HYPOTHESIS AND THEORY ARTICLE
published: 26 June 2014
doi: 10.3389/fnhum.2014.00457

HUMAN NEUROSCIENCE

Model averaging, optimal inference, and habit formation
Thomas H. B. FitzGerald*, Raymond J. Dolan and Karl J. Friston
Wellcome Trust Centre for Neuroimaging, UCL Institute of Neurology, University College London, London, UK

Edited by:
Javier Bernacer, University of
Navarra, Spain
Reviewed by:
Vincent De Gardelle, Université
Paris Descartes, France
Samuel Joseph Gershman,
Princeton University, USA
*Correspondence:
Thomas H. B. FitzGerald, Wellcome
Trust Centre for Neuroimaging, UCL
Institute of Neurology, University
College London, 12 Queen Square,
London, WC1N 3BG, UK
e-mail: thomas.fitzgerald@ucl.ac.uk

Postulating that the brain performs approximate Bayesian inference generates principled
and empirically testable models of neuronal function—the subject of much current
interest in neuroscience and related disciplines. Current formulations address inference
and learning under some assumed and particular model. In reality, organisms are often
faced with an additional challenge—that of determining which model or models of
their environment are the best for guiding behavior. Bayesian model averaging—which
says that an agent should weight the predictions of different models according to their
evidence—provides a principled way to solve this problem. Importantly, because model
evidence is determined by both the accuracy and complexity of the model, optimal
inference requires that these be traded off against one another. This means an agent’s
behavior should show an equivalent balance. We hypothesize that Bayesian model
averaging plays an important role in cognition, given that it is both optimal and realizable
within a plausible neuronal architecture. We outline model averaging and how it might
be implemented, and then explore a number of implications for brain and behavior. In
particular, we propose that model averaging can explain a number of apparently suboptimal
phenomena within the framework of approximate (bounded) Bayesian inference, focusing
particularly upon the relationship between goal-directed and habitual behavior.
Keywords: predictive coding, Bayesian inference, habit, interference effect, active inference

INTRODUCTION
The idea, first articulated by Helmholtz, that agents perform
inference based on a generative model of the world, is the subject
of much recent interest in theoretical and experimental neuroscience (Gregory, 1980; Dayan et al., 1995; Rao and Ballard, 1999;
Summerfield and Egner, 2009; Friston, 2010; Clark, 2012). In
this framework, given a particular model of the world, an agent
needs to perform both inference about hidden variables and learning about the parameters and hyperparameters of the model
(Figure 1)—processes that are the focus of much recent study
(Friston, 2010; Moran et al., 2013). An equally important consideration however, is determining what model an agent should use
in the first place (Hoeting et al., 1999; Penny et al., 2007). This
gives rise to an additional tier of uncertainty to those customarily treated in the neuroscientific literature (Yu and Dayan, 2005;
Bach and Dolan, 2012)—uncertainty over models. Establishing
the best model to use is a pressing concern because, in many situations, the causal structure governing the phenomena of interest
is unknown or context dependent (Acuña and Schrater, 2010;
Penny et al., 2013). A Bayesian agent needs to consider its own
uncertainty about which model is best, and make inferences
about evidence for different models, a process known as model
comparison (Figure 1).
Despite its manifest importance, how the brain adjudicates
among models has received little study thus far (though see
Courville et al., 2005; Gershman and Niv, 2012; Penny et al.,
2013). We first briefly describe Bayesian model comparison (a
fuller account is given in the Supplementary Material, Appendix),
noting that it depends upon model evidence, which can be
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approximated using neurobiologically plausible predictive coding schemes (Friston, 2005; Bastos et al., 2012). Crucially, model
evidence can be decomposed into an accuracy component—
reflecting how well the model predicts observed data—and a
(penalizing) complexity component reflecting the computational
cost of the model. Thus, Bayes optimal agents seek both to maximize the accuracy of their predictions and to minimize the
complexity of the models they use to generate those predictions
(Jefferys and Berger, 1992). This allows us to formalize heuristic
explanations about selection among different models, based on
resource costs or their relative reliability (Daw et al., 2005), within
a simple and Bayes optimal framework.
The optimal way in which the predictions of different models can be traded off against one another is given by Bayesian
model averaging. It is thus highly plausible that this operation is implemented by the brain. We discuss this, together
with the relationship between Bayesian model averaging and a
related procedure—Bayesian model selection. We then discuss
anatomical and behavioral implications of model averaging, and
consider several examples of phenomena that can be parsimoniously accounted for by invoking inference over models as a
key component of cognitive function. In particular, we focus on
the process of habit formation, where, with repeated experience,
agents come to rely on simpler models to govern behavior (Dolan
and Dayan, 2013). Casting cognition and behavior in this light
allows us to reconcile the manifest advantages of performing optimal inference with apparently contradictory phenomena such as
bounded rationality (Simon, 1972; Camerer et al., 2004), interference effects (Stroop, 1935; Tucker and Ellis, 2004), and the
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FIGURE 1 | Cartoon illustrating inference (A), learning (B), and model
comparison (C). Inference requires an agent to alter its beliefs about the
causes (u 1 , u 2 ) of sensory data (y) to maximize model evidence (minimize
surprise). Learning also involves the maximization of model evidence, this

formation of apparently goal-insensitive habitual behaviors (Yin
and Knowlton, 2006).

MODEL EVIDENCE AND MODEL COMPARISON
ESTIMATING THE EVIDENCE FOR A MODEL

We start by outlining the calculations necessary to perform
Bayesian model comparison. (these issues are treated more fully
in the Supplementary Material, Appendix). First, it is necessary to define a model space containing the set of models
{mi : i = 1, . . . , I} that are to be compared. Now, given a set of
observations y, it follows from Bayes theorem that the posterior
distribution p(mi |y) over the set of models is given by:




p mi | y ∝ p y | mi p (mi )

(1)

This means that model comparison depends on two quantities,
the prior probability of the model p (mi ), which we will assume

here to be equal across models, and the model evidence
 p y | mi .

This is a key result because the model evidence p y | mi is exactly
the quantity that is maximized by approximate Bayesian inference
and learning. Thus, any agent that performs inference and learning using a particular model of the world necessarily evaluates
(implicitly or explicitly) the exact quantity necessary to compare
it with other models.
The central importance of model evidence for comparing different models has another important consequence that it is useful
to highlight here. Because the model evidence (and approximations to it such as the variational free energy or Bayesian information criterion) contain accuracy and (penalizing) complexity
terms (see Supplementary Material, Appendix), the posterior
probability of different models also reflects a trade-off between
accuracy and complexity. This means that agents will tend to favor
simple models, provided they are accurate and, as we shall argue
below, this can provide a normative explanation for processes
such as habit formation.
Scoring models on more than just the accuracy of their predictions may at first glance seem paradoxical, but in fact the use of a
complexity penalty (sometimes called an “Occam factor”) is crucial for optimal inference. This is because it prevents overfitting,
a situation where an overly complex model becomes sensitive to
noise in the data, limiting its generalization or predictive power
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time through adjustment of the parameters of the model (the mapping
between hidden causes and observations). Model comparison involves
averaging over—or selecting from—alternative models that can be used for
inference and learning.

for future observations [for a clear discussion of this see (Bishop,
2006) Chapters 1 and 3]. From another perspective, minimizing
complexity corresponds to the principle of Occam’s razor, where
parsimony mandates postulating no more degrees of freedom
than are required by the evidence (Jefferys and Berger, 1992).
MODEL AVERAGING AND MODEL SELECTION

We now turn to the question of how an agent should use information from multiple models of its environment. The optimal
way in which it can use the predictions of different models is
to create a weighted average, with the weight determined by the
posterior probability p(mi |y) of each model (Figure 2). This is
known as Bayesian model averaging (Hoeting et al., 1999; Attias,
2000; Penny et al., 2007). Intuitively, model averaging is optimal
because it uses all available information, weighted according to
its reliability, and in this sense it is closely related to optimal integration of information within a single model (Ernst and Banks,
2002). Furthermore, it properly accommodates uncertainty over
models in situations where there is no predominant model to
call on.
Bayesian model averaging is often contrasted with Bayesian
model selection, in which only the best model is used (Stephan
et al., 2009). This is suboptimal, but provides a close approximation to model averaging when one model is strongly favored over
the rest. In fact, model averaging can always be converted into
model selection, as can be seen by changing the softmax parameter implicit in Bayesian model averaging (see Supplementary
Material, Appendix). In other words, if one is sufficiently sensitive to differences in model evidence, Bayesian model averaging
and selection will yield the same results. This raises the fascinating possibility that, under appropriate conditions, agents can
vary the sensitivity of the model comparison they perform (see
Model Averaging and Perception). This sensitivity also represents a potential computational phenotype underlying individual
differences in normal and pathological behavior.
FREE ENERGY AND PREDICTIVE CODING

