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Computational and Conceptual
Emergence

Paul Humphreys†‡

A twofold taxonomy for emergence is presented into which a variety of contemporary
accounts of emergence fit. The first taxonomy consists of inferential, conceptual, and
ontological emergence; the second of diachronic and synchronic emergence. The ad-
equacy of weak emergence, a computational form of inferential emergence, is then
examined and its relationship to conceptual emergence and ontological emergence is
detailed.

1. Introduction. It is useful to consider two complementary taxonomies
for emergence. The relational taxonomy is based on relations between the
emergent entity and the entities with respect to which it is emergent. There
are three divisions in this taxonomy: the inferential approach, the con-
ceptual approach, and the ontological approach.

1.1. The Relational Taxonomy. The inferential approach holds that an
entity, such as a state or a property instance, is emergent with respect to
a domain D if and only if it is impossible, on the basis of a complete
theory of D, to effectively predict that entity or to effectively compute a
state corresponding to that feature. The terms ‘complete theory’, ‘im-
possible’, and ‘effectively’ serve as parameters in this approach that, when
specified, produce a particular inferential account. To avoid an inferential
account being too easily satisfied, it should be accompanied by arguments
that the domain D has some special features, such as universality (as when
D is the physical domain) or closure (as when D is the domain of a well-
established science). Domains specific to a computational model can also
be used. The primary relation involved holds between the emergent feature
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and the predictive basis. When the complete theory involved is one of
limit science, this may count as a reason to speak of the underivability
as absolute, but logically, the attribution of emergence is still relational.
A classic account of this type can be found in C. D. Broad’s 1925 book
Mind and Its Place in Nature,1 where the impossibility condition is taken
to be the impossibility of a formal derivation. Broad’s account was for-
mulated before the development of completeness theorems and formal
theories of computability, and it is, forgivably, unspecific in certain re-
spects. More precise accounts of the relevant derivational relations un-
derlie certain computationally based treatments of emergence, one of
which, weak emergence, is discussed below.

The conceptual approach to emergence often results from a situation
in which some form of inferential emergence occurs. It maintains that an
entity, such as a state or a property, is conceptually emergent with respect
to theoretical framework F if and only if a conceptual or descriptive
apparatus that is not in F must be developed in order to effectively rep-
resent that entity. This apparatus may include new predicates, a new law,
or an entirely new theory, and the introduction of the new concepts will
sometimes involve moving to a new scientific domain. The phrase ‘effec-
tively represent’ serves as a parameter for these approaches and may
involve efficient prediction or description. For instance, the need to in-
troduce the term ‘liquid’ in order to effectively describe the behavior of
a large collection of water molecules that has undergone a transition from
the solid phase to the liquid phase is an example of conceptual emergence.2

The primary relational aspect involved in conceptual emergence is one of
conceptual irreducibility between the new and the old theoretical frame-
works. Both the inferential approach and the conceptual approach apply
to representations of the phenomena rather than directly to the phenom-
ena themselves.

In the last part of the relational taxonomy, the ontological approach
considers emergent entities to be genuinely novel features of the world
itself, where an entity is ontologically emergent with respect to domain
D if and only if that entity is ontologically irreducible to entities in domain
D. Candidates for ontologically emergent phenomena include entangled

1. “The only peculiarity of [a transordinal law] is that we must wait till we meet with
an actual instance of an object of the higher order before we can discover such a law;
and that we cannot possibly deduce it beforehand from any combination of laws which
we have discovered by observing aggregates of a lower order” (Broad 1925, 79).

2. One concise statement of conceptual emergence is: “This, then, is the fundamental
philosophical insight of twentieth century science: everything we observe emerges from
a more primitive substrate, in the precise meaning of the term ‘emergent’, which is to
say obedient to the laws of the more primitive level, but not conceptually consequent
from that level” (Anderson 1995, 2020; quoted in Castellani 2002, 265, note 6).
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states in quantum mechanical systems and, in some approaches, properties
that supervene on, but are not reducible to, properties in D. The former
examples have the distinctive feature that the states of the individual
systems before interaction do not determine the joint state after the in-
teraction, whereas the joint state does determine the individual states.
This feature makes compositional accounts of the joint system implau-
sible. The primary relata in the ontological approach are the emergent
feature and the features from which it emerges, but the relation can be
one of functional irreducibility (Kim 1999), supervenience (McLaughlin
1997), fusion (Humphreys 1997b), or some other relation.

