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Cognition is an emergent property 
Earl K Miller*, Scott L Brincat* and Jefferson E Roy   

Cognition relies on the flexible organization of neural activity. In 
this discussion, we explore how many aspects of this 
organization can be described as emergent properties, not 
reducible to their constituent parts. We discuss how electrical 
fields in the brain can serve as a medium for propagating 
activity nearly instantaneously, and how population-level 
patterns of neural activity can organize computations through 
subspace coding. 
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Introduction 
Emergent properties are those that are not predictable 
from or reducible to their individual parts [1]. Take, for 
example, sports fans performing ‘the wave’ or the col
lective behavior of an ant colony. You cannot observe the 
wave or understand the operations of the colony by 
studying each person or ant separately, even if you ex
amined every individual. The organization arises from 
real-time interactions and a few simple rules. If sports 
fans can take advantage of this to organize themselves, 
imagine what evolution can do with that principle. 
Evolution seems to have done this by exploiting the 
influences of the brain’s electric fields (EFs). 

Electric fields have bidirectional influence on 
neural activity 
Emergent organization is evident in mesoscale neural 
EFs, measured within the brain as local field potentials 
(LFPs) and at the scalp as the electroencephalogram 
(EEG). They show oscillations, which reflect synchro
nized dynamics in excitability across millions of neurons  
[2,3]. This is an emergent property, as the fields gener
ated by unsynchronized signals would cancel out rather 
than summate into observable oscillations, and most 
individual neurons are individually weakly oscillatory. 
Coordination at this scale is crucial for attention, deci
sion-making, action generation, and memory retrieval  
[4–6]. Cognitive state is reflected in patterns of EF 
synchrony [7–9] as are changes in attentional focus  
[10–13]. Further, EFs can provide stable information 
sources, free from the representational drift of neurons  
[14]. This is not to say that spiking is unimportant; it 
absolutely is. Spikes create and couple to oscillations, 
and in turn, oscillations are an excellent way to organize 
spiking. 

Crucially, EFs not only reflect the underlying activity, 
but they can also shape it via ephaptic coupling 
(Figure 1), a direct influence of extracellular potential on 
neural activity [14–18]. Some influence of EFs seems 
almost inevitable. Many cortical neurons rest close to 
spiking threshold, spending much of their time teetering 
on the edge of spiking. It can take just small changes in 
the surrounding EFs to push them one way or another, 
as suggested by several models [11,15,19,20]. In fact, 
experiments have shown that externally induced EFs 
with amplitudes similar to endogenous fields can entrain 
spike times [18] and boost network-level ‘Up’ states  
[17]. Ephaptic coupling of EFs can be very useful. 
Traditional synaptic connectivity is limited by the speed 
of axonal conduction and synaptic transmission. In con
trast, because EFs have a direct effect on intracellular 
potential, they spread at the speed of an electric field in 
neural tissue, nearly instantaneously. This seems ideal 
for rapidly coordinating local neural activity. They may 
even influence the brain’s infrastructure on the mole
cular level, ‘tuning’ networks to make them function 
more efficiently [21]. 

Next, we consider examples of how the brain uses these 
dynamics in the flexible control of cognition. 
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Spatial computing controls expression of 
neural engrams 
An emerging theory of neural computation stems from 
observations that throughout the cortex, alpha/beta 
(12–30 Hz) and gamma (> 30 Hz) oscillations tend to be 
anticorrelated [9,22,23] (though they can be dissociated 
in some cases [24]). Gamma is associated with activated 
neurons and higher spiking rates [25]. This mechanism 
could regulate computation by controlling the spatial 
expression of spiking, and thus information, within cor
tical networks. 

Spatial computing [26] proposes that mesoscale patterns 
of alpha/beta activity carry top-down control signals, 
which reflect information about the current context and 
goals. These alpha/beta patterns are inhibitory and spa
tially constrain the bottom-up gamma power associated 
with content-related spiking at a microscale level. In 
essence, alpha/beta patterns act as stencils, allowing 
content (microscale gamma/spiking) to be expressed in 
areas where alpha/beta is absent. These stencils re
present different cognitive states or task operations. This 
is in line with observations that power and coupling in 
gamma versus alpha/beta are respectively associated 
with bottom-up processing versus top-down control  
[9,10,22,23,27–30]. 

