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Many of the current world challenges that scientists are trying to
tackle are linked by a common thread: they imply the modelling, pre-
dicting and controlling of complex systems, which are characterized
by having properties that emerge from the non-trivially ordered in-
teractions of large numbers of elements at different scales. Exempli-
fying but some of the many significant challenging tasks or systems
of this kind are the research on climate change and its consequences,
effective procedures and policies for mitigating unfair economical
trends or global tax evasion schemes, the spread of misinformation
and pandemics, or attractor dynamics in gene regulatory networks
and the brain.

The classic assumptions of linearity, locally defined dependencies,
and reduction have brought us only so far in effectively modelling the
world; scientists studying complex systems in many occasions have
to work, instead, with non-linearity (e.g., power laws, and phase tran-
sitions), strong path-dependencies, and emergent processes at differ-
ent scales (for examples of the previous contrasts [27, 20, 17, 15]).
We are far from a complete formal and conceptual framework that
can systematically guide the modelling, understanding, and harness-
ing of complex processes. Taking into account these meta-theoretical
needs, this article focuses on emergence.

Recently, various research strands on this topic have converged to-
wards a set of closely connected ideas that make use of information-
theoretic and computational complexity principles in order to ac-
count for and formally model emergence and causality across dif-
ferent scales; what I’ll call here the emergent multi-scale causality
(eMSC) approaches. This framework is growing in popularity—in
science [32] and in some prominent versions of ontic structural re-
alism in philosophy [12]. However, the methodological and meta-
physical considerations that underlie the modelling decisions of the
framework remain unclear (as has been noted by numerous authors,
e.g., [9, 8, 33, 3]). In the context of this concern, this article shows
that the main strategic advantage of eMSC when it comes to defend
scientific realism towards effective theories’ ontologies—that is, be-
ing able to systematically define indispensable ontologies (discussed
below)—faces some problems. The reasons for these problems are
articulated, and possible natural extensions of the framework are
briefly discussed.

Despite significant (and interesting) differences in specificities and
intellectual origins (which we will have to ignore here), four pillars
indicate a common characteristic thread shared by the approaches
that constitute the eMSC framework:

P1. Emergence is thought of in terms of the capacity to construct
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effective theories from observations of natural systems (Fig.1a) (very
similar ideas can be found in [20, 5, 13]). Given a task—solvable
if a generalization (from H1 to Hi of Hn) robustly obtains with
a fidelity down to some noise tolerance—, finding an effective the-
ory means identifying the appropriate abstract or “coarse-grained”
scale(s) containing variables and dynamics that robustly predict H,
avoiding the costs (or the unsolvability) of tracking lower dynam-
ics with more degrees of freedom. We can find tasks and effective
theories that solve them “in the wild”, in natural sciences—a classic
example of a scientific task can be tracking the position of Neptune,
we can do so by following its centre of mass (following H dynam-
ics given a generalization) in contrast to having to follow all the de-
grees of freedom of the particles that compose the planet (L dynam-
ics in a particle-based generalization from another theory). And also
in engineering—a digital calculator is cleverly crafted in such a way
that it is a system in which L dynamics are robustly securing some
specific H dynamics according to some generalizations that solve the
tasks of, for example, adding and subtracting with a required fidelity.

P2. In the eMSC framework emergent entities are conceived as
patterns compressed from regularities in datasets, and a “more in-
ductive bang for the buck” realist metaphysics of science is adopted
towards patterns: the metaphysical force comes from noticing that
one cannot just wish into existence neither facts about inductive
success—a proposed effective ontology, can either reproduce the re-
quired dynamics according to some noise tolerance, or it cannot—
nor facts about computational complexity—some successful effec-
tive ontologies are informationally more efficient than others (axis
A and B in Fig.1b). The framework adopts this stance from compu-
tational mechanics’ foundational way of reasoning about the topic
[22], which is explicitly linked to Daniel Dennett’s Real Patterns
ideas [7, 12]. (There are characteristic epistemic/evolutionary deriva-
tions of the previous metaphyscial points, e.g., [16]).

P3. Just by following the previous criteria, however, a multiplic-
ity of ontologies arises: indefinitely many successful compressions—
each yielding its own ontology—can be obtained by systematically
finding (even just marginally) different efficient ontologies for a
given task. This is considered problematic for the realist aims of the
framework, and raises the challenge of providing a scarcity criterion
for decreasing ontological density [11, 14, 1].

