A., and
Wager, T. D. (2000). The unity and diversity of executive functions and
their contributions to complex “frontal lobe” tasks: a latent variable analysis.
Cogn. Psychol. 41, 49-100. doi: 10.1006/cogp.1999.0734

Monsell, S., and Driver, J. (2000). “Banishing the control homunculus” in Control
of cognitive processes: Attention and performance XVIII. eds. S. Monsell, and
J. Driver (Cambridge, MA US: MIT Press), 3-32.

Moors, A., and De Houwer, J. (2006). Automaticity: a theoretical and conceptual
analysis. Psychol. Bull. 132, 297-326. doi: 10.1037/0033-2909.132.2.297

Muraven, M., and Baumeister, R. E (2000). Self-regulation and depletion of
limited resources: does self-control resemble a muscle? Psychol. Bull. 126,
247-259. doi: 10.1037/0033-2909.126.2.247

Musslick, S., Shenhav, A., Botvinick, M. M., and Cohen, J. D. (2015). A
computational model of control allocation based on the expected value of
control. The 2nd Multidisciplinary Conference on Reinforcement Learning and
Decision Making. Presented at the Edmonton, Canada. Available at: https://
tinyurl.com/y499pc7n (Accessed July 29, 2019).

Nee, D. E., Wager, T. D., and John, J. (2007). Interference resolution: insights
from a meta-analysis of neuroimaging tasks. Cogn. Affect. Behav. Neurosci.
7, 1-17. doi: 10.3758/CABN.7.1.1

Nisbett, R. E., and Wilson, T. D. (1977). Telling more than we can know:
verbal reports on mental processes. Psychol. Rev. 84, 231-259. doi:
10.1037/0033-295X.84.3.231

Procyk, E., Tanaka, Y. L., and Joseph, J. P. (2000). Anterior cingulate activity
during routine and non-routine sequential behaviors in macaques. Nat.
Neurosci. 3, 502-508. doi: 10.1038/74880

Rescorla, R. A. (1994). Transfer of instrumental control mediated by a devalued
outcome. Anim. Learn. Behav. 22, 27-33.

Ridderinkhof, K. R., Ullsperger, M., Crone, E. A., and Nieuwenhuis, S. (2004).
The role of the medial frontal cortex in cognitive control. Science 306,
443-447. doi: 10.1126/science.1100301

Seabrooke, T., Hogarth, L., Edmunds, C. E. R., and Mitchell, C. J. (2019a).
Goal-directed control in Pavlovian-instrumental transfer. J. Exp. Psychol.
Animal Learn. Cogn. 45, 95-101. doi: 10.1037/xan0000191

Seabrooke, T., Hogarth, L., and Mitchell, C. J. (2016). The propositional basis
of cue-controlled reward seeking. Q. J. Exp. Psychol. 69, 2452-2470. doi:
10.1080/17470218.2015.1115885

Seabrooke, T., Le Pelley, M. E., Hogarth, L., and Mitchell, C. J. (2017). Evidence
of a goal-directed process in human Pavlovian-instrumental transfer. J. Exp.
Psychol. Animal Learn. Cogn. 43, 377-387. doi: 10.1037/xan0000147

Seabrooke, T., Wills, A. J., Hogarth, L., and Mitchell, C. J. (2019b). Automaticity
and cognitive control: effects of cognitive load on cue-controlled reward
choice. Q. J. Exp. Psychol. 72, 1507-1521. doi: 10.1177/1747021818797052

Shenhav, A., Botvinick, M. M., and Cohen, J. D. (2013). The expected value
of control: an integrative theory of anterior cingulate cortex function. Neuron
79, 217-240. doi: 10.1016/j.neuron.2013.07.007

Shenhav, A., Cohen, J. D., and Botvinick, M. M. (2016). Dorsal anterior cingulate
cortex and the value of control. Nat. Neurosci. 19, 1286-1291. doi: 10.1038/
nn.4384

Shenhav, A., Musslick, S., Lieder, F, Kool, W., Griffiths, T. L., Cohen, J. D.,
et al. (2017). Toward a rational and mechanistic account of mental effort.
Annu. Rev. Neurosci. 40, 99-124. doi: 10.1146/annurev-neuro-072116-031526

Shin, Y. K., Proctor, R. W,, and Capaldi, E. J. (2010). A review of contemporary
ideomotor theory. Psychol. Bull. 136, 943-974. doi: 10.1037/a0020541

Thorndike, E. L. (1911). Animal intelligence: Experimental studies. Lewiston,
NY, US: Macmillan Press.

Trapold, M. A., and Overmier, J. B. (1972). “The second learning process in
instrumental learning” in Classical conditioning II: Current research and
theory. eds. A. A. Black, and W. E. Prokasy (New York: Appleton-Century-
Crofts), 427-452.

