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Abstract
Multiple realizability says that the same kind of mental states may be manifested by 
systems with very different physical constitutions. Putnam (1967) supposed it to be 
“overwhelmingly probable” that there exist psychological properties with different 
physical realizations in different creatures. But because function constrains possible 
physical realizers, this empirical bet is far less favorable than it might initially have 
seemed, especially when we take on board the richer picture of neural and brain 
function that neuroscience has been uncovering over the past forty years, in which 
all sorts of brain activities play crucial roles beyond all-or-nothing electrical sig-
naling. Because of its evolutionary history, the brain’s metabolic and informational 
processes are inextricably intertwined. The resulting complex integrated functions 
impose more constraints on possible realizers than the clean, single-purpose func-
tions usually cited as examples in discussions of multiple realizability—with rami-
fications for the functionalist and computationalist foundations of cognitive science, 
artificial intelligence, and the philosophy of mind.

Keywords  Embodiment · Neurons · Artificial intelligence · AI · Mind · 
Reductionism · Reduction · Emergence · Representation · Functionalism · 
Brain · Identity theory · Behaviorism · Biology · Neuroscience · Metabolism · 
Constraints · Explanation · Consciousness

1  Introduction

Multiple realizability is the thesis that the same kinds of mental capacities can be 
manifested by systems with very different physical constitutions. Putnam (1967) 
supposed it to be “overwhelmingly probable” that there exist psychological proper-
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ties with different physical realizations in different creatures. Fodor (1974) thought 
multiple realizability “increasingly likely” in automata, and took it as support for 
the autonomy of psychology. It remains a common claim that a functional duplicate 
of a person’s mind could be realized in silicon, or some other non-biological sub-
strate. The appeal of functionalism in philosophy and cognitive science depends in 
significant part on the plausibility of multiple realizability as a favorable empirical 
bet about the nomological or physical possibility of alternate realizations of mental 
states or properties.

I want to show that this bet is far less favorable than it might initially have seemed. 
Far from freeing us from worrying about substrates, functional roles constrain physi-
cal realizations. It is only in virtue of some of its physical properties that any particu-
lar component is able to play its particular functional role. Conversely, having to play 
a particular functional role imposes constraints on what kinds of material stuff can do 
the job. Ned Block (1997) calls this the “Disney principle”—but it’s really more of 
an anti-Disney principle: you can’t have dancing cups or plates made out of the stuff 
that normal plates and cups are made of.

What is the relevant sense of “can’t” here? Discussions of multiple realizabil-
ity have often been concerned primarily with metaphysical possibility.1 But if we 
care about functionalism as a guide to cognitive science and artificial intelligence 
research, big science connectomics or even the fringe hope of uploading one’s mind 
into a computer, then nomological possibility (in the relatively conservative sense of 
physically-possible-in-this-world-if-we-had-enough-resources) is the more relevant 
standard.

This paper can be seen as an cautionary note, joining a chorus of work over the 
last few decades, all aimed at downgrading our confidence in intuitions about how 
the mind works that abstract away from the messy details of physical implementa-
tion in a biological organism.2 Prominent earlier arguments against this canonical 
version of MR include Bechtel & Mundale (1999), Polger (2004, 2008), and Shapiro 
(2000, 2004, 2008), describing problems with traditional formulations (and putative 
instances) of multiple realization.

Bechtel and Mundale argue that many of the standard examples cited as cases of 
multiple realizability don’t really qualify—and that the illusion of multiple realizabil-
ity comes from comparing a fine-grained characterization (e.g. that of a detailed neu-
rophysiological state) with a coarse-grained one (e.g. “pain”).3 Polger and Shapiro, 

1  By contrast, if what is at issue is only the metaphysical question of how to analyze our mental terms, then 
perhaps nomological constraints can be left aside.

2  As such, it is part of a tradition starting from the pioneering neurophilosophy of the Churchlands to the 
naturalistic philosophy of mind and neuroscience of Bechtel, Bickle, Craver, Klein, Roskies, Sullivan 
and many others, especially the influential work of Polger and Shapiro—who, though clearly not all in 
agreement, remind us of the many reasons to think that the body and its brain do not just house the mind 
like a fleshly vat, but rather, constitute it, and that the many gory details are not just irrelevant biology, 
but profoundly relevant to the functioning of the system. Bickle (2010) provides a survey and critique of 
the earlier contributions to this debate.

3  Bechtel and Mundale contend that if we considered brain architectures at as coarse-grained a level as we 
casually speak of mental states like “pain”, we would find that the architectures had as much in common 
as the mental states, and therefore that they would constitute tokens of the same realization. At a finer 
grain of description, there are many differences between human versions of such components and those 
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separately and together, have argued that multiple realizability must be understood as 
a contrastive question: always relative to the relevant taxonomies at the level of func-
tional description and the level at which realizers are characterized. And they, too, 
stress the importance of paying attention to how functions and constraints interact in 
assessing the plausibility of MR.4

Given these and the many other arguments in this vein, it is surprising that the 
dominant intuition that I target here is one that has received relatively little scru-
tiny within philosophy. This target is the neural doctrine: that the only functionally 
relevant aspect of the brain, what gives it its behavioral capacities and gives us our 
mental states, is neuronal activity, and in particular, patterns of action potentials. All 
sensory inputs are transduced by the peripheral sense organs into electrical signals, 
which propagate through the brain, which is made of neurons. At the other end, elec-
tric signals are sent to the muscles, which translate them into motor outputs. If this 
neuron doctrine is true, then the relevant functional organization to be replicated for 
an alternative realization of the mind is just a complicated and dynamic system of 
electric impulses, which then set off other signals in appropriate ways—a picture that 
fits satisfyingly into the traditional functionalist schema.

But there are reasons to be suspicious of so conveniently clean a picture as that 
painted by the neuron doctrine.5 If we take on board the richer picture of neural and 
brain function that neuroscience has been uncovering over the past forty years, in 
which all sorts of brain activities beyond electrical signaling play crucial roles in the 
functional architecture and operation of the system, multiple realizability will seem 
less obvious, at least at the level of neural function and organization.

Here’s the basic argument: Functions impose constraints on their realizers. Com-
plex integrated functions impose more constraints than ones that can be decomposed 
into simpler independent functions. Mental functions are both complex and thickly 
integrated with physiological functions. So the functional organization of the brain at 
the cellular level exhibits characteristics that make it unlikely to be multiply realiz-
able at that level of description.

There are many distinct philosophically interesting multiple realizability claims—
at the personal level, at the level of subpersonal processing, and at the fine-grained 
neural level. I will start by arguing against the nomological possibility of MR on 
the neural level, both because it is a familiar case, and because it undergirds the 
presumption of MR more generally. MR at the neural level entails MR at higher 
levels, under the plausible assumption that psychological properties supervene on 

of the octopus—but Bechtel and Mundale’s claim is that at a finer grain of description there will also be 
differences between the functional profile that characterizes my pain and the one that characterizes that 
of the octopus.

4  See especially chapters 3 and 4 of Polger and Shapiro (2016) for careful developments of a number of 
related considerations that push them towards updated versions of a type-identity theory. They maintain 
that the burden of proof should be on defenders of multiple realizability, not its detractors. See Aizawa 
& Gillette (2009), and also Fang (2018) for counterpoint. There are also alternative characterizations of 
MR that allow for realizations that exhibit differences in functional organization to nevertheless count 
as alternative realizations of the same functional profile (e.g. Piccinini & Maley 2014). My argument is 
directed only at the canonical formulation from Putnam and Fodor inherited by mainstream philosophy 
of mind and much of cognitive science.

5  See Bullock (2005) for a survey of these reasons, and Cao (2014) for a philosophical perspective.
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neural properties. Add to this the presumption that neurons are relatively simple enti-
ties—transistor-like all-or-nothing switches, for instance—and it becomes clear why 
people have taken it to be obvious that multiply realization is true at all levels of 
functional organization.

Undermining the presumption that neurons are easily replaceable by non-biolog-
ical substitutes will cast doubt on the claims of MR proponents more generally. I’ll 
then give some reasons for why I think those considerations against low-level MR 
may generalize to more macro levels of organization, before examining the implica-
tions for non-chauvinist functionalism more generally.6

2  Why neurons—and brains—are hard to replace

2.1  The neural replacement scenario

In one vivid example, Chalmers (1995) describes a scenario in which a person’s neu-
rons are replaced, one by one, with silicon functional duplicates, until all the work 
of the brain is performed by an entirely artificial system.7 The resulting alternative 
realization is supposed to be an exact functional duplicate of the original over a short 
period of time.

Its replacement is a silicon chip that performs precisely the same local function 
as the neuron. We can imagine that it is equipped with tiny transducers that take 
in electrical signals and chemical ions and transforms these into a digital signal 
upon which the chip computes, with the result converted into the appropriate 
electrical and chemical outputs. As long as the chip has the right input/output 
function, the replacement will make no difference to the functional organization 
of the system.

It is true that if the silicon chip has the right input/output function, then the replace-
ment will make no difference to the functional organization and behavior of the sys-
tem, since that is just what the functional organization is supposed to capture. The 
key question is: can a silicon chip do these things, given the nomological constraints?

6  With the advent of neural network models and concomitant advances in artificial intelligence, it might 
seem that these considerations have already been found irrelevant. But in fact, the way in which those 
models succeed, when they do succeed, serves to underline the importance of the constraining relation-
ship between functional demands and physical implementation.

