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Abstract

A standard model of how brains produce natural cognition
would provide a framework for organizing cognitive neuro-
science research. A recent effort (Laird et al., in press) to
build on consensus views of cognitive operations and pro-
duce a standard model of natural cognition started with com-
mon aspects of well-established cognitive architectures ACT-
R, Sigma, and SOAR. The model captures scientific consen-
sus on “how” the brain works, but it does not offer a coherent
story for “why” the component modules (i.e., working
memory, long-term memory, visual and motor areas) exist
and interact in the ways described. This manuscript starts
with background information on a well-cited theory of action
selection, and extends that theory to a fuller explanation of
decision-making, action and perception that includes a frame-
work for the elements of cognition.

Need for a Standard Model

Our knowledge of how neural systems decide, plan, act and
perceive is expanding rapidly with researc at various levels
from single cell recordings to high-level behavioral studies,
yet it is currently very difficult to understand how many of
these efforts are related. How do the findings of a neuro-
physiologist studying error-related EEG signal help a be-
havioral psychologist researching the effect of context on
the perception of color? A Standard Model of the Mind of-
fers the promise of collecting disparate elements of cogni-
tive neuroscience theory into a single framework that pro-
vides a blueprint for how the elements work together.

A Consensus Mechanism for Selecting Actions

Neural systems allow animals to detect and react to features
of their environment. When multiple actions are possible at
any given time, an organism must choose from among the
multiple alternatives (Redgrave et al., 1999). This section
reviews research describing how activity in basal ganglia
pathways may serve that purpose.
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Research into how stimulus information influences deci-
sion making indicates that variations in frontal (Kim &
Shadlen 1999; Romo ef al. 2004) and parietal (Platt & Glim-
cher 1999; Sugrue et al. 2004) cortical activity can be linked
to simultaneous neural network encoding of different ac-
tions. The affordance competition hypothesis (Cisek, 2007)
proposes that distinct, parallel fronto-parietal neural net-
works encode potential actions and compete against each
other for continued processing. This hypothesis suggests
that multiple sources, including cortical-basal ganglia-thal-
amo-cortical loop activity, contribute activation that biases
the competition between action networks and ultimately
produces a single winning action (Cisek, 2007).

Prefrontal cortex (Alexander et al., 1986; Middleton and
Strick, 2002), inferotemporal cortex (Middleton and Strick,
1996), and possibly other cortical regions participate in in-
formation loops that travel from cortex down to the basal
ganglia, then to thalamus, and back to the same areas of cor-
tex. These information loops have been well-studied, and
are described in detail in Schroll and Hamker (2013). Infor-
mation in cortical-basal ganglia-thalamo-cortical loops can
travel multiple pathways through the basal ganglia. Some of
these basal ganglia pathways produce excitatory input back
to the cortex, while others result in inhibitory input. For
more information on the anatomy of excitatory and inhibi-
tory pathways through the basal ganglia, see Schroll and
Hamker (2013).

Mink (1996) and Redgrave et al. (1999) proposed a role
for cortico-basal ganglia-thalamo-cortical information loops
in selecting a single action from among competing actions.
A consensus may be forming (Friend and Kravitz, 2014;
Stewart et al., 2010; Hazy et al, 2007; Gurney, 2001) around
the theory that the interaction between the activity in excit-
atory and inhibitory pathways in cortico-basal ganglia-thal-
amo-cortical loops is responsible for selecting among mul-



tiple competing potential actions. The well-established no-
tion is that the neural network activity in the information
loop encoding the selected action is enhanced by relative in-
creases in the activity in excitatory basal ganglia pathways,
along with relative decreases in the in the activity of inhibi-
tory basal ganglia pathways. These activity patterns cause
an increase in the overall network activity of the neural in-
formation loop encoding the selected action, and that in-
creased activity enables the selected action to be executed.

Action Selection in Leabra, ACT-R and Nengo

Cognitive architectures are theories of cognitive structure
and function that are implemented in software, and can serve
as building blocks for cognitive models. Three biologically-
inspired cognitive architectures, Leabra, ACT-R and Nengo,
have implemented methods of action selection that are pat-
terned after the basal ganglia pathway interaction described
above.

Leabra

The interaction between excitatory and inhibitory basal gan-
glia pathways is the modeled mechanism for action selection
in the neural network-based cognitive architecture Leabra
(O’Reilly et al., 2016). Leabra uses realistic simulations of
spiking neurons to build models of cognition and behavior.
The creators of Leabra are the authors of multiple papers
describing the role of the BG in gating working memory
(e.g. Hazy et al., 2007, O’Reilly and Frank, 2006), where
they termed the excitatory and inhibitory pathways the “Go”
and “No-Go” pathways, respectively. In Leabra models, Go
and No-Go pathway activity in the basal ganglia gates both
the performance of specific actions and the flow of infor-
mation into working memory, which is maintained by neural
network activity in prefrontal cortex (O’Reilly et al., 2016).