For certain cases, such as linear Gaussian models, the model
evidence can be calculated analytically, but in general its computation is intractable. This necessitates approximate inference,
most commonly implemented either using variational methods
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FIGURE 2 | (A) Graphical illustration of Bayesian model averaging. To
generate a single Bayes optimal prediction about data y, the predictions
of three models m1−3 are weighted according to their posterior
probabilities [see Equation (A5)]. Here model two has the largest
posterior probability, and thus its prediction is weighted most strongly.
(B) Cartoon explaining interference effects using model comparison. An

or sampling [for example Markov Chain Monte Carlo or particle filtering (Bishop, 2006)]. We focus on variational inference
here, because it is fast and can (in principle) be implemented
within neuronal architectures (Mumford, 1992; Friston, 2005),
making it a plausible account of brain function (Friston, 2005;
Friston et al., 2013). Here, the model evidence is approximated
by the variational free energy, which is minimized during learning and inference (Figure 1). It is easy to see (see Supplementary
Material, A4 “Free Energy and Model Averaging”) that model
comparison can be performed simply by minimizing the variational free energy across a set of models, suggesting that it could
be implemented by the brain.
The most popular and developed account of how the brain
might perform variational inference is predictive coding, using
hierarchical generative models embodied in the hierarchical
structure of the brain (Mumford, 1992; Rao and Ballard, 1999;
Friston, 2005, 2008; Bastos et al., 2012) (see Supplementary
Material, A5 “Hierarchical Models and Predictive Coding”). Here,
model comparison is performed by minimizing the precisionweighted sum of squared prediction errors across a set of models.
On this account, if the brain entertains different models of its
environment, then these need to make converging top-down predictions of representations in the cortical hierarchy. In some cases,
this target might be in primary sensory areas, but it also seems
likely that different models may make convergent predictions
about higher level representations (the presence or absence of
whole objects, for example). A plausible candidate mechanism for
weighting the predictions of different models is modulation of the
synaptic efficacy of their top-down predictions, either through
synchronous gain or through neuromodulators like dopamine.
This is an important implementational issue, and one we hope
to consider more fully in future work—especially in light of
the somewhat surprising finding that at the level of behavior
dopamine boosts the influence of complex models at the expense
of simpler ones (Wunderlich et al., 2012b).
In summary, we are suggesting that representations at any level
of a hierarchical (predictive coding) model are optimized using
top-down predictions that represent a Bayesian model average.
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agent entertains two models of the world, which make different
predictions about the probability of making an action based on some
movement parameter (x axis). The model probabilities for these are
p (m1 ) = 0.8 and p (m2 ) = 0.2 respectively, and the resulting weighted
prediction (magenta) shows an interference effect based on this
weighted averaging [see Equation (A5)].

These predictions are simply the posterior predictions of any
given model weighted by posterior beliefs about the model per
se—beliefs that are directly related to the free energy of each
model.
RELATED WORK

A similar approach to the Bayesian model comparison and averaging described here has been employed in the context of supervised learning in mixture of expert models (Jacobs et al., 1991a,b;
Jordan and Jacobs, 1994). These consist of a set of expert networks, the outputs of which are weighted by a gating network
and combined according to some fixed rule (Jacobs, 1995), which
can then be used for classification. Our proposal also bears some
resemblance to the MOSAIC model for motor behavior proposed
by Kawato and colleagues (Haruno et al., 2001). In MOSAIC,
agents are equipped with multiple control modules, which consist of paired forward (predictor) and inverse (controller) models.
The weights (“responsibility”) assigned to each module depend
upon the accuracy of the forward model predictions in a particular context, and are implemented as prior probabilities according
to Bayes rule (Haruno et al., 2001). Motor commands are then the
responsibility weighted sum of the outputs of the set of inverse
models, and—in situations where more than one control module
is assigned a significant responsibility—this may produce similar interference effects to those described above. Compared with
both these approaches (at least as they are typically formulated),
Bayesian model averaging has the advantage that it considers
model evidence, rather than simply model accuracy, and thus
meets the demands of optimal inference. In the specific domain
of motor control, we note that active (Bayesian) inference formulations require only a single generative model, rather than paired
inverse and forward models (Friston, 2011).
Bayesian model averaging itself has been considered in theories
of Bayesian conditioning (Courville et al., 2003, 2005); in which
models with different numbers of latent causes are entertained by
the agent—and their predictions weighted according to the evidence for the different models as in Equation (A5). An interesting
and related approach is taken by Gershman and Niv (2012) where
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instead of averaging the predictions of different models, agents
implement a Bayesian non-parametric model (Rasmussen and
Ghahramani, 2002; Gershman and Blei, 2012), whose complexity adjusts automatically to the data in hand. These proposals are
very close in spirit to the idea presented here, and we note their
ability to account for a number of phenomena that are difficult
to explain using traditional conditioning models like RescorlaWagner learning (Courville et al., 2003, 2005; Gershman and Niv,
2012). It has also recently been proposed that spatial cognition
can be explained using approximate Bayesian inference (Penny
et al., 2013). In this context, different models correspond to different environments, and thus model comparison can be used as
a natural way to perform inference about which environment an
agent finds itself in Penny et al. (2013).

posterior probability are discarded entirely (Madigan and Raftery,
1994). This makes sense in terms of metabolic and other costs and
might, in part, explain the decline in cortical volume that occurs
with normal ageing (Salat et al., 2004)—since over time agents
come to entertain fewer and fewer models. Different degrees of
sculpting model space (or else differences in the number or types
of models entertained) might then explain regional differences
in synaptic regression, such as the observation that neurodevelopmental regression is most pronounced in the prefrontal cortex
(Salat et al., 2004). Recently, synaptic regression during sleep has
been portrayed in terms of model optimization. In this context,
the removal of unnecessary or redundant in synaptic connections
(model parameters) minimizes free energy by reducing model
complexity (Hobson and Friston, 2012).

MODEL AVERAGING AND THE BRAIN

FREE ENERGY AND RESOURCE COSTS

Here, we briefly consider the implications of Bayesian model averaging for neuroanatomy and development. Much more can (and
needs) to be said about this, but our principal focus here is on
cognition and behavior, so we will restrict ourselves to some key
points:

A widely invoked constraint on the type and complexity of models
that animals might build of the world is that imposed by resource
or complexity costs. This fits comfortably with minimizing variational free energy—that necessarily entails a minimization of
complexity (under accuracy constraints). The link between minimizing thermodynamic free energy and variational free energy
has again been discussed in terms of complexity minimization—
in the sense that thermodynamic free energy is minimized when
complexity is minimized (Sengupta et al., 2013): neuronal activity is highly costly from a metabolic point of view (Laughlin et al.,
1998) and for any given phenotype, only a certain volume of neurons (and space) are available within the central nervous system.
It is fairly easy to see that—under plausible assumptions about
how generative models are implemented neuronally—there will
be a high degree of correlation between the complexity of a model
and the resource costs of implementing it. Heuristically, having
a larger number of models or model parameters would require
a larger network of neurons to encode it, which will induce
both metabolic and anatomical costs. Another heuristic follows
if we assume that the brain uses a predictive coding scheme
with explicit biophysical representation of prediction errors. In
this context, minimizing the variational free energy will serve
to reduce overall neuronal activity (prediction error) and hence
metabolic demands. This is because predictive coding minimizes
prediction errors throughout the models hierarchy.
While other factors are undoubtedly going to influence the
computational cost to an organism of implementing a particular model (there is likely, for example, to be a complex interplay
between complexity and different types of cost like time and space
costs), there is likely to be a strong relationship between complexity costs (as assessed by the variational free energy) and the
metabolic costs to an organism (Sengupta et al., 2013).