7  Pylyshyn (1980) and others have introduced very similar thought experiments. Pylyshyn writes: “…if 
more and more of the cells in your brain were to be replaced by integrated circuit chips, programmed in 
such a way as to keep the input-output function of each unit identical to that of the unit being replaced, 
you would in all likelihood just keep right on speaking exactly as you are doing now …” I should also 
note that while Chalmers was concerned to make a point about conscious experience,I’m concerned here 
only with whether the functional organization of the brain ismultiply realizable, and not whether the 
organizational invariance thesis about conscious experience is true. (Everything in this section will be 
compatible with a thesis of organizational invariance, since invariance claims only that same organiza-
tion entails same mental state, with no commitments about whether that functional organization can be 
realized by different physical systems). 
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To begin with, notice that by focusing on neuron replacement, the replacement 
theorist is tacitly accepting whatever turns out to be the best scientific account of the 
brain’s functional units — not just picking them out, but also characterizing their 
functional role. That means that as our best scientific account of neural function 
improves, proponents of MR should update their bets accordingly. I would add that 
since these are empirical claims, the burden of proof should lie at least as heavily on 
proponents of MR as on its opponents.

In order to specify the input-output function of a silicon chip replacement, we need 
to specify the input-output function of the neuron that it is replacing. On our best neu-
roscientific understanding, the input-output function of a neuron is not exhausted by 
electrical excitation on the input side and an all-or-nothing signal on the output side. 
At the very least, the I/O profile of a successful replacement neuron should be suf-
ficient to account for the original’s contribution to behavior and to the electrical exci-
tation of other neurons—and what is required for that is considerable more complex: 
spatially varying, history-dependent sensitivity to a variety of biochemical impinge-
ments on the input side, and then outputs that include self-modification8 and changes 
in connectivity as well as action potential generation and neurotransmitter release.

These requirements provoke constraints that are not merely practical or technolog-
ical ones. Rather, they are nomological constraints of the same kind as those that tell 
us that that water is not superconducting at room temperature, or that the biochemi-
cal constitution of DNA molecules limits their possible three dimensional configura-
tions. I’ll examine the requirements and constraints one at a time below.

2.2  Why neural replacement is hard

a)	 Spatiotemporal characteristics of a neuron’s spiking responses.

Neurons are not simple bipolar devices. Rather, they are spatially extended, with 
broad dendritic arbors (these may span a volume hundreds of microns across, while 
the cell body is only about 40 microns across) and often significant axon lengths (e.g. 
across the corpus callosum). As a result, inputs to the cell are spatially distributed 
in functionally significant ways; how they combine to produce outputs (which are 
also spatially distributed) is related to their relative arrival times as well as intracel-
lular propagation speeds. Furthermore, those conduction speeds change constantly, 
since the conductance of the cell membrane changes depending on what is currently 
happening.9

Size matters more generally because spatial locations matter for determining 
which interactions happen and when—changing the size and shape of the replace-

8  It seems reasonable to generalize the idea of the “output” here to include internal changes, because when 
the unit changes its own state, it also changes its future dispositions to respond to input, and thus its input-
output profile considered over a longer time interval.

9  To complicate things further, from the point of view of action potentials, the relevant functional unit may 
not be the whole neuron, but rather a single dendrite, or perhaps a group of them, which propagate local 
spikes resulting in local neurotransmitter release, but which rarely if ever have any effect on the cell body 
or axons. See London and Hausser (2005) and Mel (2007) for reviews.
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ment units will change whether and how they interact with the rest of the system, and 
thus potentially alter the functional organization of the area.

Neural responses are also history-dependent—and it is part of their function that 
this is the case. Only then can they make dynamic adjustments to changing circum-
stances. Thus a neuron will respond differently to identical inputs depending on 
what its recent history has been, and very small differences in history can have large 
impacts on the output at a given time. So both morphology (or equivalently, just the 
right configuration of delay and amplification or attenuation elements) and history-
dependent features of the neural I/O profile would need to be engineered into the 
chip.

So far this is all the sort of thing that could, in principle, be calculated or simulated 
by other means, given enough time and resources—but it is not obviously the sort 
of the thing that could be calculated quickly enough, using a device small enough to 
replace an actual neuron.10 When we consider simulating molecular interactions at 
the same space and time scale at which they actually fluctuate, it might well turn out 
that there is no alternative that can work as quickly as implementing the actual analog 
process itself.11 As Aaronson (2011) argues, sometimes complexity limitations are 
principled ones, rather than merely practical ones.12

We might have thought that silicon (where “silicon” is a shorthand for whatever 
combination of materials make up our artificial chip) provides naturally faster speeds 
than neural conduction. After all, we hear all the time that silicon based hardware is 
“faster” than biological wetware, and this is clearly true for certain operations. Since 
it’s much easier to introduce delays than to speed up a process already running at its 
maximum speed, we might also have then supposed that there is plenty of excess pro-
cessing capacity in a silicon chip to model or mimic whatever idiosyncrasies occur 
in a biological cell. And if the cell’s input/output function were relatively simple, I’d 
agree with this assessment. If, however, the cell is more like a sophisticated analog 
computer that is fully exploiting many of its physical features in order to perform 
complex “computations”, then that assessment seems too optimistic.

I have until this point glossed over distinctions between different kinds of func-
tionalism. But it is worth emphasizing that what we care about is a dispositional 
input-output function that includes failure profiles and system properties such as 
robustness to various kinds of noise or interference. These are matters on which a 

10  Speed matters because behavior is partly individuated temporally, and the functional significance of 
many mental or psychological states relies on response speeds and the right kind of temporal coupling 
either to other processes or to the environment. For more on the role of speed, see Dennett’s Fast Thinking 
(1987).
11  When we consider the massive computational cost of simulating a single protein-protein interaction 
for less than a millisecond, it should give us pause about the plausibility of large-scale simulations of 
molecular dynamics over physiologically relevant periods of time. For a discussion of the constraints faced 
by such simulations, see Hollingsworth and Dror (2018). Computation may be universal in theory, but 
enough orders-of-magnitude differences between the simulation efficiency and the original can pile up to 
make some simulations nomologically impossible in the time and space available. “Quantum supremacy” 
might be thought of as an extreme example of the constraints imposed on the computational medium by 
a computational task.
12  “Why Philosophers Should Care About Computational Complexity”, Scott Aaronson (2011), Electronic 
Colloquium on Computational Complexity, Report No. 108.
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crude machine functionalism would be silent, but ones that matter for a modern func-
tionalism given in terms of a full specification of the causal roles of the components 
of a system. Moreover, insofar as the input-output profile of the whole system is char-
acterized in terms of actual interactions with its environment, the size and speed of its 
components will be factors that are relevant to its functional organization. Of course 
it is relative size and speed that matter (relative to other processes in the system and 
the environment), but we are holding the environment fixed in these replacement 
scenarios. That is, if we are long-armed functionalists, then facts about the environ-
ment will anchor realizations to particular spatiotemporal scales, both externally and 
internally, and that in turn constrains possible realizers.13

b)	 Transducers and chemical signaling

We also have to take into account the many kinds of input: excitatory, inhibitory, 
and other biochemically mediated modulations that affect the particular way that 
excitatory and inhibitory signals are combined. Action potentials depend on tens of 
thousands of selective ion channels, with dynamics that are sensitive to the local bio-
chemical milieu. In order to duplicate the functional sensitivity of a single neuron to 
its neighbors, we would need a large number of sensors/transducers.

How many? We would need one for every ion channel (of which there are tens of 
thousands in a cellular membrane, each with highly specific conductance curves for 
different ions14) and receptor protein in the neuronal membrane. They would need to 
mimic not only the particular ion specificity of the original channels, but also their 
widely varying gating capacities, including non-linear voltage sensitivity (the occur-
rence of which in natural sodium channels is responsible for neural spiking) and 
ligand sensitivity (in which their conductance is modulated by signaling molecules).

We also have to deal with instances of diffuse signaling, which are not limited to 
a discrete and specifiable number of synaptic locations on the cell’s membrane. One 
kind of signaling involves nitric oxide (NO), which is one of several short-lived and 
highly reactive molecules synthesized on demand by endothelial cells in the brain’s 
blood vessels, as well as by astrocytes and neurons. Post-synaptic neurons use it to 
signal to pre-synaptic neurons (one of the mechanisms for depression and facilita-
tion of synaptic transmission). Nitric oxide diffuses freely across cell membranes.15 
How does a piece of silicon, not naturally sensitive to nitric oxide, either produce this 
molecule or respond to it?

More surface transducers (which could not themselves be made of silicon) would 
not suffice: because NO can drift through the cell membrane, the silicon replacement 
would need to be able to detect NO at all and any of the locations that NO could have 

13  Giving up that anchoring raises familiar triviality problems with functionalism—see e.g. the problem of 
inputs and outputs, Block (1978). Perhaps these troubles can be set aside, so long as the transduction map-
ping from the environment to input (and from output to physical behavior) is relatively straightforward.
14  The flow of ions across the cell membrane, via these channels, is what controls the propagation (or 
failure to propagate) of action potentials through neurons.
15  See e.g. Hardingham and Fox (2006), Garthwaite et al. (2006), Steinert et al. (2008), and Steinert et al. 
(2011) for descriptions of the effects of nitric oxide in the brain. For a review of other extrasynaptic and 
diffusible neurotransmitters, see Del-Bel and De-Miguel (2018).
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encountered in the original neuron, including internal sites where it acts to change the 
configuration of proteins involved in cell-internal signaling pathways—pathways that 
act to change future neural responses. So the silicon replacement would need to rep-
licate the fine biophysical properties of specific proteins, at arbitrary locations within 
the cell, not just on its surface. This starts to look impossible, not just difficult—are 
there such sensors that are both small enough and able to interface effectively with a 
silicon chip? Or if our target neuron is itself a producer of nitric oxide, how will we 
store or synthesize that highly volatile stuff on demand without employing the usual 
enzymes and regulatory mechanisms?

c)	 Biophysical sensitivities

Our brains are sensitive to temperature, so that neurons have more trouble firing as a 
brain region is cooled (on a scale of 1–2 degrees C). Temperature fluctuations in our 
brains, perhaps caused by changes in local activity and blood flow, can have func-
tional consequences. For a silicon chip to duplicate those dispositions to respond, it 
would need temperature sensors as well.