Tricomi, E., Balleine, B. W,, and O’Doherty, J. P. (2009). A specific role for
posterior dorsolateral striatum in human habit learning. Eur. J. Neurosci.
29, 2225-2232. doi: 10.1111/j.1460-9568.2009.06796.x

van Steenbergen, H., van Band, G. P. H,, and Hommel, B. (2009). Reward
counteracts conflict adaptation: evidence for a role of affect in executive
control. Psychol. Sci. 20, 1473-1477. doi: 10.1111/§.1467-9280.2009.02470.x

van Steenbergen, H., Watson, P., Wiers, R. W,, Hommel, B., and de Wit, S.
(2017). Dissociable corticostriatal circuits underlie goal-directed vs. cue-
elicited habitual food seeking after satiation: evidence from a multimodal
MRI study. Eur. J. Neurosci. 46, 1815-1827. doi: 10.1111/ejn.13586

Verbruggen, E, McLaren, I. P. L., and Chambers, C. D. (2014). Banishing the
control homunculi in studies of action control and behavior change. Perspect.
Psychol. Sci. 9, 497-524. doi: 10.1177/1745691614526414

Watson, P, de Wit, S., Hommel, B., and Wiers, R. W. (2012). Motivational
mechanisms and outcome expectancies underlying the approach bias toward
addictive substances. Front. Psychol. 3:440. doi: 10.3389/fpsyg.2012.00440

Frontiers in Psychology | www.frontiersin.org

11

August 2019 | Volume 10 | Article 1812


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1111/j.1749-6632.2012.06768.x
https://doi.org/10.1111/j.1749-6632.2012.06768.x
https://doi.org/10.1037/a0022913
https://doi.org/10.1016/j.brat.2014.06.001
https://doi.org/10.1037/0097-7403.30.2.104
https://doi.org/10.1016/j.neubiorev.2010.03.007
https://doi.org/10.1016/j.tics.2017.09.009
https://doi.org/10.1016/j.tics.2015.01.004
https://doi.org/10.1016/j.tics.2015.01.004
https://doi.org/10.1177/1745691612454134
https://doi.org/10.1111/j.1745-6924.2009.01164.x
https://doi.org/10.1126/science.1088545
https://doi.org/10.1126/science.1088545
https://doi.org/10.1038/nn.4382
https://doi.org/10.1038/nn.4382
https://doi.org/10.1037/a0016887
https://doi.org/10.1177/1745691613483477
https://doi.org/10.1901/jaba.1995.28-93
https://doi.org/10.1177/0956797613484043
https://doi.org/10.1177/0956797613484043
https://doi.org/10.1016/j.tics.2018.02.001
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1037/0033-2909.132.2.297
https://doi.org/10.1037/0033-2909.126.2.247
https://tinyurl.com/y499pc7n
https://tinyurl.com/y499pc7n
https://doi.org/10.3758/CABN.7.1.1
https://doi.org/10.1037/0033-295X.84.3.231
https://doi.org/10.1038/74880
https://doi.org/10.1126/science.1100301
https://doi.org/10.1037/xan0000191
https://doi.org/10.1080/17470218.2015.1115885
https://doi.org/10.1037/xan0000147
https://doi.org/10.1177/1747021818797052
https://doi.org/10.1016/j.neuron.2013.07.007
https://doi.org/10.1038/nn.4384
https://doi.org/10.1038/nn.4384
https://doi.org/10.1146/annurev-neuro-072116-031526
https://doi.org/10.1037/a0020541
https://doi.org/10.1111/j.1460-9568.2009.06796.x
https://doi.org/10.1111/j.1467-9280.2009.02470.x
https://doi.org/10.1111/ejn.13586
https://doi.org/10.1177/1745691614526414
https://doi.org/10.3389/fpsyg.2012.00440

Eder and Dignath

Motivational Control of Habits

Watson, P, Wiers, R. W.,, Hommel, B., and de Wit, S. (2014). Working for
food you don’t desire: cues interfere with goal-directed food-seeking. Appetite
79, 139-148. doi: 10.1016/j.appet.2014.04.005

Watson, P, Wiers, R. W.,, Hommel, B., and de Wit, S. (2018). Motivational
sensitivity of outcome-response priming: experimental research and theoretical
models. Psychon. Bull. Rev. 25, 2069-2082. doi: 10.3758/s13423-018-1449-2

Wood, W.,, and Riinger, D. (2016). Psychology of habit. Annu. Rev. Psychol.
67, 289-314. doi: 10.1146/annurev-psych-122414-033417

Yee, D. M., and Braver, T. S. (2018). Interactions of motivation and cognitive
control. Curr. Opin. Behav. Sci. 19, 83-90. doi: 10.1016/j.cobeha.2017.11.009

Yi, R, Landes, R. D., and Bickel, W. K. (2009). Novel models of intertemporal
valuation: past and future outcomes. J. Neurosci. Psychol. Econ. 2:102. doi:
10.1037/a0017571

Yin, H. H., and Knowlton, B. J. (2006). The role of the basal ganglia in habit
formation. Nat. Rev. Neurosci. 7, 464-476. doi: 10.1038/nrn1919

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Eder and Dignath. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

12

August 2019 | Volume 10 | Article 1812


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1016/j.appet.2014.04.005
https://doi.org/10.3758/s13423-018-1449-2
https://doi.org/10.1146/annurev-psych-122414-033417
https://doi.org/10.1016/j.cobeha.2017.11.009
https://doi.org/10.1037/a0017571
https://doi.org/10.1038/nrn1919
http://creativecommons.org/licenses/by/4.0/

	Expected Value of Control and 
the Motivational Control of 
Habitual Action
	Part I
	Dual Action Psychology: Habitual and Goal-Directed Actions
	Goal-Independency of Habits

	Part II
	Default-Interventionist Framework
	Expected Value of Control

	Conclusion
	Author Contributions

	References