ANATOMY AND DEVELOPMENT

If agents entertain several models of their environment, in many
cases these are likely to co-exist within the same anatomical
region. For example, one might imagine that—on encountering a
new maze—the hippocampus contains models with many different spatial structures (Blum and Abbott, 1996; Penny et al., 2013),
or in other situations that the prefrontal cortex models and compares the evidence for different rules simultaneously (Wallis et al.,
2001; Koechlin and Summerfield, 2007). It also seems likely however, given the degree of functional specialization seen in the brain
(Zeki et al., 1991)—which itself may arise as a result of approximate Bayesian inference (Friston, 2005; Friston et al., 2013)—that
model averaging may call on models encoded in different brain
structures (Daw et al., 2005; Graybiel, 2008). One instance of this
may underlie the distinction between goal-directed and habitual
behavior (Yin and Knowlton, 2006), which we consider in more
detail below (for detailed review see Dolan and Dayan, 2013).
Another (perhaps related) example might be the apparent competition between hippocampal (largely spatial) and striatal (largely
cue-based) mechanisms during instrumental learning (Lee et al.,
2008). In general, given that the space of possible models for any
situation is potentially uncountable, it makes sense that both evolution and prior experience should act to narrow the space of
models entertained, and that particular constraints, such as what
features of the environment are considered in the model, should
be instantiated in different structures. One can thus think of the
brain as performing selective model averaging (Heckerman, 1998).
The need to consider different models of the world also provides an interesting perspective on neurodevelopment. Analogous
to the way in which model parameters are thought be learnt during development (Fiser et al., 2010; Berkes et al., 2011), onemight
hypothesize that the posterior distribution over models p mi | y
becomes increasingly peaked, as learning the best models proceeds. One might further suppose that some form of Occam’s
window is applied by the brain, in which models below a certain
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MODEL AVERAGING AND MULTIPLE-SYSTEMS MODELS OF
DECISION-MASKING
A recurring theme in theoretical approaches to human decisionmaking is that multiple mechanisms are involved in control of
behavior, and there is a considerable body of evidence in support of such ideas (Kahneman, 2003; Summerfield et al., 2011;
Dolan and Dayan, 2013). We suggest that rather than entirely separate systems competing for control of behavior, the phenomena
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motivating this tradition can be captured by a view in which
anatomically and functionally dissociable networks embody different types of model [which will often have different hierarchical
depths—and hence complexity (Kiebel et al., 2008)]. Instead of
simple competition behavior can be thought of as resulting from
Bayesian model averaging over the predictions of different models. This perspective provides a way to ease the tension between
the insight (which goes back at least as far as Plato’s tripartite
soul) that multiple motivations can be discerned in human behavior, and the manifest advantages of being able to act in a unitary
and coherent fashion, particularly if this is approximately Bayesoptimal. We discuss this briefly below, focusing particularly on
the interplay between simple and complex models in the control
of behavior.
HABITUAL AND GOAL-DIRECTED BEHAVIOR

It is well established that animals exhibit both goal-directed
behavior, in which action selection is flexible and sensitive to
anticipated outcomes, and habitual behavior that is stereotyped
and elicited directly by a preceding stimulus or context (Yin and
Knowlton, 2006; Graybiel, 2008; Dolan and Dayan, 2013). It has
also been shown that the neural substrates of these behaviors
are at least partially dissociable (Adams and Dickinson, 1981;
Hatfield and Han, 1996; Pickens et al., 2003; Izquierdo et al., 2004;
Yin et al., 2004).
Broadly speaking, two mechanisms have been proposed to
explain the emergence of habitual behavior. The first posits the
existence of separate “model-free” and “model-based” reinforcement learning schemes in different parts of the brain (the dorsolateral striatum and prefrontal cortex) (Daw et al., 2005) that
support habitual and goal-directed behavior respectively (Dolan
and Dayan, 2013). Which of these two systems controls behavior
is determined by their relative uncertainties (Daw et al., 2005),
and the emergence of habitual behavior over time results from
the model-free system having an asymptotically lower uncertainty
than the model-based system. A second hypothesis (though one
rarely spelled out explicitly) is that the existence of habits reflects
a need to minimize some form of computational, metabolic or
attentional cost (Moors and De Houwer, 2006). Once an action
has been repeated many times, it comes to be elicited automatically by a particular stimulus or context, removing the need
for costly deliberation (these explanations may not be entirely
separate from one another, since, as pointed out by one of our
reviewers, one reason for the presence of significant noise in the
model-based system could be the resource cost of performing
complex searches).
Both these hypotheses have much to recommend them, but
neither provides a wholly satisfactory account of habit formation.
To take the “arbitration by uncertainty” hypothesis first; while
the insight that different models of the environment should be
traded off against one another—through the accuracy of their
predictions—is important, this seems insufficient to explain a
transition to habitual behavior in many situations. More specifically, in most (if not all) habit learning experiments, the environment that the agent has to represent is extremely simple (pressing
a lever to gain a food pellet, knowing whether to turn left or right
in a cross maze). In such contexts it seems prima facie implausible
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that explicit cognitive representations induce a sufficiently large
degree of uncertainty so as to be dominated by simple ones [we
note that the transition to habitual behavior in Daw et al.’s simulations requires that an arbitrary noise component be used to
inflate the uncertainty of the model-based scheme (Daw et al.,
2005)]. We suggest that differential uncertainty alone is insufficient to provide a satisfying account of the emergence of habitual
behavior. The “cost” hypothesis, by contrast, is inadequate as
things stand, because it does not specify in what situations the
increased resources necessary for an explicit representation of the
environment are justified (or conversely, when the cost of extra
complexity is too high).
An alternative hypothesis is that habit formation comes about
as the result of Bayesian model averaging between simple (hierarchically shallow) models and more complicated ones involving
richer (hierarchically deep) and more flexible representations of
the environment (Kiebel et al., 2008; Wunderlich et al., 2012a).
The critical observation is that in Bayesian model comparison
models are scored according to both their accuracy and complexity. This means that whilst initially behavior is based largely upon
complex models, that are able to generate accurate predictions
based on little or no experience, over time simpler models come
to predominate, provided their predictions are sufficiently accurate. This will be the case in the stable environments that support
habit formation (Figure 3). Bayesian model averaging therefore
provides a principled framework that incorporates the insights
of both uncertainty- and cost-based explanations, and remedies
their defects. On the one hand, model comparison explains why
habit formation occurs even in very simple environments that are
unlikely to induce significant uncertainty in explicit cognitive representations. The use of simple models will always be favored by
the brain, provided those models are accurate enough. Informally,
this may explain why it is so difficult to suppress learnt habits
and other forms of simple stimulus-response behaviors, such as
the tendency to approach appetitive stimuli and avoid aversive
ones (Guitart-Masip et al., 2011). Very simple models have a very
low complexity cost, which means they do not have to be especially accurate in order to be selected for prescribing behavior. On
the other hand, invoking model comparison allows us to precisely
specify the currency in which different models should be traded
off against one another, and provide (in theory at least) a precise account of when increased complexity is justified by increased
accuracy, and vice versa.
What then, would constitute evidence for the model averaging hypothesis? The strongest grounds, perhaps, are those
already described—the extensive body of work characterizing
the emergence of habitual behavior, which seems best captured
by a view that makes allowance for both model accuracy and
model complexity. However, some important recent work using
model-based neuroimaging also provides strong support for our
hypothesis (Daw et al., 2011; Lee et al., 2014). Both these studies
involve asking subjects to perform moderately complex learning tasks, where behavior reflected a combination of both simple
(stimulus-response or model-free like) and more complicated
(action-outcome or model-based like) models of the environment. Similar findings have been reported by Wunderlich et al.
(2012b), Otto et al. (2013) and Smittenaar et al. (2013). In the

www.frontiersin.org

June 2014 | Volume 8 | Article 457 | 5

FitzGerald et al.