Taken together, the individual constraints surveyed so far point to a more general 
principle: that silicon chips are likely not to be the best substrate for an alternative 
realization, because responses that come naturally to chemical and biological sys-
tems have to be engineered explicitly into the silicon.16 That work is done for free in 
the original system—and in fact, it is probably because those physical features were 
already part of the original system that they were exploited for the system’s function. 
I’ll come back to this idea in Sect. 3, but the general idea is just the old observa-
tion that evolution tends to exploit existing features and recruit them to new uses. I 
think it’s important not to underestimate efficiency of analog machinery compared to 
simulating everything digitally when there are an astronomical number of interacting 
components to simulate.

The system’s dependence on the chemical and biological properties of its com-
ponents becomes more pronounced when we consider functionally relevant activity 
beyond electrochemical spiking.

d)	 Self-modification and other non-spiking effects

Electrochemical activity is not the only activity exhibited by neurons that contrib-
utes to the behavioral and dispositional profile exhibited by the system as a whole. 
Other “outputs”—by which I mean differences that make a causal contribution to the 

16  Marr (1982) mentions in passing that “some styles of algorithm will suit some physical substrates better 
than others. For example, in conventional digital computers, the number of connections is comparable to 
the number of gates, while in a brain, the number of connections is much larger (x 104) than the number 
of nerve cells. The underlying reason is that wires are rather cheap in biological architecture … [whereas] 
in conventional technology, wire laying is more or less restricted to two dimensions, which quite severely 
restricts the scope for using parallel techniques and algorithms; the same operations are often better car-
ried out serially.” (p.24 Vision). As it turns out, wire is not that cheap even in biology – some of the brain’s 
larger-scale functional organization (e.g the layout of visual cortices) seem to result in part from minimiz-
ing wiring length.
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functional profile of the system—include self-modification of the cellular architec-
ture in ways that can create new synaptic connections while eliminating old ones, or 
changing transcription and translation settings so that different proteins (including 
ion channels and neurotransmitter receptors) are present and active.

Nitric oxide—mentioned earlier—is synthesized on demand in response to vari-
ous kinds of subthreshold activity. Nitric oxide can trigger internal changes that affect 
neural plasticity. Other diffusible neurotransmitters include endocannabinoids, car-
bon monoxide, and hydrogen sulfide and hydrogen peroxide.

So we have some examples of inputs that produce no immediate spiking activity 
which may nonetheless change the neuron in such a way that its response profile to 
future inputs is very different.17 In order to duplicate the behavioral profile of a neu-
ron, the chip would need a way to store these changes so as to appropriately vary its 
dispositions to respond. By contrast, the biological neuron doesn’t need an explicit 
record—the “record” effectively exists in the carefully orchestrated activities of its 
panoply of internal signaling molecules, engaged in finely-tuned biochemical pro-
cesses, each with its own distinctive time scale relative to the input-output activities 
of the cell.

e)	 The functional role of glia and other non-neuronal cells

There are also biochemical functional interactions on both the input and output 
sides with non-neuronal brain cells (glia) which do not themselves produce action 
potentials. We know that astrocytes play important roles in the regulation of synaptic 
transmission, partly through their re-uptake of neurotransmitters at the synapse, and 
partly through their own release of neurotransmitters.18 As we’ll see, the replacement 
theorist reasonably agrees that if glial cells play a non-trivial role, they will also be 
replaced as functional components of the system.

An astrocyte replacement would look very much like the silicon neuron replace-
ment we have already described. It would have to be able to contact the hundreds of 
neurons (or neuron-replacements) within a normal astrocyte’s 200-300 micron range. 
It would have to be able to send its modulatory packages of transmitters at the right 
times, in the right places. These are daunting challenges, given the tiny space we have 
to work with, and the material constraints imposed by the necessity of having the 
replacement be sufficiently physically compliant and immunologically inert so as to 
not damage its neighbors. Inflammation would be a major problem for any replace-
ment that was unable to soothe the immune system.

17  Is this capacity for plasticity merely a second-order feature that doesn’t matter for the core case of say, 
perceiving or acting at an instant? Perhaps if we are only concerned with functional duplication at the scale 
of hundreds of milliseconds, we may ignore plasticity, which plays a more prominent role in learning and 
memory. However, even at shorter time scales, sculpting or self-modification processes may matter for 
phenomena such as adaptation, as well as for the stability and robustness of the system.
18  See Nedergaard et al (2006), Haydon and Carmignoto (2006), Halassa and Haydon (2010) for reviews 
of the functional roles of astrocytes in synaptic regulation, and Allen & Eroglu (2017) for a comprehensive 
review of astrocyte-neural interactions.  See Angulo et al. (2004) and Perea & Araque (2007) for some 
suggestive results about the effects of astrocytic glutamate on neural activity in hippocampal slices.  Astro-
cytes have more recently been shown to directly control behaviors in vivo including chemotaxis and startle 
responses in fruit flies. (Ma et al. 2016)
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We might be tempted to say that glia contribute to mental states only through their 
modulation of neurons. That would mean that there is after all no need to include 
astrocytes themselves—all we would need to do is build into the neuron-replace-
ments the same patterns of activation that they would have had if there had been 
astrocytes. Such an attitude leads inexorably to behaviorism.

Consider: what does any particular central neuron do? Unless it is among the 
extreme minority that receive direct input from the periphery, or project out of the 
brain, what it does is modulate other neurons, its own physiology, and perhaps its 
own morphology. The neurons which receive its outputs then do the same. In essence, 
only the “output” layer, or the set of neurons immediately prior to muscle activation, 
can be said to be doing anything beyond modulation. The argument against including 
astrocytes in our alternative realization works just as well against neurons—which is 
to say, too well; we’d be throwing out the brain with the plumbing if we only consid-
ered the most superficial input and output layer of neurons as functionally relevant.

More generally, for the system to transition from state to state via a different pro-
cess is for it to exhibit a difference in functional organization. If the system reaches its 
current state B as a consequence of the actions of glia and neurons in the immediately 
preceding state, then it is exhibiting a different functional organization than that of 
a system which reaches the identical state B through the actions of neurons alone, at 
least if the functional profile we are trying to duplicate is given at the single cell level.

Thus the temptation to subsume inconvenient functional components into their 
more convenient neighbors (although as we have seen, neurons are not so conve-
nient either) should be resisted if what we are after is a duplicate that preserves the 
functional organization of the system. It’s true in any modular organization that we 
can shift the functions of some components into others—but then we have changed 
the organization. And if the internal organization doesn’t matter, then we are back to 
a kind of behaviorism—and that is a view most proponents of multiple realizability 
would not endorse.

2.3  Wholesale replacement and the pervasiveness of interface problems

Now it might seem that all these nasty complications arise only when we try to replace 
a single cell. For the purposes of an argument for multiple realizability, what really 
matters is the wholesale replacement scenario, in which all these messy interfaces 
between cells could be eliminated in favor of clean and efficient signaling connec-
tions of whatever kind turn out to be most easily implemented in silicon. Instead of 
changing the physical shape of cells and whether or not they physically contact each 
other, or changing their protein configurations in order to modulate their sensitivity, 
couldn’t we simply insert updating functions that tell them which inputs to pay atten-
tion to, and how much? This brings us to the next part of the replacement scenario, 
where, as Chalmers describes it:

“…we replace two neighboring neurons with silicon chips. This is just as in the 
previous case, but once both neurons are replaced we can eliminate the interme-
diary, dispensing with the awkward transducers and effectors that mediate the 
connection between the chips and replacing it with a standard digital connec-
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tion. Later cases proceed in a similar fashion, with larger and larger groups of 
neighboring neurons replaced by silicon chips. Within these groups, biochemi-
cal mechanisms have been dispensed with entirely, except at the periphery. In 
the final case, every neuron in the system has been replaced by a chip, and there 
are no biochemical mechanisms playing an essential role. (I abstract away here 
from detailed issues concerning whether, for instance, glial cells play a non-
trivial role; if they do, they will be components of the appropriate functional 
organization, and will be replaced also.)”

Now, even though each functional component still has to play the same role in the 
system as the original cell that was replaced, the medium in which they interact with 
each other is no longer constrained. Once we are looking at wholesale replacement, 
it seems that it should be open to us to realize the inputs and outputs of each unit in 
whatever form will get the job done. Surely it is contingent that our cells use gluta-
mate as inputs, or sodium ions to produce action potentials when what really matters 
is something like “activation according to a spatio-temporal distribution character-
ized by this mathematical expression with these parameters”, and perhaps “activity-
dependent changes to the activation rule.”

If getting an input-output-and-self-modification rule for the unit is all we need, 
then we should be able to dispense with at least some of the transducers we had pre-
viously been using (for intra-brain interactions), even if we still must keep the ones 
involved in interfacing with the rest of the body. So even though the whole system is 
still anchored to biochemistry at every border, we have won some elbow room.