For example, consider a task to remember a sequence of 
two objects in order of their appearance (Figure 2a,b)  
[31]. The idea is that bottom-up inputs from the visual 
cortex convey selectivity for each object to a random 
subset of neurons in the higher-level (e.g. prefrontal) 
cortex (Figure 2c,d). Top-down inputs (recurrent or 
feedback connections) convey inhibitory influences via 
alpha/beta oscillations and have a unique spatial pattern 
across the cortical surface for each ‘slot’ in the sequence. 

Spiking activity reflects the integration of both types of 
inputs — neurons that would have been activated by an 
object are suppressed by the top-down contextual in
puts, leaving a spatially-restricted subset of active neu
rons. In short, network spatial arrangement is used as an 
encoding dimension, one that adds context to spiking 
activity. 

This theory could explain a wide range of seemingly 
unrelated phenomena, including ‘mixed selectivity’  
[31–33]. Many cortical neurons show spiking that is 
highly dependent on context. For example, in tasks like 
the one in Figure 2, neurons in the prefrontal cortex 
show complex responses reflecting both object identity 
and order (e.g. spiking only to ‘butterfly’ when it is first). 
This kind of ‘nonlinear mixed selectivity’ allows for 
flexible read-out of arbitrary functions of input signals, 
exactly the type of flexibility needed for higher-level 
cognition [32,33]. The exact combinations of factors ac
tivating these neurons were originally thought to be 
random, similar to ‘hidden units’ in a neural network 
model. Spatial computing posits a guiding principle: 
alpha/beta patterns carrying control signals that constrain 
and sculpt spiking. Similar principles may underlie 
contextual modulation and mixed selectivity in other 
cognitive domains and brain regions [34–36]. 

This separation of content (gamma/spiking) and control 
(alpha/beta) into different spatial scales endows gen
eralization and flexibility. It enables the brain to perform 
top-down operations without ‘knowing’ the specifics of 
the underlying ensembles carrying content. This allows 
the brain to instantly generalize control to new content. 
Contrast this with standard neural network models, 
where all information — content and control — is en
coded at the same level, synaptic connectivity. As a re
sult, a standard network model learning a task with one 
set of objects needs retraining to perform with a new set 
of objects. Your brain does not need retraining to in
stantly generalize. 

Importantly, emergent organization is not just evident at 
the EF level. It can also be seen in the spiking of neu
rons, in subspace coding. 

Subspace coding organizes neural 
computation and communication 
Activity in a population of neurons can be understood as 
existing in a high-dimensional ‘state space’, one di
mension for each neuron. Any particular condition 
(sensation, action, and/or cognitive state) is represented 
by a specific pattern of activity across the neural popu
lation (Figure 3a). This corresponds to a specific point in 
neural ‘state space’ (Figure 3b). Different conditions 
elicit different population patterns, corresponding to 
distinct points in state space. 

Figure 1  
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Bidirectional influence of EFs on neural activity. (a) Synchronous, 
rhythmic neural spiking activity (filled triangles) induces localized 
oscillatory EFs (measured as LFPs or EEG). (b) EFs have sufficient field 
strength to influence the intracellular potential of nearby neurons. This 
‘ephaptic coupling’ can recruit additional neurons and temporally 
entrain their spiking activity.   
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However, it turns out that neural activity does not fully 
sample all possible states. Instead, population spiking 
activity is restricted to a low-dimensional subspace of the 
full high-dimensional population space (Figure 3c)  
[37–40]. This reflects the fact that the activity of in
dividual neurons is not completely independent of one 
another. Rather, their activity covaries in complex, but 
structured ways (e.g. in Figure 3c, when neuron 1’s ac
tivity increases, neuron 3 decreases). 

A key benefit of such subspace coding is the organization 
of neural processing. When multiple pieces of informa
tion must be held simultaneously in memory [41] or 
compared [42], they are often stored in approximately 
orthogonal subspaces (Figure 3d). That is, the spiking 
patterns reflecting one item are independent of those for 
the other item, minimizing interference between them. 
Similarly, as incoming sensory information is encoded 
into working memory, it is rotated from a ‘sensory’ 
subspace to an orthogonal ‘memory’ subspace, pro
tecting it from interference from further sensory inputs  
[43]. Thus, subspace coding allows distinct information 
to be stored and operated on independently [44]. On the 
other hand, when distinct information must be mapped 
onto a common behavioral response, subspaces reflecting 
different types of information may be rotated into 

alignment (Figure 3e), so that behavior could be driven 
by a single linear read-out [41]. Thus, the organization of 
neural responses into subspaces can both segregate and 
integrate information. 