Model averaging and habit formation

different prediction errors correlated with the relative influence
they had over behavior (Daw et al., 2011). Both these findings
are precisely in accord with the view that the predictions of simple and complex models are subject to Bayesian model averaging
during decision-making. Clearly, the explanation for habit formation on offer is a hypothesis that will need to be tested using
simulations and empirical studies; for example, using devaluation paradigms of the sort addressed in Daw et al. (2005)—as
suggested by one of our reviewers.
HABITS AND BEHAVIORAL FLEXIBILITY

FIGURE 3 | This schematic illustrates the possibility that a more
complex model may have greater model evidence at the start of
learning but will then give way to a simpler model as their parameters
are optimized. The upper panels show the learning-related improvement in
accuracy and complexity for a complex model (left panel) and a simple
model (right panel). The model evidence is shown as the difference (pink
areas). The more complex model explains the data more accurately but with
a greater complexity cost, that is finessed during the learning. Conversely,
the simpler model will always have a lower accuracy but can (with learning)
attain greater model evidence—and thereby be selected by Bayesian model
averaging as time proceeds and the active inference becomes habitual.

context of such tasks, model averaging makes two clear predictions. The first is that the control of behavior will be biased toward
simple models, once the effects of uncertainty are accounted for.
The second is that because the predictions of simple and complex models are unified, there should be evidence of unified (and
appropriate weighted) prediction error signals in the brain.
It turns out that both these predictions are borne out by the
experimental data. The behavioral modeling presented in Lee
et al. strongly suggests that subjects show a bias toward relying on simple models over complex ones (the model-free system
over the model-based one in the terminology they employ) (Lee
et al., 2014). This is exactly what one would expect if both complexity and accuracy are taken into account. (Daw et al. did not
report the results of any similar analysis). Turning to the second
prediction Lee et al. report evidence that value signals derived
from simple and complex models are integrated in a contextually
appropriate way in the ventromedial prefrontal cortex (Lee et al.,
2014). Equally importantly, rather than finding separate prediction error signals at outcome presentation for the simple and
complex models, Daw et al. instead reported an integrated signal
in the ventral striatum, with the strength of expression of the
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The view of habit formation presented here is also consistent
with recent discussions that have stressed the flexibility of habitual behavior, and the complex relationship between habitual
and goal-directed action (Bernácer and Giménez-Amaya, 2013;
Bernácer et al., 2014). Although habitual behavior results from
the use of hierarchically shallow models that do not include information about the higher order goals of an organism, they can,
under appropriate conditions, instantiate complex links between
external stimuli and behavior of the type manifest when performing tasks like driving or playing the piano, rather than just simple
stimulus-response mappings. Using shallow models to perform a
particular task also frees up neuronal circuits at deeper hierarchical levels, potentially enabling them to be employed in other tasks.
Thus, whilst habit formation reduces the flexibility of behavior
on a particular task, it may simultaneously increase the overall
behavioral repertoire available to the agent. For example, whilst
it is difficult for people in the early stages of learning to drive to
simultaneously hold a conversation, experienced drivers find this
easy. This raises the interesting possibility that, rather than always
being antithetical to goal-directed behavior, considered from the
perspective of the entire agent, habit formation often enables
it. A Bayesian perspective also provides an explanation for how
habitual behaviors can be at the same time apparently unconscious and automatic, and yet also rapidly become subject to
conscious awareness and goal-directed control when something
unexpected occurs (if the brake pedal of the car suddenly stops
working, for example) (Bernácer et al., 2014). This occurs because
the shallow model generating habitual control of behavior suddenly becomes a poor predictor of current and future sensory
information, necessitating the switch to a more complex, flexible
model.
INTERFERENCE EFFECTS, AFFORDANCES, AND PAVLOVIAN
RESPONSES

It has been well documented that human behavior, across a wide
variety of domains, shows evidence of what are usually called
“interference effects” (Stroop, 1935; Simon et al., 1990; Tipper
et al., 1997; Tucker and Ellis, 2004; Guitart-Masip et al., 2011).
Typically, these are manifest when subjects are asked to make
responses based on one attribute or dimension of a stimulus,
but show behavioral impairments, such as slower responding
or increased error rates, that can be attributed to a different
attribute. Examples of this include the affordance compatibility effect (Tucker and Ellis, 2004), the “Pavlovian” tendency to
approach appetitive and avoid aversive stimuli (Dayan, 2008;
Guitart-Masip et al., 2011; Huys et al., 2011) and the effect
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of distractors during reaching (Tipper et al., 1997; Welsh and
Elliott, 2004). A closely related phenomenon is that of task switching effects, where subjects’ performance is impaired immediately
after being asked to swap between performing different tasks
(Monsell, 2003).
These effects are generally considered to result from the existence of multiple mechanisms for controlling action (or alternatively, task sets) engaged in more or less blind competition
(Dayan, 2008), a scenario virtually guaranteed to produce suboptimal behavior. The arguments presented here suggest another
possibility; namely, that such phenomena are the manifestation
of agents pursuing a model averaging strategy that is in general
optimal, but produces suboptimal behavior in the context of nonecological experiments (Figure 2). There is a natural parallel with
perceptual illusions here, since these result from the application
of generally appropriate prior beliefs to situations designed such
that these beliefs are inappropriate (Weiss et al., 2002; Shams
et al., 2005; Brown and Friston, 2012). To return to the affordance competition and Pavlovian bias effects mentioned above,
it seems reasonable to suppose that subjects simultaneously call
on a model of their environment induced by the (non-ecological)
task demands, and an entrenched (and simpler) model linking
stimulus properties like object affordances and stimulus valence
to behavioral responding. Since the predictions of these models
are averaged, the influence of the simpler models is suppressed,
but not entirely attenuated, producing characteristic effects on
behavior (Figure 3). This is a hypothesis we will consider more
fully in future work. Task switching effects can also naturally be
explained, on the hypothesis that models that have recently provided accurate predictions have been accorded a higher posterior
probability that is only partially suppressed during switching.

MODEL AVERAGING IN OTHER COGNITIVE DOMAINS
We now turn to considering the consequences of, and evidence
for, Bayesian model comparison and averaging in other areas of
cognition. We confine our discussion to a small number of examples but we suspect that these ideas may have much broader
applicability to other cognitive domains (and perhaps beyond
(Friston, 2010, 2012)).
MODEL AVERAGING AND PERCEPTION

In certain contexts, perception does indeed show the hallmark
of model averaging, namely integration between the predictions
of different plausible models. Famous examples of this include
the McGurk and ventriloquist effects (McGurk and MacDonald,
1976; Bertelson et al., 2000), in which distinct representations (for
example of phonemes in the McGurk effect) are fused into a single
percept that is a combination of the two. However, there is also a
large literature describing multistability in perception, for example in the face-vase illusion and the Necker cube (Sterzer et al.,
2009). Here distinct hypotheses about the world clearly alternate
rather than co-existing (Dayan, 1998; Hohwy et al., 2008). A natural explanation for this in the framework we have suggested here
is that agents perform apply model averaging with a high sensitivity parameter (see Supplementary Material, A2 “Bayesian Model
Averaging”). This effectively implements Bayesian model selection, and ensures that only the predictions of a single preferred
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model are used. Other explanations are also possible, for example
that multistability results from sampling from different models
(Gershman et al., 2012) or, as suggested by one of our reviewers,
from strong negative covariance between the prior probabilities
of different models.
It is unclear precisely why—in some contexts—perception
should exhibit integration, and in others multistability, but one
attractive possibility is that this is determined by the extent to
which an integrated percept is, in itself, plausible. Thus the fused
percepts produced by the McGurk and ventriloquist illusions
reflect plausible hidden states of the world. By contrast, the intermediate state of a Necker cube, or Rubin’s face-vase illusion would
be implausible, if not impossible; suggesting that in these contexts
agents should preclude perceptual integration by increasing the
strictness of their model comparison.
EXPERIENCE AND BOUNDED RATIONALITY

Although in some (particularly perceptual) contexts, human
behavior closely approximates the best possible performance
(Ernst and Banks, 2002), in many situations it falls well short of
this, giving rise to the suggestion that humans are bounded rational decision-makers (Simon, 1972; Kahneman, 2003) rather than
perfectly rational; particularly when it comes to economic choice.
Bounded rationality means that decision-making is as good as
possible, given constraints of one kind or another. A phenomenon
is found in theories of social interaction, where it has been shown
that humans are able to consider only a (perhaps surprisingly)
limited number of levels of recursion on interpersonal choice
tasks (Stahl and Wilson, 1995; Camerer et al., 2004; Yoshida et al.,
2008; Coricelli and Nagel, 2009).
These specific examples illustrate a more general point. If
models are weighted or chosen according to their evidence rather
than simply their accuracy, then one should not necessarily
expect agents to perform tasks with extremely high levels of
accuracy even if they are Bayes optimal. This is because approximate Bayesian inference naturally introduces bounded rationality,
since it trades off accuracy (rationality) against complexity (cost).
On this view, there are two key determinants of whether agents
employ complex models (and hence approximate ideal behavior
on tasks where these are necessary). The first is the amount of
experience the agent has with a particular task or environment.
More experience (equivalent to collecting a large data set in a
scientific experiment) allows the increased accuracy of its predictions to outweigh the complexity penalty of a complex model
(Courville et al., 2003). The second determinant is the gain in
accuracy per observation associated with using the more complex
model. This picture fits, at least approximately with what is actually observed in human behavior, where near-ideal performance
is often observed in perceptual tasks (which presumably employ
models that are used extremely frequently) and suboptimal performance more typically seen in tasks such as abstract reasoning,
which are performed less often.
This perspective relates to recent work showing that bounded
rationality can be derived from a free energy formulation,
where model complexity is introduced by the need to process
information in order to perform inference (Ortega and Braun,
2013). Model comparison, as performed by gradient ascent on
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variational free energy, supplements this insight by explaining
how the Bayes-optimal model of the environment arises.