Or have we? How many biochemical mechanisms can we really dispense with? I 
say it is many fewer than the replacement theorist might have thought: we will still 
need sensors, because in order to produce the appropriate responses to characteris-
tics of the local non-neuronal environment, the relevant characteristics must first be 
detected. For example, we need to know what the concentrations of various mol-
ecules are at different locations on the interface between our wholesale replacement 
and the biochemistry at the borders. And we still need transducers capable of generat-
ing biochemical output if we are to maintain an indistinguishable interface with the 
tendrils of the rest of the biological body that are everywhere in the brain, from the 
vascular system to the cerebrospinal fluid.

The third main population of cells in the brain after glia and neurons are the cells 
associated with the cerebral vasculature. In addition to transporting metabolic fuels, 
oxygen, and removing waste products, blood flow is also responsible for transporting 
signaling molecules from elsewhere in the body, including small molecules that cross 
the blood-brain barrier (or else psychotropic drugs taken orally would not work). 
These molecules include ones that signal satiety from the gut, feedback from skeletal 
muscles, and hormones, which affect cognition as well as behavior.

If part of the generation of fear involves one part of the brain communicating with 
another part of the brain via a signal that stimulates the adrenal glands atop the kid-
neys to start pumping out adrenaline, then any principled account should include the 
adrenal glands in an organizational structure that gives an account of how the mind 
comes to be in a fear-state. That brain-external epinephrine source is also respon-
sible for improved memory consolidation after stressful experiences (McIntyre & 
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Roozendaal 2007). A move to exclude the adrenal glands looks arbitrary from the 
point of view of an accurate functional characterization of the system.

The key point is that it is not enough for the replacement theorist for a replace-
ment brain merely to produce the same outputs given the same inputs, if it does so 
using internal parts that have a different I/O profile from the original components of 
the system. Because we require a fine-grained functional duplicate, and not just a 
behavioral one, producing the same outputs via parts that have a different functional 
organization is not a genuine case of multiple realization.

The output of the blood vessels, to which every cell in the brain is exposed, makes 
it so that there is no clear boundary to the brain within which we can rest assured 
that the only inputs a brain cell receives are from other brain cells. The blood vessels 
carry causal influences to and from the rest of the body in ways that affect the inner 
functional organization of the brain, and not just its sensory inputs and behavioral 
outputs.19 Can we replace the blood vessels as well? Not without re-jiggering the rest 
of the circulatory system and the body.

The problem is that “the periphery” is actually everywhere, and interactions 
between the brain and the rest of the body are not neatly confined to small and 
localized interfaces (say at the spinal cord, cochlea, and retina). So even “just” the 
biochemical mechanisms at the periphery will still present a significant challenge. 
To make neural replacement plausible, we need to be able to partition off the parts 
important for mental functioning from the rest of the body. But contra armchair neu-
ral replacement enthusiasts, no matter how many neurons (and glia) we replace, there 
will always remain significant biochemical residue, because the functionally impor-
tant parts of the brain are inextricably bound up with rest of the body. As Dennett 
puts it in Kinds of Minds (1996), “one cannot tear me from my body, leaving a nice 
clean edge.”20

But even if we can’t tear the brain from the body, we might ask: why not an alter-
nate realization of the whole body-brain bundle? The response is the same: Even 
if it were possible for such a bundle to realize the same behaviors, it would not be 
due to its identical functional organization. Rather, it will be because differences in 
its functional organization accommodate the differences in its material constitution, 
with mutual compensation allowing the system to approximate the original behav-
ior.21 These compensatory differences, rather than making an alternative functional 
organization possible, instead rule it out: by the standards of the non-behaviorist 
functionalism we started out with, differences in functional organization entail dif-
ferences in mental properties, including potentially differences in the qualitative fea-
tures experienced. This is not a problem for functionalism per se, but only a problem 
for consequences of functionalism that rely on or entail multiple realizability.

19  For an exploration of the implications of these influences, see Moore and Cao (2008).
20  See also Wimsatt (2006) on the shortcomings of interface determinism – assuming “that all that counts 
in analyzing the nature and behavior of a system is what comes or goes across the system-environment 
interface.”
21  Aizawa and Gillett (2009) have argued that compensatory adjustments suffice to support multiple realiz-
ability. See also Aizawa (2013).
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There is also the background issue of how to circumscribe functional decomposi-
tions of the system so as to rule out gerrymandered solutions. Searle (1990) and Put-
nam (1988) worried that any system with sufficiently many discernible states could 
be interpreted as having practically any functional organization you liked.22 When 
there is no commitment to particular components, (cf. Godfrey-Smith (2008, 2009), 
Wimsatt (2007)) there is a worry that a functional description (e.g. formalized as a 
finite state automaton) is constrained only by the behavior of the whole system. As 
noted at the beginning of the paper, this allows for multiple realizability, but at the 
expense of giving any explanation of how mental states work.

Chalmers (1996) develops a formalism for combinatorial-state automata to 
address the problem and proposes that one possible restriction on functional decom-
position is that the components have to be spatiotemporally continuous and relatively 
localized. In a similar vein, Godfrey-Smith (2008, 2009) suggests that the “obvious 
way to restore the lost content to functional description is to move back towards the 
requirement that occupants of roles have independent standing as real parts of the 
system.” So an additional reason to embrace the neural level is that those are very 
solid entities upon which to base an observer-independent decomposition of the sys-
tem into functional parts. Brain cells are not gerrymandered constructs, or visible 
only relative to one functional decomposition; rather, they are robustly re-identifiable 
entities with independent theoretical and empirical justification. If we are to break up 
the system into different pieces, they too must satisfy the criteria for being legitimate 
role-occupants.

The trade-off between producing an effective behavioral profile and preserving the 
same functional organization is evident in existing systems that predict or reproduce 
very specific human behaviors, for example chess-playing machines. In many situa-
tions, a cheap chess-playing machine might produce the same moves as an excellent 
human player. But even at quite abstract levels of description, such a machine does 
not have the same functional organization as the physical realization of our chess-
playing capacity.23 For example, the machine will scan through many more possi-
bilities than a human player would—it is trading off speed of search (made possible 
by its physical architecture) to compensate for the lack of certain kinds of human 
perceptual capacities (made possible by our physical architecture) that pick out more 
relevant possibilities from less relevant ones.

What we are supposed to be after in a system endowed with mental states (rather 
than merely artificial intelligence) is not just problem-solving, but problem-solving 
in a characteristically human way. So when the system makes errors, we want them 
to be the kinds of errors that we would make. To get that profile, we need the rest 
of the system, which is exactly what I’ve tried to show is extremely difficult to get 
without preserving the material substrate. I suppose that if we care only about states 
that are vaguely similar to our human ones, then a sufficiently relaxed standard of 

22  See Sprevak (2018) for a thorough discussion of triviality arguments in this vein.
23  To say otherwise would be to argue for the existence of a kind of functional structure that could not in 
principle be denied, regardless of the actual physical organization of the components and how they inter-
act. That would be to leave behind the crucial functionalist requirement that functional components are 
individuated by their causal roles within the organization of the system. I will come back to this in Sect. 4.
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similarity would be satisfiable even given everything that I’ve said. But I believe to 
make this move is to give up on any explanatorily interesting functionalist thesis. I’ll 
discuss this further in the final section.

3  Generative Entrenchment and the Multiplication of Constraints

The importance of biological details described so far goes against the received view 
in the philosophy of mind. But perhaps this shouldn’t be surprising, but rather, exactly 
what we should expect, given that neurons and brains are biological entities evolved 
within a biological organism. Complex integrated functions are less likely to be mul-
tiple realized than simple modular ones, and the principle of generative entrenchment 
tells us that we should expect complex integrated functions in evolved systems.

3.1  Multiplexed functions multiply constraints

From an everyday perspective, it may seem obvious that function constrains material 
make-up. A bicycle chain cannot be made of just anything—certain physical proper-
ties are required in order for it to perform as required within the functional organiza-
tion of the bicycle. Swiss cheese would make for a terrible bicycle chain, let alone a 
mind. Functional properties are not nomologically independent of material proper-
ties. Furthermore, not all physical materials are candidates for all functions. There 
are excellent reasons that our computer chips are made of an exact combination of 
silicon doped with other elements, and not, say, water with a bit of CO2. We could 
make some kind of computer out of water and pipes, but it would not have the same 
fine-grained functional profile at the level of speed, size, or reliability.24

The usual examples used to illustrate the independence of physical description 
from functional description tend to be relatively simple man-made artifacts, such as 
mousetraps and corkscrews. These artifacts, unlike the brain, do have easily decom-
posable non-holistic structure. That is, there is both a clear functional decomposition 
of the task (bottle opening) into subtasks (grasping the cork, transmitting external 
force to lift the cork relative to the bottle), and a clear assignment of these subtasks to 
specific physical subcomponents of the artifact (the screw, the lever arms). Moreover 
the interface of the physical components with each other is simple (low-bandwidth), 
and only depends on a few of the physical properties of the components. This modu-
lar organization makes it easy to imagine replacing any one component with another 
one that does the same thing (relative to the relevant level of description)—“has the 
same input/output profile”—but is made of a different substrate.