The three approaches are not mutually exclusive, although between
them they do cover every contemporary account of emergence of which
I am aware, except for mystical views that consider emergent phenomena
to be immune from understanding. The fact that elements falling into
each of these categories are relational is logically important, for rather
than the criteria for emergence being applicable to an entity E in isolation,
such as consciousness, one must consider a domain D or a framework F
with respect to which E is emergent, in the sense that it is the relevant
relations between E and D or F that determine the emergent status of E.
The fact that some of these relations are negative relations, such as ir-
reducibility, does not affect this general point.

I have not included in this taxonomy the approach that considers emer-
gent features to be unexplainable because a striking characteristic of most
contemporary scientific candidates for emergent phenomena is that we
do have credible explanations of why those candidates have their emergent
features. They are thus essentially different from the examples of emer-
gence cited in earlier eras, such as life, and they are also different from
some contemporary candidates such as consciousness. No ‘natural piety’
is needed to accept modern, scientifically based, examples of emergence.

1.2. The Temporal Taxonomy. The second taxonomy, the temporal tax-
onomy, appeals to the differences between diachronic and synchronic
emergence and is easier to articulate. Diachronic emergence primarily, but
not exclusively, involves the emergence of novel phenomena from pre-
ceding phenomena as a result of a temporally extended process; synchronic
emergence involves the simultaneous coexistence of novel ‘higher-level’
objects or properties with objects or properties existing at some ‘lower
level’. This division cuts across the tripartite division of the relational
taxonomy; each one of those three divisions has diachronic and synchronic
variants. For example, synchronic conceptual emergence can occur in
theoretical contexts within which, according to a familiar tradition, Na-
gel’s inhomogeneous reducibility (Nagel 1961, Chapter 11) cannot be car-
ried out, whereas, when a material makes the phase transition to ferro-
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TABLE 1.

Inferential
Unpredictability Conceptual Ontological

Synchronic Broad 1925 Anderson 1972 van Cleve 1990
Diachronic Bedau 1997 Rueger 2000 Humphreys 1997b

magnetism, the brief but temporally extended relaxation into the global
state given by M involves a diachronic process, the end state of which
requires the introduction of a new concept, the long-range order, to fully
describe. Supervenience accounts of emergence (e.g., van Cleve 1990;
McLaughlin 1997) are usually synchronic; a diachronic account of con-
ceptual emergence is given in Rueger (2000). An example of each dual
category is given in Table 1.

2. Weak Emergence. A contemporary example of a computationally
based inferential approach is the concept of weak emergence that has been
developed by Mark Bedau (Bedau 1997, 2003): “Assume that P is a nom-
inally emergent property possessed by some locally reducible system S.
Then P is weakly emergent if and only if P is derivable from all of S’s
micro facts but only by simulation” (Bedau 2003).3 Weak emergence is a
diachronic, inferential approach to emergence, and it is most easily un-
derstood with the aid of some examples. Consider a two-dimensional
cellular automaton. The cells on an infinite discrete grid4 are labeled by
their coordinates (i, j), and each possesses a discrete N-valued property
(for concreteness, think of these states as colors), the value of which
constitutes the state of the cell. The state of every cell is simultaneously
updated at each time step by a deterministic rule that is a function of the
current state of the cell and the states of its immediate neighbors.5 Over
a wide range of initial states of the cellular automaton, appropriate up-
dating rules can produce randomly distributed arrays of differently col-
ored cells, stable patterns that persist across time, and dynamic patterns
that evolve over time.