ACT-R

The ACT-R cognitive architecture models cognition at the
functional level, using a set of specialized modules that pro-
cess specific types of information (Anderson et al., 2004).
Since the procedural module in ACT-R contains rules for
action selection and execution, the role of the basal ganglia
has been ascribed to the procedural module in ACT-R (An-
derson et al., 2004). The time course of simulated activity in
the procedural module predicts the measurement of blood
oxygenation in the head of the caudate nucleus of the basal
ganglia. (Anderson et al., 2008). However, the assignment
of the procedural module to the basal ganglia may not fully
explain known interactions between excitatory and inhibi-
tory basal ganglia pathways (Stocco, 2017).
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Nengo

The interaction between excitatory and inhibitory pathways
through the basal ganglia is also modeled by the action se-
lection mechanism in the Nengo cognitive architecture
(Stewart et al., 2010). Nengo is a relatively new cognitive
architecture that simulates large-scale neural systems, typi-
cally by combining many simulations of single neurons (Eli-
asmith, 2013). The architecture has been used to model the
effects of drugs on working memory (Duggins et al., 2017),
model the effect of changes in basal ganglia dopamine levels
on speech (Senft et al., 2016), and create a large-scale model
of the brain (Eliasmith et al., 2012). The basal ganglia mod-
eled in Nengo chooses the highest utility action by suppress-
ing inhibitory output for that action.

Action Selection in the Standard Model

The widespread adoption of the theory that action selection
results from changes in the balance of excitatory and inhib-
itory basal ganglia pathways along with the incorporation of
that theory into three widely used cognitive architectures
suggests that these ideas should be a necessary part of any
Standard Model of the Mind.

Expanding the Standard Model

Starting with this established theory of action selection,
Colder (2015) described a hypothesis of natural neural sys-
tem operation that is based on the manipulation of potential
futures. According to this theory brains consider multiple
potential futures for the organism. Each potential future in-
cludes some action by the organism, and the resulting ex-
pected sensory environment. The potential futures are in-
stantiated in the brain by linked cortical activation in sensory
and motor areas.

The key contribution to established theory from Colder
(2015) is that the cortical neuronal networks in cortical-ba-
sal ganglia-thalamo-cortical loops do not instantiate only
potential future actions - they also instantiate the expected
outcome of those actions. Basal ganglia Go and No-Go path-
ways gate complete sensorimotor possible futures for the or-
ganism, and thus the basal ganglia is not just selecting po-
tential actions, but also the desired future.

Directly following the action selection logic expressed by
Mink (1996), Redgrave et al. (1999), Hazy et al. (2007) and
others, Colder (2015) proposes that previously learned re-
ward information stored in basal ganglia synapses acts on
cortical-basal ganglia-thalamo-cortical feedback loops to
disinhibit the cortical activation corresponding to a selected
future. Disinhibition of the selected future allows its net-
work activity to spread from more abstract cortical regions
to primary motor and sensory areas, causing “realization” of
the selected future. The motor portion of the selected future



is realized when the spread of that future’s activation to pri-
mary motor areas results in an attempt to perform the action.
Similarly, the expected sensation of the potential future is
realized when that future’s activation spreads to lower-level
areas and shapes the way incoming sensory information is
perceived, as described by the theory of predictive coding
(Rao and Ballard, 1999).

This hypothesis places the established theory of the basal
ganglia’s role in action selection into a larger context that
also provides a framework for relating empirical results in
other areas of cognitive neuroscience research, such as per-
ception, attention, and higher cognitive function (Colder,
2011). For instance, there is considerable evidence indicat-
ing that sensory expectations have a strong effect on our on-
going sensory perception (Nitschke et al., 2006; Bar, 2003).
Similarly, control of attention is strongly tied to both normal
sensory expectations, and violations of those expectations
(Ruz and Lupianez, 2002). Also, activated representations
of potential futures are theorized to play an important role in
higher-level cognition (Barbey, 2009), and emotional pro-
spection (Gilbert and Wilson, 2007).

A Consensus Description of Working Memory

The term “working memory” refers to information that is
held in memory for a number of seconds and can be used to
make decisions and guide actions. For many years there was
a standard model describing the neural mechanisms under-
lying working memory, but in the last 10 years the story has
changed somewhat (Esposito and Postle, 2015; Postle,
2006).

Early studies of working memory in non-human primates
found that neurons in the pre-frontal cortex (PFC) increased
activity during the delay period of tasks that required mon-
key to remember information in order to accomplish their
task (Fuster and Alexander, 1971). These results combined
with others showing that PFC lesions degrade working
memory (Bauer and Fuster, 1976; Milner, 1963) led to the
prevailing view that sustained activity in PFC neurons main-
tained stimulus representations and enabled working
memory. However, recent evidence indicating that in-
creased PFC activity during the delay period may be related
to attention rather than memory (Lebedev et al., 2004) and
that sustained activity firing in other cortical areas fits the
memory maintenance profile (Gnadt and Andersen, 1988;
Harrison and Tong, 2009) disrupts that hypothesis.