Even the more sophisticated examples of multiple realization involve domain-
specific activities. If we consider the achievements of expert systems such pokerbots, 
Watson, deep neural networks for image recognition, or self-driving cars, it seems 
plausible that highly domain-specific capacities are multiply realizable. But plucking 

24  This kind of point has also been made at length by Shapiro (2004), and Polger and Shapiro (2016). 
Where I have focused on the brain itself, Shapiro makes the argument in the context of mental function 
constraining the physical properties of the body as a whole.
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out one process and showing it to be multiply realizable in no way shows the whole 
system to be so—because a single capacity in isolation doesn’t have to play nice with 
other processes in highly complicated and specific ways.25

Furthermore, the more different functions a particular component needs to sub-
serve, the more constraints its make-up will need to satisfy. So for example, if a 
component in a functional system needs to be able to switch from high to low voltage 
at 100 Hz, and not heat up more than a degree while doing so, and also be sensitive 
to small vibrations in the table (perhaps it needs to turn off when someone walks into 
the room), then we are down to a very few materials, if any.26

Material properties do not just come in any combinations we want—sometimes 
the only way to get something of a certain size and charge is also to get something 
gold and shiny and of a certain density. If we want an alternative realization, then 
even if the functional properties are preserved, some of the non-functional properties 
might change.  If many physical properties are involved in producing the function (or 
there are many functions which need to be subserved, which each rely on different 
properties of the substrate), then there will be fewer (or no) non-functional properties 
left to swap out in an alternative substrate. The more different functions need to be 
realized simultaneously, the more bumps under the rug we will have to push around. 
Only the original rug will lie flat on the original fine-grained functional specification.

The functions in the electromechanical example above are decomposable: we 
could make a different subcomponent to deal with each requirement, and then put 
them together to satisfy the functional characterization of the part as a whole. So 
we could have a switching part, a cooling or thermoregulatory part, and a vibration 
sensor hooked up to a kill-switch. Each of those parts could be made of any number 
of materials (especially if the size constraints aren’t too onerous), and so the whole 
component could also be made out of any number of materials.

By contrast, functional components of the brain tend to have functions that are not 
easily decomposable—each job is intertwined with many others, and they all need to 
run simultaneously. I will call this multiplexing of functions. Without decomposabil-
ity, all the relevant functional constraints have to be satisfied by the same component 
at the same time, and this is the strongest reason that the brain’s functional organiza-
tion cannot be realized in an alternative substrate, and a constraint that holds not just 
for fine-scale neural function, but also more coarse-grained characterizations of the 
internal workings than the ones I’ve considered so far. 

25  It is sometimes argued that paradigmatic mental processes such as problem solving must be multiply 
realizable because an answer is an answer—whether it is spoken or displayed on a screen or demonstrated 
in action. But this is to confuse the medium independence of the outputs of a process with the multiple 
realizability of the process itself. Furthermore, the outputs are only medium independent because we, the 
consumers of the outputs or answers, are able to easily translate them into the appropriate form to make 
sense of them in the context in which they are produced. So for example, we don’t care what form the 
outputs of the chess machine are (if they are a certain pattern of bright pixels in a display, or a voice saying 
“Knight to Q4”, or the physical movement of a chess piece), because we are capable of translating them 
into the form appropriate to the exercise (of playing chess) that is being undertaken.
26  This principle can be seen at work elsewhere in biology, for example, in the context of neutral processes 
in evolution: “Important proteins are more constrained and their amino acid changes are less likely to be 
neutral.” (Ohta 2001).
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3.2   Generative Entrenchment

Whence this difference between brains and artifacts? The source of the brain’s entan-
gled internal organization is what Wimsatt calls generative entrenchment: 27

A deeply generatively entrenched feature of a structure is one that has many 
other things depending on it because it has played a role in generating them 
… Systems shaped by selection processes show significant degrees of adapta-
tion, so things that become entrenched in them are commonly elements or parts 
of functional designs …with accumulating dependencies, seemingly arbitrary 
contingencies can become profoundly necessary, acting as generative structural 
elements for other contingencies added later.
(pp 133–135, Re-Engineering Philosophy for Limited Beings, 2007)

As systems evolve and become more complex over time, many functions tend to get 
multiplexed onto the same components, because that infrastructure is already there 
and available—in some sense, “free.” So components that previously played only 
supportive or metabolic functions in an organism might become involved over time 
in realizing functions that seem more paradigmatically mental—for example, pro-
ducing coordinated responses to a changing environment. And because the metabolic 
functions are crucial to the survival of the system, they cannot be eliminated without 
bringing the whole edifice down with them.

As the discussion on neural replacement above shows, brain function relies on a 
larger subset of the material properties of its realizers than human artifacts such as 
mousetraps. The more material properties a system exploits in order to perform its 
function, the harder it will be to replace the material the system is made of. Over the 
course of the evolution of the very complex system that is the brain, readily avail-
able properties have had their effects co-opted as functions which then contribute to 
the operation of the system as a whole. So while a mousetrap has plenty of “unem-
ployed” properties to spare after its behavior and functional organization have been 
accounted for—properties that could be different in an alternate realization without 
affecting the function—the brain does not.28

Moreover, the specification of a particular substrate even at the sub-cellular level 
produces constraints that ramify upward to the cellular level. Once a few simple 
molecules or components are fixed (say water or oxygen), they then constrain the 
components that can smoothly interface with them in the right ways, which pose their 
own constraints in turn on other components, until possible realizations of the whole 
system have been clamped down to options not significantly different from our own 
biological one. Being embedded in a biological system locks down the kinds of roles 
that functional components must play. To quote Dennett again,

27  Introduced in Wimsatt (1986).
28  The brain’s grayish-pinkish hue is not one of its functional properties. But there is plausibly no collec-
tion of substrates, which together look green, which could also duplicate the exact functional properties of 
the brain, and so a green functional duplicate of the brain is not nomologically possible.
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As systems become perceptually richer and behaviorally more versatile, it 
becomes harder and harder to make substitutions in the actual links of the sys-
tem to the world without changing the organization of the system itself … There 
comes to be a growing two-way constraint of growing specificity between the 
device and the environment…We are so multifariously and intricately con-
nected to the world that almost no substitution is possible—though it is clearly 
imaginable in a thought experiment.” 29

Dennett’s point holds not just for the intricate connections between creatures and the 
world they live in, but also those between the brains, metabolic systems, and bodies 
of creatures with minds. Metabolic stuff is tightly intertwined with the information-
processing stuff, and in the brains of creatures like us, you cannot have one without 
the other. I suspect that few proponents of MR would want to argue that metabolism 
is multiply realizable in the same way—perhaps because the point of metabolism is 
to exploit particular substrate-specific physical properties (e.g. of storing or releasing 
energy), rather than abstracting from them so as to implement some informational 
process. But if metabolism is tied to a particular set of substrates, then it will anchor 
the information-processing stuff along with it.

3.3  Examples of generative entrenchment in the brain

Glia are a good example of the evolutionary co-option of existing infrastructure for 
novel functions. Glia precede neurons in development; they are necessary for neural 
survival in virtue of providing metabolic support, and they modulate neural activity 
responsible for cognitive activities such as memory formation. More interestingly, 
there is some evidence (e.g. Han et al., 2013) that glia play a more substantive cogni-
tive role in humans than in simpler organisms (which don’t exhibit those cognitive 
capacities in the first place). So we see a component that initially plays only a sup-
portive or permissive metabolic role becoming integrated into the cognitive archi-
tecture over evolutionary time. This pattern of dependence between metabolism and 
what might be termed “informational” capacities shows up at many different scales 
within the organism.

At the cellular level, neural adaptation is a metabolic feature of neurons that also 
plays an information processing role. In adaptation, cells quickly become less excit-
able after initial activation. This can be a direct consequence of resource depletion—
it takes time for a cell to recover completely after firing an action potential, or for a 
synapse to “recharge” after releasing neurotransmitters. But in sophisticated nervous 
systems, adaptation has come to be exploited by the system as a way of detecting 
novelty—a change in the patterns of stimulation produces more activation than the 
same stimulation over and over again. Given a framework in which lowered activity 
functions to signal lack-of-novelty, further mechanisms can then be scaffolded on, in 
which active suppression (perhaps top-down) can play the same role of downgrad-

29  Dennett (1990). My contention is that the “thought experiment” proposed is one that must ignore nomo-
logical constraints such as chemistry-in-our-world. Although Dennett is often considered a behaviorist, his 
arguments lend a surprising amount of aid and comfort to this chauvinistic functionalist.
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ing the significance of some response for the rest of the system. When fMRI studies 
invoke “repetition suppression” now, they use a name which highlights the function 
as an active part of the system, rather than merely a side effect of temporary resource 
depletion.