Weak emergence fits into the inferential tradition because if a state of

3. An earlier account of emergence based on the unavoidability of simulation is Darley
(1994).

4. Finite grids can emulate infinite grids by using periodic (wraparound) boundary
conditions.

5. Using all eight immediate neighbors gives the Moore neighborhood. Von Neumann
neighborhoods, in which the four diagonal neighbors do not influence the active cell,
are not essentially different. The difference between sequential cellular automata in
which the states of the cells are updated asynchronically and regular cellular automata
in which cell states are updated simultaneously becomes relevant in Section 3.3.
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a system is weakly emergent, then the existence of that state can be dis-
covered for the first time only through a step-by-step simulation of the
system, so that the system must go through all the intermediate devel-
opmental states before the final state is displayed. In other words, the
process that leads up to the state is computationally incompressible. In
yet other words, unlike the prediction of future solar eclipses for which
the computational difficulty of prediction is almost independent of how
far into the future the eclipse will take place, predictions of future states
of computationally incompressible systems must run through each of the
intermediate time steps between the initial state and the predicted state.
Letting the computational model work out its own development is thus
the only effective way to discover how the system’s states evolve. Adapting
the approach in Rasmussen and Barrett (1995), the computational in-
compressibility aspect of weak emergence can be represented in the fol-
lowing way. Consider the kinematics of a system S that is modeled as a
temporally discrete process. An updating function U takes the current
state of the process and transforms it into a future state. There is then
an essential difference between these two cases:

S(t � T ) p U [S(t)], (1)

for arbitrary T, and

. . . . . .S(t � T ) p U [U [ [U [S(t)]] ]], (2)T T�1 1

where is the updating operator at time step i. In the usual case in whichUi

is fixed, we have .TU S(t � T ) p U [S(t)]i

3. Weak Emergence, Conceptual Novelty, and Some Reasons Why Weak
Emergence Is Different from Conceptual Emergence. The definition of
weak emergence succinctly captures a great deal of what is considered
emergent within the fields of dynamical systems theory and complexity
theory, but one aspect of it is controversial. As Cyrille Imbert (2006) has
noted, Bedau’s definition places no restriction on the kind of end state
that can weakly emerge from a simulation except that it be nominally
emergent, where a nominally emergent property is one that can be pos-
sessed at the macro level but not at the micro level. Employing a number
of illuminating examples, Imbert argues that this is a defect in the defi-
nition of weak emergence and goes on to argue that the additional criteria
for genuinely emergent states generated by computationally incompress-
ible processes must be contextual and based on the immediately preceding
states in the generating process. Intuitions and arguments can pull us in
different directions on this issue, and rather than argue for or against the
adequacy of weak emergence as originally presented, I want to use the
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contrast between Bedau’s and Imbert’s positions to emphasize the logical
independence of weak emergence from conceptual emergence. The issue
of whether to impose restrictions on the kinds of outputs generated by
weakly emergent systems then turns out to involve considerations that
are based on significantly different conceptions of emergence.6 Some pre-
liminary arguments are needed before we address the core issues involved.

3.1. Weak Emergence Is about Instances. In Humphreys (2008), I pro-
vide an argument that diachronic emergence concerns property instances
and not types. Here is a different argument for that conclusion, formulated
specifically for weak emergence. Consider a process within which weak
emergence takes place over the first N time steps, the Nth state being a
token of a property type P that has not previously been instantiated in
the process. The rules governing the development of the process then
regenerate that state at later stages in a way that is predictable in a highly
compressed way; one simple case occurs when the system remains in state
P after time step N, and this steady state is predictable from the rules
once state P has been reached. In such a system, the property instance
at the Nth state is weakly emergent, but no further instances of P count
as weakly emergent because the derivation of the 2Nth state from the Nth
state is trivial. Contrast this with a system having a different set of rules
that generates a state of type P after N steps and in which another token
of property type P is produced by a computationally incompressible pro-
cess at the 2Nth step. For simplicity, we can suppose that the system
reverts to its initial state at step and then cycles through the sameN � 1
sequence of states so that no states of type P occur between the Nth and
2Nth time steps. In this second case, both instances of P are weakly
emergent. This shows, from a specifically diachronic perspective, that, in
addition to information about the state type itself, one needs information
about the process leading up to a token state in order to determine whether
that token is emergent. That is, we can have two instances of the same
property type, one instance of which is weakly emergent and the other

6. Bedau did address this issue in his 1997 article. As he wrote, “One might object
that weak emergence is too weak to be called ‘emergent’, either because it applies so
widely or arbitrarily that it does not demark an interesting class of phenomena, or
because it applies to certain phenomena that are not emergent. For example, indefinitely
many, ad hoc [Game of] Life macrostates are (for all we know) underivable without
simulation . . . . But this breadth of instances, including those that are arbitrary or
uninteresting to ‘emergence theorists’, is not a problem or flaw in weak emergence”
(Bedau 1997, 395). Bedau has confirmed in conversation that this is still his position.
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of which is not.7 This is in sharp contrast to conceptual emergence. It is
property types that are conceptually emergent because definitional re-
ducibility and irreducibility apply to predicates in isolation from their
instances. (Specifically, singular features such as tropes or haecceities seem
to be best treated as primitives rather than as emergent, but it may well
be that emergent objects, taken here to be concrete entities denoted by
uniquely referring terms, require some form of conceptual emergence for
a proper representation.) For present purposes, the important point that
follows from the primacy of instances is that we can have two instances
of a given type of state within a process and both instances are weakly
emergent.