OTHER ISSUES
WHERE DOES THE MODEL SPACE COME FROM?

One issue we have not touched on is how models are created
in the first place. This is a deep and challenging topic, whose
proper consideration falls outside the scope of this piece. One easy
answer is that the space of possible models is constrained by phylogeny and thus ultimately by natural selection, which can itself
be thought of in terms of free energy minimization (Kaila and
Annila, 2008). From the perspective of neuroscience, this is at the
same time true and unsatisfying. To understand how new models
are generated within the lifetime of an organism (and a fortiori
on the timescale of laboratory experiments), it is interesting to
consider structure learning (Heckerman, 1998; Needham et al.,
2007; Braun et al., 2010; Tenenbaum et al., 2011). Structure learning deals with the problem of how to infer dependencies between
hidden variables, and allows inferences to be drawn about both
the specific model structure (Heckerman, 1998; Tenenbaum et al.,
2011) and the general structural form (for example a ring, tree
or hierarchy) (Kemp and Tenenbaum, 2008) most appropriate
for a dataset. From our perspective, this is simply the problem
of Bayesian model selection applied to probabilistic graphical
models. This approach has been used with remarkable success to
explore inductive learning and concept acquisition (Tenenbaum
et al., 2011). The issue of how to select the correct hidden variables
in the first place has been less well explored, at least in cognitive science (though see Collins and Koechlin, 2012; Gershman
and Niv, 2012), but one solution to this problem is provided
by Bayesian non-parametric models that entertain, in principle, an infinite model space (Rasmussen and Ghahramani, 2002;
Gershman and Blei, 2012).
A clear prediction of structure learning models is that previously acquired structures may be utilized on novel tasks, as
manifested by “learning to learn,” where new tasks with the same
structure as previously experienced ones are learnt faster. This
pattern of behavior has been repeatedly demonstrated in animal
experiments (Harlow, 1949; Schrier, 1984; Langbein and Siebert,
2007), as well as those involving human children and adults
(Duncan, 1960; Hultsch, 1974; Brown and Kane, 1988; Halford
et al., 1998; Acuña and Schrater, 2010), as usefully reviewed
in Braun et al. (2010). The same phenomenon has also been
rediscovered recently by memory researchers, and described in
terms of cognitive schema (Tse et al., 2007; van Kesteren et al.,
2012). This means that, given the constraints of their phenotype, adult organisms are likely to have already acquired a large
number of possible structures (Kemp and Tenenbaum, 2008;
Tenenbaum et al., 2011), which they can use to model the world,
and model comparison can thus proceed considering only this
reduced model space.
SIGNATURES OF MODEL COMPARISON

An interesting practical question is how we distinguish between
separate models, and different parts of a single more complicated
model. This is particularly pertinent, because as we have discussed
elsewhere (see Supplementary Material, A4 “Free Energy and
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Model Averaging”), performing variational inference on model
probabilities effectively involves embedding them within a larger
hierarchical model. On one level, this question is a philosophical
one, but in the context of specific cognitive or neuronal hypotheses we take it that what is useful to consider as separate models
will generally be fairly clear in terms of functional anatomy
[for example, the anatomical dissociation between the neuronal
mechanisms underlying goal-directed and habitual behavior discussed earlier (Yin and Knowlton, 2006)]. More concretely, we
can point to the fact that complexity plays a key role in adjudicating among different models, but not when weighting different
kinds of information within a model (Deneve and Pouget, 2004),
and suggest that if behavior shows clear evidence of a bias toward
using simple models (as in habit-formation), then this is evidence
that model evidence is being used to optimize behavior.
ACTIVE SAMPLING AND MODEL COMPARISON

Although—for the sake of simplicity—we have only considered
static models in our theoretical discussion, the principles outlined can be easily extended to incorporate extended timeframes
and dynamics by minimizing the path-integral of the variational
free energy (or the action) over time (Feynman, 1964; Friston,
2008; Friston et al., 2008). Given a particular model, this leads
naturally to active sampling of the world in such a way as to
minimize uncertainty about its parameters (hypothesis testing)
(Friston et al., 2012a). In the context of uncertainty over models, a similar process should occur; with agents actively sampling
sensory data in order to disambiguate which model of the world
(hypothesis) is best [a beautiful example of this is Eddington’s
test of general relativity using gravitational lensing (Dyson et al.,
1920)]. This notion is supported by recent work showing that
in a sequential decision-making context, human subjects trade
off reward minimization against gaining information about the
underlying structure of the task (Acuña and Schrater, 2010).
MODEL COMPARISON AND PSYCHOPATHOLOGY

A number of psychiatric disorders are associated with symptoms
such as delusions and hallucinations which seem likely to reflect
dysfunctional models of their environment (Fletcher and Frith,
2008; Adams et al., 2013; Brown et al., 2013). In some cases this
might be the product of pathological learning of the parameters
of particular models, but it is also conceivable that impairments in
the ability to adequately compare models (to make or utilize inferences about model probabilities) might underlie some deficits.
This is also a promising area for future study.

SUMMARY
In this paper we suggest, based on both theoretical grounds
and consideration of behavioral and neuroscientific evidence,
that the brain entertains multiple models of its environment,
which it adjudicates among using the principles of approximate
Bayesian inference. We discussed these principles, which can be
implemented in a neurobiologically plausible way using predictive coding (Friston, 2005). Finally, we argue that a number of
disparate behavioral and neuroscientific observations are well
explained by invoking Bayesian model averaging, focusing particularly on habitual vs. goal-directed control, and why simple

www.frontiersin.org

June 2014 | Volume 8 | Article 457 | 8

FitzGerald et al.

Model averaging and habit formation

models often prevail over more sophisticated ones. We anticipate
that this perspective may be useful for hypothesis generation and
data interpretation across a number of fields treating both normal
function and psychiatric disease.

ACKNOWLEDGMENTS
This work was supported by Wellcome Trust Senior Investigator
Awards to Karl J. Friston [088130/Z/09/Z] and Raymond J. Dolan
[098362/Z/12/Z]; The Wellcome Trust Centre for Neuroimaging
is supported by core funding from Wellcome Trust Grant
091593/Z/10/Z.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fnhum.
2014.00457/abstract