Zooming in to the molecular level, we have ATP (adenosine triphosphate), com-
monly described as the energy currency of the cell. ATP evolved long before any 
kind of nervous system. In the brain, as elsewhere in the body, ATP is the high energy 
product of cellular respiration, and is trafficked around the cell and used as the mobile 
power source for ion pumps, protein regulation, and protein synthesis. These meta-
bolic functions appear entirely and merely/only biological, and one might suppose 
that they play no role in causal economy of the brain that gives rise to mental states. 
However, ATP also plays an role in intercellular signaling in the brain. Astrocytic 
calcium waves, which have been shown to modulate neural activity, propagate via 
ATP. ATP is also degraded in the extracellular space into adenosine, which inhib-
its neural spiking activity, and seems to be a primary determinant of sleep pressure 
in mammals. Within neurons, ATP hydrolysis is one of the sources of cyclic AMP, 
which is involved in numerous signaling pathways within the cell, including those 
that modulate the effects of several neurotransmitters producing effects on the neuro-
nal response to subsequent stimuli in less than a second. Cyclic AMP is also involved 
in the regulation of intracellular calcium concentrations from internal stores, which 
can have immediate and large effects on the efficacy of neurotransmitter release from 
a pre-synaptic neuron.30

We can see that the kind of physical realization that whatever fulfills the role of 
ATP in the brain has to have is strongly constrained by the multiple roles it needs 
to play. While ATP’s close chemical and biological cousin GTP (guanosine triphos-
phate) can and does also work as an energy supply in the cell, it cannot perform the 
additional suppressive modulatory effects of extracellular ATP on neurons, because 
neurons have adenosine receptors, not guanosine receptors, to subserve those regula-
tory functions.31 Furthermore, since the relative concentrations of GTP and GDP are 
an important determinant of the speed and efficiency of G-protein coupled second 
messenger signaling cascades within the cell, having extra of either floating around 
would have a significant effect on the cell’s normal transactions, disrupting some and 
introducing others.

ATP is not alone in playing many roles. Lactate, an end product of metabolism in 
the brain, also serves as a signaling molecule that regulates neural excitability and 
plasticity (Magistretti & Allaman, 2018). BDNF (brain-derived neurotrophic factor) 
and other growth factors (including those released by blood vessels), products of the 
endocrine system, and classical neurotransmitters such as dopamine also play a diz-
zying array of simultaneous roles in the brain and body, both in development and in 
adulthood. Elaborate feedback regulation control ensures that the different roles are 

30  See Greengard et al (2001) for a review of second messenger systems in slow synaptic signaling, and 
Abbracchio et al. (2009) for purinergic (e.g. ATP) signaling in neurons, and Hamilton & Attwell (2010)and 
Zhang et al. (2003) on purinergic signaling from astrocytes.
31  Of course, neurons also have guanosine-sensitive receptors, but those produce yet other modulatory 
effects, some but not all of which overlap with the effects of adenosine.
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balanced against each other, but also produces a network of interdependencies so that 
perturbations in any of the systems in which the molecule is involved will produce 
further disturbances in the others.32

Molecular-level constraints can have striking consequences at the psychological 
and behavioral level. Dopamine, for example, is involved in generating motor com-
mands, reward prediction and learning, and regulation of blood flow. Fiddling with 
one function perturbs them all. For example, when patients with Parkinson’s disease 
are given L-DOPA (a dopamine precursor), a significant fraction develop gambling 
disorders even as their motor symptoms are relieved.33

Because of shared substrates, not just metabolism, but motor control, reward-based 
learning and other cognitive control functions become tied together in the functional 
architecture. Given a brain in which even simple molecules have many different roles 
to play (with effects at many size and time scales), and given the nature of the system, 
in which small differences can be amplified to have large effects, the constraints can 
quickly become prohibitive.34

3.4  Why can’t multiplexed functions be unbundled and separately realized?

Why is it that the multiple functional roles played by particular components cannot 
be decomposed, allowing individual functional roles to be alternatively realized by 
separate components? Why can’t we separate out the energetic role of ATP, and each 
of its distinct signaling roles from each other? Why not have one component that 
plays the energetic role, another that plays the extracellular signaling role, a third that 
plays the intracellular modulation role, and so forth? Suppose we did, along with fur-
ther components that make sure that these functions are all appropriately coupled, so 
that when ATP is depleted, they all slow down (i.e. preserving the original functional 
profile of the component). What then prevents us from putting a black box around 
the whole ensemble and saying, this is a single functional component that plays the 
ATP-role in the system.

Such an approach may work if there are not too many components or too many 
functions per component. But when there are many components and functions that 
would cross-cut the compositions of individual black-boxes, then attempting to 
duplicate functional interactions among them would result in a combinatorial explo-
sion of further components to discipline those interactions in the same way that they 
are constrained by their substrates in the original system. If on top of this there are 
space, timing or robustness requirements on the behavioral profile of the system, as 
we would expect for a functional duplicate of a mind, then the requirements will be 
difficult to satisfy.

32  Krishnan and Nestler (2010) provide an accessible review (focusing on depression) of some of these 
factors.
33  Pirritano et al.(2014); Schultz et al. (1997); for blood flow, see Krimer et al. (1998); for a review of the 
role of dopamine in cognitive control, see Ott and Nieder (2019).
34  Another term from Wimsatt (2007), the “causal thicket”, seems appropriate here. Causal thickets are 
where distinct levels and perspectives break down, so that no clear size scale or methodological fore-
grounding seems appropriate: “The neurophysiological, psychological, and social realms are mostly thick-
ets.” (p.239).
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Perhaps someone who believes that mental properties are inherently coarse-
grained compared to most salient biological properties will want to get off the boat 
here—even if modular decomposition of the system fails at the cellular or molecular 
level, it might still in principle re-emerge at a higher functional level. But it turns 
out that brain functions exhibit this lack of modularity at higher levels of description 
as well, meaning levels of description that might focus on cognitive or perceptual 
capacities rather than neurophysiology, as well as levels of description that focus on 
brain areas, rather than molecules or cells. So just as there isn’t only one thing that 
nitric oxide does, that we could draw a box around, and replace the whole nitric-
oxide system with a functional duplicate of, or a single thing that glutamate does, or 
only one particular thing that interneurons do, so too with larger chunks of the brain, 
characterized by what they do, such as "the visual system", or where they are, such as 
"the pre-frontal cortex". Parts of our visual systems are not just for figuring out what 
and where things are, but also contribute to the coordination of our circadian rhythms 
with external zeitgebers, which in turn regulate patterns of gene expression through-
out the body, including elsewhere in the brain in ways that dramatically affect behav-
ior. Going the other direction, if we consider a particular capacity, it often involves 
the interplay of many different brain parts, with important processes happening at 
many different temporal and spatial scales. Consider visual contour detection. The 
process involves the retina, on a very local scale, as well V1 and other brain regions 
along the visual pathway. Our absurdly good ability to detect even very noisy, faint, 
or fleeting contours is not based on acuity alone, but some complicated combina-
tion of “knowing how things ought to look” based on high-level (perhaps conscious) 
priors, and various parts of the visual system putting edge detection together with 
color discrimination, along with other low-level heuristics that we have no conscious 
access to. There is no single “contour detection” box that could be replaced in isola-
tion without interfering with the other functions that share infrastructure with the 
processes realize contour detection. The mapping from psychological capacities (or 
brain functions that we take to be important) to physically individuated parts in the 
taxonomy of neuroscience is in general not one-to-one.35

4  Can we loosen the constraints on multiple realization?

We’ve now reviewed some specific empirical facts that militate against the plausibil-
ity of neural replacement. I’ve argued that the principle of generative entrenchment 
can help us to see why it is not surprising that the functional causal roles in a complex 
evolved system will be interwoven so as to produce many constraints in their possible 
realizers. But it may seem that the argument proves too much. If the relevant “behav-
ioral” profiles are specified by maximally fine-grained response properties in every 
possible context, then it might turn out that nothing is multiply realizable: if there is 
any physical test that could distinguish the original from its putative duplicate, then 
they are not functionally identical with respect to their responses to that test.

35  See Poldrack (2006) and Anderson (2010) for summaries of the evidence against such proprietary 
assignments.
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I agree that fine-grained neural functional duplication is too demanding. That was 
only a convenient starting point, convenient both because the MR claim at the neural 
level has seemed so plausible to so many, and because we think that (all else equal, 
to account for meaning externalism) duplication of neural functional profiles should 
be sufficient for duplication of mental properties, given the usual physicalist assump-
tions about supervenience.36 But when we find that duplicating all the lower-level 
processes that have some effect on behavior turns out to be overwhelmingly diffi-
cult, and in retrospect unsurprisingly so, then we should pull back and commit only 
to what we really need, which is: functional duplication at just the level of detail 
required to preserve the relevant psychological properties, but not all functional prop-
erties whatsoever.

Standard functionalism, of the kind adopted by cognitive scientists and more 
recent philosophers, presumes some intermediate level of abstraction, below behav-
ior and above biology, that is “the functional level”. (Compare: Marr’s (1982) repre-
sentational or algorithmic level). It is on this basis that functionalism has gained most 
of its wider popularity in cognitive science as a foundational truth that underlies the 
plausibility of artificial intelligence and computational explanation more generally.

But we have no theoretical guarantee that any such efficient, intermediate level 
of description exists; perhaps there are no real patterns at the sub-personal level that 
are well above the level of biological description. Or perhaps entities and organized 
patterns at such a level of abstraction do exist, but then the burden of proof is on the 
functionalist to s that they do, and to characterize them in empirically relevant (i.e. 
non-trivial) ways. By this I mean, such entities and patterns should be independently 
identifiable, not just imputed from behavior, but explicitly measurable using the tools 
of neuroscience.

It also seems likely that different abstractions may turn out to be appropriate and 
effective for characterizing different psychological phenomena—and so there would 
not be a single functional level of abstraction, but many. It might be too optimistic to 
suppose that that very same abstraction would help us to explain everything else that 
we think matters for having a mind, especially if we can’t point to any mechanism 
that would enforce that level of abstraction the way that we do in our built computa-
tional machines. Until cognitive science or neuroscience provide evidence (and not 
just vague hopes) for the utility of understanding the system in this way, the question 
remains empirically open.