3.2. Novelty. Now consider a criterion that is often imposed on emer-
gent features, that they be novel. The sense of novelty that is involved in
inferential accounts of emergence is different from that used in conceptual
emergence, and it is intertwined with the unpredictability requirement.
First, as Imbert has emphasized, what counts as novel in the case of weak
emergence has to be decided with respect to property instances occurring
within the process that leads to E’s appearance. To require that a property
instance be absolutely new is far too strict, for then only the first ever
instance of a property would count as emergent. Next, conceptual emer-
gence always requires supplementation or replacement of the original
theoretical framework to represent the emergent state, and this sometimes
takes us out of the original scientific domain entirely. Weak emergence
imposes no such condition, and a system that produces recurring instances
of the same property whose instances are produced by a computationally
incompressible process is nevertheless exhibiting repeatable weakly emer-
gent states. The novelty consists in the impossibility of having nonin-
ductive advance knowledge of those states within the specified theoretical
domain. In terms of the Rasmussen and Barrett representation, there is
no single updating operator that can replace .′ TU U

3.3. Random to Random. We are now in a position to assess one ar-
gument in favor of imposing a further structural condition on the defi-
nition of weak emergence. Suppose that the system transitions via a com-

7. This is what one should expect from any element in the relational taxonomy. Talk
of a property or property instance being emergent tends to suggest that emergence is
an intrinsic feature of a property or its instances. Yet as soon as we keep in mind that
on both the synchronic and the diachronic approaches an emergent entity must emerge
from something, we see that this reflects the fact that emergence is unavoidably a
relational property and that unless the appropriate relation holds between the property
under consideration and its origins, tokens of the former can occur without their being
emergent.

https://doi.org/10.1086/596776 Published online by Cambridge University Press

https://doi.org/10.1086/596776


COMPUTATIONAL AND CONCEPTUAL EMERGENCE 591

putationally incompressible process from an initial random configuration
to a final random configuration. If all the intermediate states are non-
random, then the argument of Section 3.1 establishes that the final state
is weakly emergent. But what if all the intermediate states are also ran-
dom? Although random patterns are token distinct, qua random, they
are type identical, and so no new property type has been produced when
one random array is transformed into another; this is something that
undoubtedly underlies the hesitation in allowing that any kind of emer-
gence has occurred in this situation. Furthermore, it looks like none of
the successive random states are weakly emergent because the ‘derivation
by simulation’ involves only one step. But this will not be true in all cases.
Synchronic updating of cellular automata (and of agent-based models as
well) rarely involves a single transparent derivational step; what occurs
in the single time step is not only the computational updating of the state
of each cell but frequently the production of a global state that is reachable
only by simulation and not by traditional closed-form prediction. Finally,
although these intermediate states might seem to violate the novelty cri-
terion for emergence, we have seen that this violation is apparent only
because weak emergence can allow repeated instances of the same property
as long as the computational connections between the instances are of
the appropriately complex kind, as they usually will be here. Hence a
process within which all states are random can be a candidate for pro-
ducing weakly emergent states.

3.4. Ordered to Random. Now suppose that the system makes the tran-
sition from an initially structured state to a final random state. An appeal
to the motivations behind considering self-organizing systems as producers
of emergent states might in this case incline us toward insisting that this
should not count as a case of emergence. The basic idea behind self-
organization is that large-scale structure spontaneously emerges in a dy-
namic system of interacting constituents (i.e., the structure emerges with-
out the need for external interventions) solely in virtue of local interactions
between those constituents, and this structure is not accidental in the sense
that were the system to be restored to its initial state or to a qualitatively
equivalent state and the microdynamics rerun, a similar large-scale struc-
ture would, with a high degree of probability, reappear.8 It is the apparent
ability to run counter to the general trend produced by the Second Law
of Thermodynamics that makes the transition from disorder to order so
interesting. Order emerging from disorder strikes us as important because

8. Self-organization is almost always a statistical property of a system. In many models,
unusual initial conditions will prevent the usual structures from emerging.
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it is unusual; disorder arising from order as uninteresting because it is so
common.