REFERENCES
Acuña, D. E., and Schrater, P. (2010). Structure learning in human sequential decision-making. PLoS Comput. Biol. 6:e1001003. doi: 10.1371/journal.pcbi.1001003
Adams, C., and Dickinson, A. (1981). Instrumental responding following reinforcer
devaluation. Q. J. Exp. Psychol. 33, 109–121. doi: 10.1080/14640748108400816
Adams, R. A., Stephan, K. E., Brown, H. R., Frith, C. D., and Friston, K. J.
(2013). The computational anatomy of psychosis. Front. Psychiatry 4:47. doi:
10.3389/fpsyt.2013.00047
Attias, H. (2000). A variational Bayesian framework for graphical models. Adv.
Neural Inf. Process. Syst. 12, 209–215.
Bach, D. R., and Dolan, R. J. (2012). Knowing how much you don’t know: a neural organization of uncertainty estimates. Nat. Rev. Neurosci. 13, 572–586. doi:
10.1038/nrn3289
Bastos, A. M., Usrey, W. M., Adams, R. A., Mangun, G. R., Fries, P., and Friston, K.
J. (2012). Canonical microcircuits for predictive coding. Neuron 76, 695–711.
doi: 10.1016/j.neuron.2012.10.038
Beal, M. J. (2003). Variational Algorithms for Approximate Bayesian Inference. Ph.D.
thesis, University of London, London.
Beal, M. J., and Ghahramani, Z. (2003). The variational Bayesian EM algorithm
for incomplete data: with application to scoring graphical model structures.
Bayesian Stat. 7, 453–464.
Berkes, P., Orban, G., Lengyel, M., and Fiser, J. (2011). Spontaneous cortical activity
reveals hallmarks of an optimal internal model of the environment. Science 331,
83–87. doi: 10.1126/science.1195870
Bernácer, J., Balderas, G., Martinez-Valbuena, I., Pastor, M. A., and Murillo, J. I.
(2014). The problem of consciousness in habitual decision making. Behav. Brain
Sci. 37, 21–22. doi: 10.1017/S0140525X13000642
Bernácer, J., and Giménez-Amaya, J. (2013). “On habit learning in neuroscience
and free will,” in Is Science Compatible with Free Will? eds A. Suarez and P. Adams
(New York, NY: Springer New York), 177–193. doi: 10.1007/978-1-4614-52126_12
Bertelson, P., Vroomen, J., de Gelder, B., and Driver, J. (2000). The ventriloquist
effect does not depend on the direction of deliberate visual attention. Percept.
Psychophys. 62, 321–332. doi: 10.3758/BF03205552
Bishop, C. M. (2006). Pattern Recognition and Machine Learning. New York, NY:
Springer.
Blum, K., and Abbott, L. (1996). A model of spatial map formation in the hippocampus of the rat. Neural Comput. 8, 85–93. doi: 10.1162/neco.1996.8.1.85
Braun, D. A., Mehring, C., and Wolpert, D. D. M. (2010). Structure learning in
action. Behav. Brain Res. 206, 157–165. doi: 10.1016/j.bbr.2009.08.031
Brown, A., and Kane, M. (1988). Preschool children can learn to transfer: learning
to learn and learning from example. Cogn. Psychol. 20, 493–523.
Brown, H., Adams, R. A., Parees, I., Edwards, M., and Friston, K. (2013). Active
inference, sensory attenuation and illusions. Cogn. Process 14, 411–427. doi:
10.1007/s10339-013-0571-3
Brown, H., and Friston, K. J. (2012). Free-energy and illusions: the cornsweet effect.
Front. Psychol. 3:43. doi: 10.3389/fpsyg.2012.00043

Frontiers in Human Neuroscience

Camerer, C. F., Ho, T.-H., and Chong, J.-K. (2004). A cognitive hierarchy model of
games. Q. J. Econ. 119, 861–898. doi: 10.1162/0033553041502225
Clark, A. (2012). Whatever next? Predictive brains, situated agents, and the future
of cognitive science. Behav. Brain Sci. 36, 181–204. doi: 10.1017/S0140525X12
000477
Collins, A., and Koechlin, E. (2012). Reasoning, learning, and creativity: frontal
lobe function and human decision-making. PLoS Biol. 10:e1001293. doi:
10.1371/journal.pbio.1001293
Coricelli, G., and Nagel, R. (2009). Neural correlates of depth of strategic reasoning
in medial prefrontal cortex. Proc. Natl. Acad. Sci. U.S.A. 106, 9163–9168. doi:
10.1073/pnas.0807721106
Courville, A., Daw, N. D., and Touretzky, D. S. (2005). Similarity and discrimination in classical conditioning: a latent variable account. Adv. Neural Inf. Process.
Syst. 17, 313–320.
Courville, A., Daw, N. D., Touretzky, D. S., and Gordon, G. J. (2003). Model
uncertainty in classical conditioning. Adv. Neural Inf. Process. Syst. 16,
977–984.
Daw, N. D., Gershman, S. J., Seymour, B., Dayan, P., and Dolan, R. J. (2011). Modelbased influences on humans’ choices and striatal prediction errors. Neuron 69,
1204–1215. doi: 10.1016/j.neuron.2011.02.027
Daw, N. D., Niv, Y., and Dayan, P. (2005). Uncertainty-based competition between
prefrontal and dorsolateral striatal systems for behavioral control. Nat. Neurosci.
8, 1704–1711. doi: 10.1038/nn1560
Dayan, P. (1998). A hierarchical model of binocular rivalry. Neural Comput. 10,
1119–1135. doi: 10.1162/089976698300017377
Dayan, P. (2008). “The role of value systems in decision making,” in Better than
Conscious? Decision Making, the Human Mind, and Implications for Institutions,
eds C. Engel and W. Singer (Frankfurt: MIT Press), 51–70.
Dayan, P., Hinton, G. E., Neal, R., and Zemel, R. (1995). The Helmholtz machine.
Neural Comput. 7, 889–904. doi: 10.1162/neco.1995.7.5.889
Deneve, S., and Pouget, A. (2004). Bayesian multisensory integration
and cross-modal spatial links. J. Physiol. Paris 98, 249–258. doi:
10.1016/j.jphysparis.2004.03.011
Dolan, R. J., and Dayan, P. (2013). Goals and habits in the brain. Neuron 80,
312–325. doi: 10.1016/j.neuron.2013.09.007
Duncan, C. (1960). Description of learning to learn in human subjects. Am. J.
Psychol. 73, 108–114. doi: 10.2307/1419121
Dyson, F., Eddington, A., and Davidson, C. (1920). A determination of the deflection of light by the sun’s gravitational field, from observations made at the
total eclipse of May 29, 1919. Philos. Trans. R. Soc. Lond. A 220, 291–333. doi:
10.1098/rsta.1920.0009
Efron, B., and Morris, C. (1973). Stein’s estimation rule and its competitors—
an empirical Bayes approach. J. Am. Stat. Assoc. 68, 117–130. doi: 10.1080/
01621459.1973.10481350
Ernst, M. O., and Banks, M. S. (2002). Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415, 429–433. doi:
10.1038/415429a
Feldman, H., and Friston, K. J. (2010). Attention, uncertainty, and free-energy.
Front. Hum. Neurosci. 4:215. doi: 10.3389/fnhum.2010.00215
Felleman, D. J., and Van Essen, D. C. (1991). Distributed hierarchical processing in the primate cerebral cortex. Cereb. Cortex 1, 1–47. doi: 10.1093/
cercor/1.1.1
Feynman, R. P. (1964). “The principle of least action,” in The Feynman Lectures on
Physics, Vol. 2, eds R. P. Feynman, R. B. Leighton, and M. Sands (Reading, MA:
Addison-Wesley), 19-1–19-14.
Fiser, J., Berkes, P., Orbán, G., and Lengyel, M. (2010). Statistically optimal perception and learning: from behavior to neural representations. Trends Cogn. Sci. 14,
119–130. doi: 10.1016/j.tics.2010.01.003
Fletcher, P., and Frith, C. (2008). Perceiving is believing: a Bayesian approach
to explaining the positive symptoms of schizophrenia. Nat. Rev. Neurosci. 10,
48–58. doi: 10.1038/nrn2536
Friston, K. (2005). A theory of cortical responses. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 360, 815–836. doi: 10.1098/rstb.2005.1622
Friston, K. (2008). Hierarchical models in the brain. PLoS Comput. Biol.
4:e1000211. doi: 10.1371/journal.pcbi.1000211
Friston, K. (2011). What is optimal about motor control? Neuron 72, 488–498. doi:
10.1016/j.neuron.2011.10.018
Friston, K. (2012). A free energy principle for biological systems. Entropy 14,
2100–2121. doi: 10.3390/e14112100

www.frontiersin.org

June 2014 | Volume 8 | Article 457 | 9

FitzGerald et al.