In the meantime, there are two practical ways to think about more realistic 
replacement scenarios. One way is to characterize the functional profiles (including 
behavioral outputs) that need to be duplicated more coarsely, ignoring insignificant 
differences in behaviors. Perhaps we don’t care if an android speaks in a monotone, 
or can’t use contractions, if it nonetheless behaves in a human-like way in broad 
strokes. But now consider the level of description at which a notebook and our inter-
nal biological memory count as playing the same functional role. Plausibly that level 

36  As Lycan (1981) writes, “‘Neuron’ can be as much a functional description as ‘pain’. It is just empiri-
cally implausible that mental states are best identified with something so specific as the neuroanatomical 
level.” And so one consequence of a very fine-grained functionalism is that it pushes us towards a biologi-
cally chauvinistic theory of the mental.
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of description is so coarse that we are no longer able to make psychologically inter-
esting distinctions. So we have to navigate carefully here: functionalism can throw 
some details away, but the relevant level of description has to retain enough detail to 
explain (and not just re-describe) interesting psychological and behavioral phenom-
ena, distinguishing between states and processes that are of distinct significance in 
our mental lives.

A natural level of abstraction at which to characterize the functional profile comes 
from the more scientifically pragmatic question: what is the functional organization 
that characterizes a typical brain—and is the duplication of that functional organiza-
tion sufficient to reproduce whatever psychological features (themselves specified to 
a pragmatically reasonable degree of precision) are exhibited by creatures with those 
brains?37 That means that the level of detail we are committed to duplicating is just 
that level at which we can plausibly say that different individuals within our group of 
interest count as having the same functional organization, in producing behaviors at 
the level of detail that we are interested in differentiating within. As we know, there 
is substantial diversity among humans in both brain architecture and in functional 
profile. What we all have in common is a typical human psychological profile real-
ized by a typical adult human brain. Those typical functional states would gloss over 
individual differences, so that a range of exact states would qualify as instances of the 
same functional state. I will come back to this approach in the last section.

A second way to pull back is to characterize the functional organization itself at 
a coarser grain, breaking down the system into larger functional components. Now 
the relevant functional states will be those displayed by a group of neurons that have 
particular statistical or group dynamical properties over some period of time, with 
the presumption that those ensemble properties are the right level at which to specify 
the functional role of the component (which is now a group of cells that we have rea-
son to believe tend to work together). This population coding assumption is widely 
accepted in contemporary neuroscience. Not only is population activity often more 
practically accessible, but it seems clear that groups of neurons that exhibit consider-
able individual variation at the cellular level (since two cells in two mammals are 
exactly alike) still perform very similar functions in the respective brains in which 
they reside.

Unfortunately, there is reason to think that silicon chips will face similar problems 
trying to duplicate the function of groups of neurons as they do trying to duplicate 
the single neuron—and in this vein the considerations sketched below should sound 
familiar.38 Within the original biological system, regularities are maintained (despite 

37  Different investigations might prioritize different sub-questions, focusing on the human, or primate, 
or mammalian, or drosophila brain, for example. And for a few quite sophisticated capacities (as well as 
many simpler ones), we are now able to simulate species-typical responses within a plausible marginal of 
error (see e.g. Yamins and DiCarlo 2016).
38  The literature on neural population coding is huge, but for an accessible review, see Panzeri et al (2015). 
Wei et al (2019) explore various analysis techniques to deal with the variability in neural responses, and 
also provide a nice discussion of the virtues and drawbacks of these approaches. To be clear, my reserva-
tions about multiple realization at the level of a typical organism’s brain function apply primarily to the 
global collection of functional states and processes taken to constitute unfettered mental states in the wild. 
For extremely specific capacities to be demonstrated under relatively restrictive conditions, by contrast, I 
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internal variability of the components) by redundancy and fine adaptive adjustments. 
It is these fine adaptive adjustments that we would be eliminating by replacing a 
neuron with a cruder chip that behaved on average in the same way, but not in every 
instance in the same way. (Anyone who has learned to ride a bike, ice skate, or better, 
walk a slackline rope will be familiar with the importance of small dynamic adjust-
ments. When coasting straight on a smooth surface, it looks like the rider is just hold-
ing the handlebars perfectly still, and keeping their weight unchanged—and indeed 
on average they are. But if you fix the handlebars, replace the person with a manne-
quin, and give it a push, it won’t stay upright for very long). Selection for stability in 
the original biological system will tend to create conditions where noisy variability in 
individual cells is compensated by other cells in the system; that compensation would 
no longer be present in the replacement system.

Another way to think about this: even though variation, or perhaps even ablation, 
of a single neuron will have little (if any) effect on the behavior of the population, 
it does have an effect on the robustness of the behavior that is preserved. As more 
neurons are replaced, the ability of the network to compensate for variation will also 
decrease. When all the originals in a group have been replaced, we might have a very 
fragile copy of one particular set of input-output relations (rather like a thin look-up 
table). As computational modelers have found, it is easy to get undesired epileptic 
behavior in simulated neuronal networks. There, tiny changes (well within the range 
of variation exhibited by actual cells) in the units that make up the simulated popula-
tion can have dramatic effects when the units interact with each other. So it is difficult 
to duplicate the robustness of the original functional profile.

What if we engineer the replacements to exhibit compensatory adaptation to 
neighboring activity as well? Well, consider what underlies the ability to dynamically 
adjust to contextual changes in environment in a local way (that is, without having to 
predict just what effect a single cell would have on the population as a whole in order 
to work back to how it should compensate for what its neighbors are doing, even 
as they too change in an attempt to do the same thing). One important compensa-
tory mechanism is synaptic scaling, in which neurons homeostatically regulate their 
sensitivity to input in order to maintain a given level of activity. 39 This regulation 
is deeply embedded in the biological/metabolic function of the neuron, involving 
protein synthesis and intracellular transport mechanisms. Once again, generating the 
right set of biochemical outcomes will be complex and perhaps intractable—because 
of the huge numbers of degrees of freedom in simulating biochemical interactions. 
So unless there is an efficient rule that generates the dynamics of synaptic scaling 
(while ignoring biochemical interactions involved in cellular metabolism), a silicon 
replacement will not have the ability to compensate for variability in its neighbors.

Of course, if we were able to directly computationally specify how the popula-
tion behavior evolves over time in response to inputs, we could bypass the prob-

am agnostic, or even optimistic, since many fewer functional properties will matter, and there have been 
striking empirical successes on this front.
39  For a review of homeostatic mechanisms of activity regulation, see Turrigiano (2007). Glia also con-
tribute to this homeostatic mechanism by release of growth factor TNF-alpha, see Stellwagen and Malenka 
(2006).
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lem of constituent adaptation. But that problem is just as much of an obstacle at the 
population level as at the single cell level, because while generalizations about neural 
function are possible—and indeed, comprise much of our scientific understanding of 
neural behavior—they hold only in virtue of a vast (infinite) set of ceteris paribus 
conditions. Not only is there no way to specify every factor in the ceteris paribus 
conditions, there is reason to believe that many of them would be violated in the 
scenario where we have tried to eliminate as many of the biochemical mechanisms 
as possible.40

The physiological considerations surveyed so far have been quite general, in the 
sense that they are shared across humans and other animals. (In fact much of our 
knowledge of neurophysiology comes from investigations in model organisms such 
as mice and monkeys). Thus the relevant evidence they provide against replacement 
applies even to systems functionally characterized at the coarser grain that puts us 
together with animals. In other words, nothing in my argument shows that other sim-
ilar biological systems couldn’t implement the same function; it is the difference 
between biological realizations (with all their evolved capacities for dynamic adapta-
tion, including changes in structure and so forth) vs. non-biological substrates that 
makes the difference here.

In fact, part of the original motivation for multiple realizability comes from a sym-
pathetic evaluation of the animal kingdom. It certainly seems as though many aspects 
of a basic mental profile are realized by many animals, including animals which dis-
play significant variation in gross morphology. If their bodies are unlike ours while 
their minds are like ours, don’t they stand as actual living examples of multiple real-
ization? I say no, because to suppose this would be to ignore the fact that at a cellular 
level, animal brains are very much like ours, even if their gross organization and 
outward appearance seem utterly alien. Putnam’s octopus, for example, shares many 
features of our pain-related architecture, including peripheral touch receptors medi-
ated by chemical neurotransmitters, sensory areas that are distinct from motor areas 
in a brain full of neurons, and endogenous opioids that act on internal receptors that 
are genetically similar to ours in much the way that our opioids act on our opioid 
receptors. So at least some apparent differences are belied by underlying similarities 
when we consider the relevant physical properties important for realizing the relevant 
functional and behavioral properties. This is not to deny that octopuses do have quite 
different nervous systems than we do at some levels of description, but then, they also 
have quite different behavior from ours, issuing from those very physical differences. 
Similar points can be made about plasticity and re-use within a single animal (as 
described e.g. in Sharma et al (2000), or Anderson (2010)). These are cases where the 
same brain tissue may subserve apparently quite different functions - showing that 
those functions don’t rely on a geographically identified set of cells, but not showing 

40  Experimentalists can run afoul of these conditions when they do experiments on neurons either in cul-
ture, or in acute slices, rather than in vivo. For example, neurons in dissociated cultures express unusual 
complements of receptors that are not seen in vivo, because of differences in their exposure to various 
growth factors. Neurons in slices are much more likely to exhibit oscillatory behaviors that are rarely 
seen in vivo (leading to some contentious debates about whether the oscillatory phenomena studied are 
genuinely relevant to brain function). And neurons can’t survive without glia, either in or out of the brain.
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that what makes all (any) of the functions realizable by brain tissue could be realized 
without the specific chemical and biological properties of brain tissue.