Whether or not one finds this argument a compelling reason to insist
that random end states generated from structured states should not count
as emergent, and thus that some additional constraint should be imposed
on the end state of such processes, it is clear that the argument relies on
considerations that are completely separate from those involved in the
computational basis of weak emergence.

3.5. Weak Emergence and Ontological Emergence. Finally, what of the
connections between weak emergence and ontological emergence? Weak
emergence does not entail ontological emergence for a straightforward
reason, a reason that makes weak emergence different from older versions
of the inferential approach. Discussions of weak emergence are often based
on examples using cellular automata, and I followed that tradition above.
One example that is often used, the Game of Life, has the great advantage
of simplicity, but emergent phenomena in the Game of Life, such as
gliders, are pure model phenomena; they do not, and are not intended
to, represent features of systems external to the model. This reflects the
special sense in which the term ‘simulation’ is used in the definition of
weak emergence: not only is it strongly skewed toward agent-based and
related simulations (for a discussion of other types, see Humphreys 2004,
Chapters 3 and 4), but there is no requirement that the computational
process is a simulation of a real system. The weak emergence approach
thus bifurcates into two subgenres. The first considers the possibility of
predicting phenomena only within the model; the other is concerned with
the possibility of predicting states that have an intended scientific inter-
pretation. One should not restrict ontological emergence to cases that
actually occur in the world because it is a legitimate function for theories
of ontological emergence to tell us how emergent phenomena could occur
in nonrepresentational systems. However, when a simulation is used as a
model of another system, our knowledge of that second system may serve
as a basis for imposing a further restriction that only states of the sim-
ulation that correspond to states of the real physical, biological, or social
system can be candidates for weak emergence. It is thus easier to be a
purist about weak emergence as a stand-alone criterion for emergence
within the first subgenre than it is within the second.

4. The Sparseness Issue. We can draw one further philosophical conclu-
sion from our analysis. What I call the sparse perspective on emergence
is probably the dominant perspective in the philosophical literature on
emergence. The sparse perspective holds that emergence, if it exists at all,
is a rare phenomenon. Indeed, the sparse perspective often seems to be
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used as an informal touchstone for accounts of emergence: if the account
makes emergence too common, that is a reason to think the account is
defective. A particularly clear version of this sparse view is held by Jaeg-
won Kim. Having laid out the first plausible account of reduction since
Ernest Nagel’s version was undermined by multiple realizability argu-
ments, Kim asserted that

emergentism may yet be an empty doctrine. For there may not be
any emergent properties, all properties being physical properties or
else functionalizable and therefore reducible to physical properties.
. . . So are there emergent properties? Many scientists have argued
that certain “self-organizing” phenomena of organic, living systems
are emergent. But it is not clear that these are emergent in our sense
of nonfunctionalizability. And, . . . , the classic emergentists were
mostly wrong in putting forward examples of chemical and biological
properties as emergent. It seems to me that if anything is going to
be emergent, the phenomenal properties of consciousness, or “qua-
lia,” are the most promising candidates. (1999, 18)

The sparse position on emergence seems plausible, I believe, because it
tends to focus almost exclusively on synchronic emergence. If weak emer-
gence and other forms of diachronic, computational emergence are legit-
imate kinds of emergence, then examples of purely diachronic weak emer-
gence will be quite common and the sparse position correspondingly false.

5. Conclusion. I have argued that the three types of accounts in our re-
lational taxonomy of emergence are very different from one another. This
then raises the question of whether there is a higher-level framework for
emergence that can unify the three types. In Humphreys 1997a, I identified
six features that are commonly required of emergent phenomena—novelty,
qualitative difference, nominal emergence, applicability of different laws,
essential interaction, and holism—and suggested that a cluster analysis
based on those features might serve as a bridge between different ap-
proaches. There are, no doubt, other, better, frameworks within which all
six categories of our two taxonomies fit, but the challenge now is to
identify and construct it.
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