Model averaging and habit formation

Friston, K., Adams, R., Perrinet, L., and Breakspear, M. (2012a). Perceptions
as hypotheses: saccades as experiments. Front. Psychol. 3:151. doi:
10.3389/fpsyg.2012.00151
Friston, K., Mattout, J., Trujillo-Barreto, N., Ashburner, J., and Penny, W.
(2007). Variational free energy and the Laplace approximation. Neuroimage 34,
220–234. doi: 10.1016/j.neuroimage.2006.08.035
Friston, K., Schwartenbeck, P., FitzGerald, T., Moutoussis, M., Behrens, T., and
Dolan, R. J. (2013). The anatomy of choice: active inference and agency. Front.
Hum. Neurosci. 7:598. doi: 10.3389/fnhum.2013.00598
Friston, K., Trujillo-Barreto, N., and Daunizeau, J. (2008). DEM: a variational treatment of dynamic systems. Neuroimage 41, 849–885. doi:
10.1016/j.neuroimage.2008.02.054
Friston, K. J. (2010). The free-energy principle: a unified brain theory? Nat. Rev.
Neurosci. 11, 127–138. doi: 10.1038/nrn2787
Friston, K. J., Shiner, T., FitzGerald, T., Galea, J. M., Adams, R., Brown, H.,
et al. (2012b). Dopamine, affordance and active inference. PLoS Comput. Biol.
8:e1002327. doi: 10.1371/journal.pcbi.1002327
Gershman, S., and Blei, D. (2012). A tutorial on Bayesian nonparametric models.
J. Math. Psychol. 56, 1–12. doi: 10.1016/j.jmp.2011.08.004
Gershman, S. J., and Niv, Y. (2012). Exploring a latent cause theory of classical
conditioning. Learn. Behav. 40, 255–268. doi: 10.3758/s13420-012-0080-8
Gershman, S. J., Vul, E., and Tenenbaum, J. B. (2012). Multistability and perceptual
inference. Neural Comput. 24, 1–24. doi: 10.1162/NECO_a_00226
Graybiel, A. (2008). Habits, rituals, and the evaluative brain. Annu. Rev. Neurosci.
31, 359–387. doi: 10.1146/annurev.neuro.29.051605.112851
Gregory, R. L. (1980). Perceptions as hypotheses. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 290, 181–197. doi: 10.1098/rstb.1980.0090
Guitart-Masip, M., Fuentemilla, L., Bach, D. R., Huys, Q. J. M., Dayan, P., Dolan, R.
J., et al. (2011). Action dominates valence in anticipatory representations in the
human striatum and dopaminergic midbrain. J. Neurosci. 31, 7867–7875. doi:
10.1523/JNEUROSCI.6376-10.2011
Halford, G., Bain, J., Maybery, M., and Andrews, G. (1998). Induction of relational
schemas: common processes in reasoning and complex learning. Cogn. Psychol.
35, 201–245. doi: 10.1006/cogp.1998.0679
Harlow, H. (1949). The formation of learning sets. Psychol. Rev. 56, 51–65. doi:
10.1037/h0062474
Haruno, M., Wolpert, D. M., and Kawato, M. (2001). MOSAIC model for
sensorimotor learning and control. Neural Comput. 13, 2201–2220. doi:
10.1162/089976601750541778
Hatfield, T., and Han, J. (1996). Neurotoxic lesions of basolateral, but not central,
amygdala interfere with Pavlovian second-order conditioning and reinforcer
devaluation effects. J. Neurosci. 16, 5256–5265.
Heckerman, D. (1998). “A tutorial on learning with Bayesian networks,” in Learning
in Graphical Models, ed M. I. Jordan (Dordrecht: Kluwer Academic), 301–354.
Hobson, J. A., and Friston, K. J. (2012). Waking and dreaming consciousness:
neurobiological and functional considerations. Prog. Neurobiol. 98, 82–98. doi:
10.1016/j.pneurobio.2012.05.003
Hoeting, J., Madigan, D., Raftery, A., and Volinsky, C. (1999). Bayesian model
averaging: a tutorial. Stat. Sci. 14, 382–417.
Hohwy, J., Roepstorff, A., and Friston, K. (2008). Predictive coding explains
binocular rivalry: an epistemological review. Cognition 108, 687–701. doi:
10.1016/j.cognition.2008.05.010
Hultsch, D. (1974). Learning to learn in adulthood. J. Gerontol. 29, 302–309. doi:
10.1093/geronj/29.3.302
Huys, Q. J. M., Cools, R., Gölzer, M., Friedel, E., Heinz, A., Dolan, R. J., et al. (2011).
Disentangling the roles of approach, activation and valence in instrumental
and Pavlovian responding. PLoS Comput. Biol. 7:e1002028. doi: 10.1371/journal.pcbi.1002028
Izquierdo, A., Suda, R., and Murray, E. (2004). Bilateral orbital prefrontal cortex lesions in rhesus monkeys disrupt choices guided by both reward value
and reward contingency. J. Neurosci. 24, 7540–7548. doi: 10.1523/JNEUROSCI.
1921-04.2004
Jacobs, R. A. (1995). Methods for combining experts’ probability assessments.
Neural Comput. 7, 867–888. doi: 10.1162/neco.1995.7.5.867
Jacobs, R. A., Jordan, M. I., and Barto, A. G. (1991a). Task decomposition through
competition in a modular connectionist architecture: the what and where vision
tasks. Cogn. Sci. 15, 219–250. doi: 10.1207/s15516709cog1502_2
Jacobs, R. A., Jordan, M. I., Nowlan, S. J., and Hinton, G. E. (1991b). Adaptive mixtures of local experts. Neural Comput. 3, 79–87. doi: 10.1162/neco.1991.3.1.79

Frontiers in Human Neuroscience

Jefferys, W., and Berger, J. (1992). Ockham’s razor and Bayesian analysis. Am. Sci.
80, 64–72.
Jordan, M. I., and Jacobs, R. A. (1994). Hierarchical mixtures of experts and the
EM algorithm. Neural Comput. 6, 181–214. doi: 10.1162/neco.1994.6.2.181
Kahneman, D. (2003). Maps of bounded rationality: psychology for behavioral economics. Am. Econ. Rev. 93, 1449–1475. doi: 10.1257/000282803322
655392
Kaila, V. R., and Annila, A. (2008). Natural selection for least action. Proc. R. Soc. A
Math. Phys. Eng. Sci. 464, 3055–3070. doi: 10.1098/rspa.2008.0178
Kemp, C., and Tenenbaum, J. B. (2008). The discovery of structural form. Proc.
Natl. Acad. Sci. U.S.A. 105, 10687–10692. doi: 10.1073/pnas.0802631105
Kiebel, S. J., Daunizeau, J., and Friston, K. J. (2008). A hierarchy of time-scales and
the brain. PLoS Comput. Biol. 4:e1000209. doi: 10.1371/journal.pcbi.1000209
Koechlin, E., and Summerfield, C. (2007). An information theoretical approach to
prefrontal executive function. Trends Cogn. Sci. 11, 229–235. doi: 10.1016/j.tics.
2007.04.005
Langbein, J., and Siebert, K. (2007). Learning to learn during visual discrimination
in group housed dwarf goats (Capra hircus). J. Comp. Psychol. 121, 447–456.
doi: 10.1037/0735-7036.121.4.447
Laughlin, S., van Steveninck, R., and Anderson, J. (1998). The metabolic cost of
neural information. Nat. Neurosci. 1, 36–41. doi: 10.1038/236
Lee, A., Duman, R., and Pittenger, C. (2008). A double dissociation revealing
bidirectional competition between striatum and hippocampus during learning.
Proc. Natl. Acad. Sci. U.S.A. 105, 17163–17168. doi: 10.1073/pnas.0807749105
Lee, S. W., Shimojo, S., and O’Doherty, J. P. (2014). Neural computations underlying arbitration between model-based and model-free learning. Neuron 81,
687–699. doi: 10.1016/j.neuron.2013.11.028
MacKay, D. (1992). Bayesian interpolation. Neural Comput. 4, 415–447. doi:
10.1162/neco.1992.4.3.415
Madigan, D., and Raftery, A. (1994). Model selection and accounting for model
uncertainty in graphical models using Occam’s window. J. Am. Stat. Assoc. 89,
153. doi: 10.1080/01621459.1994.10476894
Markov, N. T., and Kennedy, H. (2013). The importance of being hierarchical. Curr.
Opin. Neurobiol. 23, 194–187. doi: 10.1016/j.conb.2012.12.008
McGurk, H., and MacDonald, J. (1976). Hearing lips and seeing voices. Nature 264,
746–748. doi: 10.1038/264746a0
Monsell, S. (2003). Task switching. Trends Cogn. Sci. 7, 134–140. doi:
10.1016/S1364-6613(03)00028-7
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
Moran, R. J., Campo, P., Symmonds, M., Stephan, K. E., Dolan, R. J., and Friston,
K. J. (2013). Free energy, precision and learning: the role of cholinergic neuromodulation. J. Neurosci. 33, 8227–8236. doi: 10.1523/JNEUROSCI.425512.2013
Mumford, D. (1992). On the computational architecture of the neocortex. Biol.
Cybern. 66, 241–251. doi: 10.1007/BF00198477
Needham, C. J., Bradford, J. R., Bulpitt, A. J., and Westhead, D. R. (2007). A primer
on learning in Bayesian networks for computational biology. PLoS Comput. Biol.
3:e129. doi: 10.1371/journal.pcbi.0030129
Ortega, P., and Braun, D. (2013). Thermodynamics as a theory of decisionmaking with information-processing costs. Proc. R. Soc. A 469. doi:
10.1098/rspa.2012.0683
Otto, A. R., Gershman, S. J., Markman, A. B., and Daw, N. D. (2013). The
curse of planning: dissecting multiple reinforcement-learning systems by taxing the central executive. Psychol. Sci. 24, 751–761. doi: 10.1177/09567976
12463080
Penny, W. D., Mattout, J., and Trujillo-Barreto, N. (2007). “Bayesian model selection and averaging,” in Statistical Parametric Mapping: The Analysis of Functional
Brain Images, eds K. J. Friston, J. T. Ashburner, S. J. Kiebel, T. E. Nichols, and W.
D. Penny (London: Elsevier), 454–470.
Penny, W. D., Zeidman, P., and Burgess, N. (2013). Forward and backward inference in spatial cognition. PLoS Comput. Biol. 9:e1003383. doi: 10.1371/journal.pcbi.1003383
Pickens, C. L., Saddoris, M. P., Setlow, B., Gallagher, M., Holland, P. C., and
Schoenbaum, G. (2003). Different roles for orbitofrontal cortex and basolateral
amygdala in a reinforcer devaluation task. J. Neurosci. 23, 11078–11084.
Rao, R. P., and Ballard, D. H. (1999). Predictive coding in the visual cortex: a functional interpretation of some extra-classical receptive-field effects. Nat. Neurosci.
2, 79–87. doi: 10.1038/4580