To defend multiple realizability, the functionalist has to be able to separate out the 
parts of the causal structure that matter in the brain from the ones that don’t (if any). 
Because of the nested and intertwined nature of processes undertaken by cells in the 
brain, the result of generative entrenchment, this separation seems unlikely at the cel-
lular and molecular level. The brain is an evolved biological entity tightly integrated 
with the body it sits in, and as such, many of its metabolic and permissive functions 
are intertwined with its cognitive and mental ones. To untwine them in order to allow 
for alternative realizations would require changing the very functional organization 
that the functionalist wants to preserve.

5  Implications for Functionalism

Functionalism as originally conceived by Putnam took “functional organization” to 
be the organization of states of the whole system, given by the machine table of con-
tingencies and transitions between states of the entire system, which could in theory 
be understood independently from the physical organization of discrete components 
(though of course it needn’t be). It was that conception of functionalism, with token 
identities such that functions did not need to depend on any particular individuation 
of functional parts, that gave us materialism as merely a light cloak on a relatively 
unconstrained theory of mental states.

Machine functionalism has mostly been left behind, but many philosophers still 
take the spirit of functionalism to be freedom—freedom from material constraints 
and the messy details of biology, freedom from chauvinism and reductionist naïveté, 
and freedom to embrace a clean computational model of the mind. I’ve argued that 
standard functionalism, understood in terms of the causal roles played by the con-
stituents of a complex system, is more like an iron cage—and that the kind of causal 
structure necessary for a mind like ours can be satisfied only by a body like ours with 
a brain like ours.

Everything that we know about neurons suggests that it would be very difficult 
for a silicon chip to replicate the function of a neuron at the finest level. If it is pos-
sible, it seems to me the burden of proof is on the functionalist to show that it is. If 
I’m right that fine-grained replacement is not just practically unfeasible, but actu-
ally nomologically impossible, then the only functionally isomorphic systems (even 
when individuated more coarsely) are systems made of biologically similar stuff, and 
we are stuck inside the biological cage. Abstract functional organization, it will turn 
out, is not so abstract that it allows us to ignore the material substrate—rather, it is 
sensitive to biological realities and the biological (physical and chemical) properties 
responsible for them.41

41  The importance of these constraints also provides a convenient functionalist argument for why Block-
head and Aunt Hilary don’t qualify as having mental states—because they are misdescribed as realizing 
the right functional organization, even though it would in fact be nomologically impossible for them to 
have the right functional organization due to the constraints that function places on constitution.
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This implication of functionalism cannot be what anti-chauvinists had in mind 
when they embraced functionalism as a replacement for the identity theory. But I 
think a chauvinist functionalism has much to recommend it. As Bechtel and Mundale 
(1999) write at the end of their repudiation of multiple realizability: “Even if one 
can identify psychological states with activity in brain areas, that does not render the 
functional characterization of psychological states any less important … A thorough-
going functionalism uses functional criteria to identify both psychological states and 
brain states, and can survive even if we jettison the multiple realizability thesis.”

If all we want from functionalism is a conceptual analysis of mental state talk—
that analytical functionalism in no way threatened by the implausibility of multiple 
realizability.42 Some functionalists, including Lewis and Armstrong, and perhaps also 
Clark (2008) are understanding their project in this way. David Lewis (1972) outlined 
a project for characterizing functional roles at the personal level—to be derived from 
the platitudes, suitably regimented. But at that maximally coarse-grained level, func-
tionalism says very little if anything about causal roles at any subpersonal level. And 
even at the top (personal) level, this kind of functionalism is only a schema, and one 
that has yet to be filled out. Perhaps folk psychology is rich enough to specify all the 
functional roles. But it is not the sort of thing that can tell us more than we already 
knew from the armchair.43

In The Mind Incarnate, Shapiro writes, “Functionalism’s great promise lay in 
its suggestion that it is possible to investigate minds at a level of description that 
makes unnecessary an appreciation of the bodies and brains in which they are imple-
mented.” What Dennett (1986) has called “High-Church Computationalism” relies 
heavily on this promise, in its rejection of the relevance of neuroscience to the study 
of the mind. But this promise depends entirely on the truth of the empirical bet of 
multiple realizability. Losing the bet means that functionalists have to embrace the 
hard work of getting to know the messy biological details, if functionalism is to serve 
as the foundation for a productive research program.

But let me end on an ecumenical note. Arguably what the functionalist really 
wants (and needs) is not the possibility of some other substrate playing the same 
functional roles as our biological stuff—but rather, the validation of an abstract level 
of description that is sufficient to generate the phenomenon of interest. If it is pos-
sible to specify the functional roles and organization at an informative level of detail 
that is nonetheless abstract enough to be tractable, then we will have specified an 

42  It might be argued that functionalism without multiple realizability isn’t functionalism at all, because 
it doesn’t give us the non-reductive goods—i.e. the autonomy of psychology. I think this is a mistake: to 
the extent that multiple realization is an empirical claim on which autonomy depends, any theory that pre-
sumes autonomy from the armchair is exhibiting a failing and not a virtue. I don’t think that functionalism 
must be committed to the autonomy of psychology—rather, a functionalist, behaviorist, and identity theo-
rist might all reach the same verdicts as to which actual systems count as having minds and psychological 
states, but for different reasons. (And because the reasons that I rely on are ultimately functionalist, the 
view I am defending here is not a brute identity theory.)
43  This is a point raised in Dennett (1987). Maybe this explanatory difference is why functionalism and 
behaviorism can feel so different: behaviorism explains particular behavioral profiles by reference to the 
general (e.g. she yelped upon stubbing her toe because that is an instance of what people do under general 
circumstances of minor bodily insult), while functionalism at least purports to explain particular behav-
ioral profiles by reference to their internal causes.
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explanatory and predictive model of the phenomenon of interest. It then becomes 
less pressing whether we could implement the model in some different substrate, so 
long as we can query the relevant aspects of the model to engage successfully in our 
explanatory practices.

The scientifically helpful version of functionalism looks for a sweet spot of abstrac-
tion—above those messy details that don’t matter for the phenomenon of interest, but 
with structure still sufficiently articulated to be more informative than behaviorism. 
So the real challenge for a scientifically relevant functionalism is to discover whether 
such a level (or levels) of abstract description exists, and then to characterize them 
if they do.44

Whether such a tractable level of description exists might be expected to differ in 
different domains. So we might be relatively optimistic about the promise of neural 
prostheses and practical brain-computer interfaces in just those cases where we are 
concerned with a narrowly delineated task. This is because when the interface is 
low-dimensional and context-specific, many of the holistic constraints on the system 
are lifted. With fewer employed properties, and more leeway in producing functional 
differences elsewhere in the system (since we are only interested in duplicating a 
particular behavioral capacity), the options for compensatory adjustments are abun-
dant. The same may also be true for neural network models of particular aspects of 
our mental capacities, again taken in isolation. But if I’m right and the biological 
details matter for maintaining complex integrated functional profiles, then we should 
be skeptical about the possibility of uploading one’s entire cognitive economy to a 
virtual environment (realized in an artificial computational system) while preserving 
the relevant cognitive capacities.

Functionalism was originally supposed to be the best of both worlds: as material-
istically respectable as the identity theory, but more informative than behaviorism, 
while avoiding both chauvinism and liberality. Ironically, taking functionalism seri-
ously points us back in both directions at once: Towards a methodological behav-
iorism on the one hand—where we specify capacities and phenomena that we are 
interested in, top-down, and then ask a general computational question about what it 
takes to realize those capacities and phenomena; and towards a biologically-focused 
identity theory on the other—where we pay attention to the messy details of the intri-
cate dance of complex biological processes selected over billions of years to produce 
just what it takes to do well in a demanding world. If the constraints that complex 
functions impose on their realizers are sufficiently strong, then it might even turn out 
that these two approaches meet in the middle—so that not only functionalism, but 

44  A series of related points are made beautifully in Sect. 4 of Chirimuuta’s (2018) review of Polger and 
Shapiro (2016). She emphasizes the importance of functional thinking in biology itself, and the interac-
tion of this fact with the Heraclitean nature of living matter: “It can both be true that the material from 
which the nervous system is built (i.e. living, metabolizing cells) is crucial to their function and that those 
functions are multiply realized… Biological systems robustly maintain their functional profiles in spite 
of constant internally and externally generated perturbations. Therefore, the functionally relevant pat-
terns—which stay the same across lower level changes, like the spiral shape of a raging tornado—will not 
be readily apparent at the finest grain descriptions of individual cells, or even small circuits. Hence the 
need for “meso-level” descriptions which make salient the shape of the storm against the swirling flux of 
background changes.” We may disagree about whether such multiply-realizable meso-scale descriptions 
are likely to exist, but not about their explanatory desirability.

1 3

Page 27 of 31  506



Synthese (2022) 200:506

behaviorism forces us to be biological chauvinists about what it takes to have a mind 
in a world like ours.45

If we want to understand how the mind manages to do what it does, both of these 
final two approaches are valuable: To understand specific details about our minds 
we may need to learn many messy biological details. But to understand the general 
features of possible cognitive architectures, we can instead turn to whatever physical 
architectures work, whether they resemble us in organizational and physical aspects 
or not. Successes in artificial intelligence come not from trying to duplicate our own 
functional architecture at a very fine level, but rather from exploiting whatever sub-
strates and functional architectures are available for the ways in which they support 
complex (but intelligent and intelligible) processes, different from our own from the 
ground up.
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