In addition to local within-region processing, subspace 
coding can also organize communication between brain 
regions. When trial-to-trial fluctuations of population 
activity are compared between connected cortical areas, 
only a small subset of activity patterns in each area ex
hibit correlations between areas. This has been inter
preted to mean that only a restricted subspace of 
population activity in one area, a ‘communication sub
space’, drives activity in another [44,45]. Different 
communication subspaces are used within the same area 
for feedforward and feedback communication [46]. 
These results suggest that information flow across the 
cortex might be organized by restricting activity patterns 
to — or excluding them from — specific subspaces, 
analogous to a lock-and-key mechanism. During motor 
preparation, cortical activity evolves within dimensions 
that avoid the subspaces that, during motor execution, 
drive downstream motor cortex or muscles [47]. This 
suggests that ‘subspace exclusion’ may be a mechanism 
for the cortex to perform internal computations without 
prematurely transmitting output signals. 

Figure 2  
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Spatial computing creates mixed selectivity. (a,b) Two trials of a task to remember the identity and order (cf. a vs b) of two sequentially presented 
objects, then recall them after a brief delay. Prefrontal neurons exhibit ‘nonlinear mixed selectivity’ — activity for specific objects in specific order 
‘slots’. (c,d) Spatial computing model of nonlinear mixed selectivity in the two corresponding trials. Orange/green lines represent bottom-up 
connections, which distribute sensory selectivity for the objects over a random subset of neurons (orange/green triangles). Blue/purple lines represent 
top-down alpha/beta signals, which contribute spatially localized inhibition (shaded regions) that reflects control and context (e.g. the sequential order 
of the two objects). These signals constrain where bottom-up signals are expressed (white regions), resulting in patches of activated neurons (filled 
orange/green triangles) that reflect both object identity and their sequential order, that is, mixed selectivity.   
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Critically, distinct subspaces tend to be composed of 
largely overlapping populations of neurons  
[41–43,47,48]. That is, they reflect distinct patterns of 
activity across a single neural population, not distinct 
subpopulations of neurons. Thus, subspace coding al
lows multiplexing of different functions, while obviating 
the need to segregate every computation into separate 
subpopulations or regions. This implies that the activity 
of individual neurons is ambiguous and can only be fully 
understood in the context of population patterns, that is, 
as an emergent property. 

Conclusion and future directions 
One set of emergent properties — organization of coding 
and communication in subspaces — is observed at the 
local spiking level. Another set of properties — oscilla
tions that can bidirectionally influence spikes and orga
nize cortical information flow — is observed at the 
mesoscale network level. A key question for future re
search is understanding the relationship between these 
emergent phenomena. One possibility is that they are 
causally related. Spatially structured oscillations may 
control not only the expression of spiking activity but 

Figure 3  
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Subspace coding. (a) Example of patterns of neural population activity for two different conditions (in this case, visual objects). (b) Population activity 
patterns can be thought of as points in a high-dimensional ‘state-space’, with one dimension for each neuron (three are shown, corresponding to the 
three labeled neurons in part (a), but actual experiments sample hundreds from an underlying population of millions). (c) Activity for different 
conditions is typically restricted to a much lower-dimensional subspace (represented by a 2D plane). (d) Information that must be kept separate is 
often encoded in orthogonal subspaces, so it can be read out independently. (e) When information must be mapped onto a common behavioral 
response, it is often encoded into aligned subspaces, so behavior can be driven by a single linear read-out.   
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also its subspace organization. Further, spatial dynamics 
of oscillations, as seen in traveling waves [49], may 
control shifts from one subspace organization to another. 

Studying individual neural components in isolation — 
individual neurons and synapses — has made enormous 
contributions to our understanding of the brain and re
mains important. However, it is becoming increasingly 
clear that, to fully capture the brain’s complexity, those 
components must be analyzed in concert to identify, 
study, and relate their emergent properties. This is 
especially critical as many neurological and psychiatric 
disorders, such as schizophrenia, epilepsy, and 
Parkinson’s, involve disruption of emergent properties 
like neural synchrony [50]. We anticipate that under
standing how to interpret and interface with these 
emergent properties will be critical for developing ef
fective treatments [51] as well as understanding cog
nition. 
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