Regardless of the precise underlying neural mechanisms,
the cognitive computational properties of working memo-
ries are well-known. Working memory can store a limited
number of representations of recognizable stimuli (Badde-
ley and Hitch, 1974). Without intentional rehearsal, these
representations are available to cognition for a short time,
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on the order of seconds. Models of working memory typi-
cally assume that representations of current stimuli are es-
tablished in working memory, where they are maintained for
a limited time and may influence behavior in the same man-
ner as current stimuli (Hazy et al., 2007). There are verbal
and visuospatial components of working memory that oper-
ate independently of each other (Baddeley and Hitch, 1974).
Along with the current sensory environment, the contents of
working memory could also be filled by activated long-term
memories (Fuster, 2006).

Future Creation Uses Working Memory and Cur-

rent State

The future selection process described above and in Colder
(2015) operates on many potential futures at once. Accord-
ing to this hypothesis this set of potential futures is created
when the neural activity instantiating both the organism’s
current state and the current contents of working memory
spreads to associated brain regions, creating a set of poten-
tial future states. This process is enabled by a lifetime of un-
supervised learning that shapes cortical synapses so that the
neural network activation that instantiates and sustains the
current state, including working memory, spreads to poten-
tial actions and their expected outcomes that have been pre-
viously associated with similar current states and working
memories. The set of potential actions and expected out-
comes are potential future states that the organism considers
for selection.

Colder (2015) suggests that these potential futures are en-
coded in the activity of cortical-basal ganglia-thalamo-cor-
tical loops, and that selection of the most desirable future
state is accomplished by the action of basal ganglia Go and
No-Go pathways.

Future Realization Sets the Current State and

Working Memory
As described above, Colder (2015) proposes that during the
process of realization, the neural activity encoding a future
that has been selected by the basal ganglia will migrate to
primary sensory and motor cortices to generate action and
influence perception. Upon realization, the current state of
kinesthetic, proprioceptive and external sensory information
can be placed into working memory for later use. While this
(previously sensory) information is active in working
memory, it is treated as an extension of the current state.
The description of basal ganglia activity selecting a de-
sired state that, after realization, morphs into the current
state which could become a working memory, bears some
relation to the hypothesis of Hazy et al (2007). These authors
theorized that excitatory (Go) and inhibitory (No-Go) path-
ways in the basal ganglia act as gates for information enter-



ing working memory. In the current formulation, the infor-
mation selected by the Go and No-Go pathways will become
the current state and potentially the contents of working
memory after any changes introduced by realization.

The process of realization can introduce multiple sources
of change, or error, from the initially selected “ideal” future
to the ultimately realized current state and entries into work-
ing memory. One potential cause of a difference between the
selected future and the final current state is the future’s level
of abstraction. Initially created futures may not be very
closely tied to reality. Redgrave (1999) described a hierar-
chical motor system, in which more abstract motor plans are
selected by the BG, then those selected motor plans gain
specificity and detail. Similarly, while the expected outcome
of an action may be known in the abstract, the final details
of the state that results from the realized sensory environ-
ment may add considerable information to the initial expec-
tation.

Another source of error in realization is the selection of a
future that is incompatible with the present. A clear example
of this type of error comes when our expectations for the
environment are wrong, such as when a driver begins to
change lanes on a highway, only to hear a loud horn sound
and discover another car was in their blind spot. In this case
realization of the lane change was expected to produce a po-
sition in the adjacent lane, but those expectations were not
realized, and the resulting environment and final state are
different than the selected future.

Summary

Animals are constantly faced with decisions about the best
course of action. All cognitive architectures include a
method for deciding between multiple actions at a specific
point in time. A standard model of the mind must include a
method for action selection. The current manuscript lays out
the neuroscience behind the widely-accepted view that ac-
tion selection is executed by synapses in the basal ganglia
controlling the activity of excitatory and inhibitory path-
ways in cortico-basal ganglia-thalamo-cortical loops. We
also put forth a higher-level explanation for the mind that
builds upon this theory of action selection, stating that rather
than just selecting potential actions, the relative activity in
excitatory and inhibitory basal ganglia pathways are select-
ing entire sensorimotor potential futures. We propose that
neural systems create, select and attempt to enact these po-
tential futures. This theory provides a unifying context for
understanding empirical findings in studies of decision-
making, action, perception and higher-level reasoning. Re-
turning to the question posed in the beginning of the manu-
script, the theory could provide a framework that integrates
findings from the neurophysiologist with those of the behav-
ioral psychologist, as neurophysiological signals can be
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used to determine whether individuals were aware of color
perception errors attributable to false expectations generated
by contextual cues. Although no consensus has yet been es-
tablished in support of this theory of future manipulation, it

can serve as an inclusive organizing framework for a Stand-
ard Model of the Mind.
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