www.frontiersin.org

June 2014 | Volume 8 | Article 457 | 10

FitzGerald et al.

Model averaging and habit formation

Rasmussen, C., and Ghahramani, Z. (2002). Infinite mixtures of Gaussian process
experts. Adv. Neural Inf. Process. Syst. 14, 881–888.
Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S. R., Busa, E.,
et al. (2004). Thinning of the cerebral cortex in aging. Cereb. Cortex 14, 721–730.
doi: 10.1093/cercor/bhh032
Schrier, A. (1984). Learning how to learn: the significance and current status of
learning set formation. Primates 25, 95–102. doi: 10.1007/BF02382299
Sengupta, B., Stemmler, M. B., and Friston, K. J. (2013). Information and efficiency in the nervous system-a synthesis. PLoS Comput. Biol. 9:e1003157. doi:
10.1371/journal.pcbi.1003157
Shams, L., Ma, W. J., and Beierholm, U. (2005). Sound-induced flash illusion as an
optimal percept. Neuroreport 16, 1923–1927. doi: 10.1097/01.wnr.0000187634.
68504.bb
Simon, H. (1972). Theories of bounded rationality. Decis. Organ. 1, 161–176.
Simon, J., Proctor, R., and Reeve, T. (1990). “The effects of an irrelevant directional
cue on human information processing,” in Stimulus–Response Compatibility:
An Integrated Perspective, eds R. Proctor and T. Reeve (Amsterdam: Elsevier),
31–86.
Smittenaar, P., FitzGerald, T. H. B., Romei, V., Wright, N., and Dolan, R.
J. (2013). Disruption of dorsolateral prefrontal cortex decreases modelbased in favour of model-free control in humans. Neuron 80, 914–919. doi:
10.1016/j.neuron.2013.08.009
Stahl, D. O., and Wilson, P. W. (1995). On players’ models of other players:
theory and experimental evidence. Games Econ. Behav. 10, 218–254. doi:
10.1006/game.1995.1031
Stephan, K. E., Penny, W. D., Daunizeau, J., Moran, R. J., and Friston, K. J. (2009).
Bayesian model selection for group studies. Neuroimage 46, 1004–1017. doi:
10.1016/j.neuroimage.2009.03.025
Sterzer, P., Kleinschmidt, A., and Rees, G. (2009). The neural bases of multistable
perception. Trends Cogn. Sci. 13, 310–318. doi: 10.1016/j.tics.2009.04.006
Stroop, J. (1935). Studies of interference in serial verbal reactions. J. Exp. Psychol.
18, 643–662. doi: 10.1037/h0054651
Summerfield, C., Behrens, T. E., and Koechlin, E. (2011). Perceptual classification in a rapidly changing environment. Neuron 71, 725–736. doi:
10.1016/j.neuron.2011.06.022
Summerfield, C., and Egner, T. (2009). Expectation (and attention) in visual
cognition. Trends Cogn. Sci. 13, 403–409. doi: 10.1016/j.tics.2009.06.003
Tenenbaum, J. B., Kemp, C., Griffiths, T. L., and Goodman, N. D. (2011). How to
grow a mind: statistics, structure, and abstraction. Science 331, 1279–1285. doi:
10.1126/science.1192788
Tipper, S. P., Howard, L. A., and Jackson, S. R. (1997). Selective reaching to
grasp: evidence for distractor interference effects. Vis. Cogn. 4, 1–38. doi:
10.1080/713756749
Tse, D., Langston, R. F., Kakeyama, M., Bethus, I., Spooner, P. A., Wood, E. R.,
et al. (2007). Schemas and memory consolidation. Science 316, 76–82. doi:
10.1126/science.1135935

Frontiers in Human Neuroscience

Tucker, M., and Ellis, R. (2004). Action priming by briefly presented objects. Acta
Psychol. (Amst.) 116, 185–203. doi: 10.1016/j.actpsy.2004.01.004
van Kesteren, M. T. R., Ruiter, D. J., Fernández, G., and Henson, R. N. (2012). How
schema and novelty augment memory formation. Trends Neurosci. 35, 211–219.
doi: 10.1016/j.tins.2012.02.001
Wallis, J., Anderson, K., and Miller, E. (2001). Single neurons in prefrontal cortex
encode abstract rules. Nature 411, 953–956. doi: 10.1038/35082081
Weiss, Y., Simoncelli, E. P., and Adelson, E. H. (2002). Motion illusions as optimal
percepts. Nat. Neurosci. 5, 598–604. doi: 10.1038/nn0602-858
Welsh, T., and Elliott, D. (2004). Movement trajectories in the presence of a distracting stimulus: evidence for a response activation model of selective reaching. Q.
J. Exp. Psychol. A 57, 1031–1057. doi: 10.1080/02724980343000666
Wunderlich, K., Dayan, P., and Dolan, R. J. (2012a). Mapping value based planning
and extensively trained choice in the human brain. Nat. Neurosci. 15, 786–791.
doi: 10.1038/nn.3068
Wunderlich, K., Smittenaar, P., and Dolan, R. (2012b). Dopamine enhances
model-based over model-free choice behavior. Neuron 75, 418–424. doi:
10.1016/j.neuron.2012.03.042
Yin, H., and Knowlton, B. (2006). The role of the basal ganglia in habit formation.
Nat. Rev. Neurosci. 7, 464–476. doi: 10.1038/nrn1919
Yin, H. H., Knowlton, B. J., and Balleine, B. W. (2004). Lesions of dorsolateral
striatum preserve outcome expectancy but disrupt habit formation in instrumental learning. Eur. J. Neurosci. 19, 181–189. doi: 10.1111/j.1460-9568.2004.
03095.x
Yoshida, W., Dolan, R. J., and Friston, K. J. (2008). Game theory of mind. PLoS
Comput. Biol. 4:e1000254. doi: 10.1371/journal.pcbi.1000254
Yu, A. J., and Dayan, P. (2005). Uncertainty, neuromodulation, and attention.
Neuron 46, 681–692. doi: 10.1016/j.neuron.2005.04.026
Zeki, S., Watson, J., and Lueck, C. (1991). A direct demonstration of functional
specialization in human visual cortex. J. Neurosci. 11, 641–649.
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.
Received: 04 March 2014; accepted: 04 June 2014; published online: 26 June 2014.
Citation: FitzGerald THB, Dolan RJ and Friston KJ (2014) Model averaging, optimal
inference, and habit formation. Front. Hum. Neurosci. 8:457. doi: 10.3389/fnhum.
2014.00457
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 FitzGerald, Dolan and Friston. 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) or licensor 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.

www.frontiersin.org

June 2014 | Volume 8 | Article 457 | 11