P4. Faced with this situation, eMSC proposes an explicit scarcity
criterion: indispensability. According to which the relevant effective
taxonomy is the one that reproduces a generalization (with a fidelity
down to some noise tolerance) at the lowest complexity costs (star in
Fig.1b). These 4 pillars have been independently identified and dis-
cussed by authors within philosophy of science [14, 26] and scientists
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Figure 1: (a) Possible paths from microdynamics to a target macrovariable H; of H,, through abstraction and macro-/micro-dynamical evo-
lution. (b) A task is solvable by different effective taxonomies (each dot) that generate the dynamics of generalizations with a fidelity down
to some noise tolerance, here depicted by threshold wy; it is a non-trivial, empirical matter whether those taxonomies exist, and how they are
distributed. In this toy example, the dots show some trade-offs between inductive success/modal support (A) and inverse complexity (B). The
A-max taxonomy (square) maximizes inductive success at relatively maximal complexity costs; the B-max taxonomy (triangle) is relatively
minimally complex but inductively idle. The indispensable taxonomy (star) is the effective taxonomy within threshold w that has the lowest
complexity; if the example task would be less demanding regarding noise tolerance, both w and, in accordance, the indispensable taxonomy,
would change, and the dotted line ¢, unitying the indispensable taxonomy with A-max, would have a more pronounced negative slope.

modelling complex systems [22, 23, 31, 10].

But despite its clearly objective, mind-independent features (facts
about inductive success and complex-theoretic optimality) indispens-
ability is not easy to completely cash out for the methodological and
metaphysical debate at hand. The issue is that while indispensabil-
ity might solve the Local Challenge of providing a scarcity criterion
that can choose ontologies for a given solvable task, there is another
obvious source that threatens to bring back some form of multiplic-
ity and relativism prima facie unwanted by the realist goals of the
framework, the Global Challenge: there is a dense space from which
to choose different possibly solvable tasks, each potentially yield-
ing their own new effective taxonomies. Indispensability targets the
Local Challenge for a given task, but in its current form cannot ad-
dress the Global Challenge. Precisely because on many occasions
there might be a trade-off between the Local and the Global Chal-
lenge. Imagine that by some fluke a particle p is exactly in the centre
of mass of Neptune for the next 10 years; we can solve the task of
tracking the position of Neptune for the next 10 years by discovering
the effective theory “follow this exact particle p”’; having an effective
theory that implies calculating centres of mass is more complex for
the task than simply tracking p; this formally results in particle p as
the indispensable ontology; however, having centres of mass would
clearly be inductively better (think about the 11th year of trying to
track Neptune) and would generalize better (p is not present in other
planets). Considerations about robustness in induction and extrapo-
lation seem to have a weight for scientific realist considerations that
is not captured by indispensability alone.

Shalizi and Moore wittily comment on what we call here the
Global Challenge [23, p.17]:

Our initial choice of observables is a function of our ability
and inclinations to observe the system, and our choices about
what to predict. Beyond that initial choice, and the requirement
that good macrostates have certain causal properties, the causal

states we use are completely out of our control, fixed entirely
by the system’s objective, microphysical dynamics. A different
set of initial observables will, generally, lead to a different set
of causal states. Sometimes, but not always, these causal states
are related in a hierarchy of emergence. One might put it like
this: for every question we ask It, Nature has a definite answer;
but Nature has no preferred questions.

This situation gives rise to the following soft dilemma: eMSC ap-
proaches can EITHER (Horn 1) develop accounts that outline how
much and what type of taxonomical multiplicity is acceptable while
avoiding undermining the ontic and scientific status of effective the-
ories, OR (Horn 2) try develop a solution or approximation to the
open Global Challenge.

The strategies constitute a dilemma when they are defended in
their stronger versions where one excludes the other; but softer ver-
sions of both positions can be developed by conceding points to the
contrary strategy. Regarding Horn 1, it is still philosophically under-
explored whether the realist goals of eMSC are compatible with a
form of multiplicity that would be satisfactory for the framework.
This is an open question, which is being indirectly and partially
explored in different but related contexts (e.g., in discussions over
the compatibility of scientific realism with the abandonment of the
natural/non-natural kinds distinction: [24, 6]). Regarding Horn 2, the
philosophers Ladyman [12] and Ross [14] have indirectly pointed to
a way to have a further scarcity criterion, that seems to target the
worries of the Global Challenge: we should aim at effective tax-
onomies that can be part of a systematic process of scientific uni-
fication, and coherent triangulation between the ontic commitments
of different domains. This move, however, has not been clearly de-
veloped anywhere in the philosophical literature (this shortcoming
has been highlighted by [3, 18]). Other intellectually related projects,
such as William Wimsatt’s “Robustness Analysis” [29], are also un-
derexplored in the sense we care about here.



After providing this framing that underlines the Global Challenge,
this article asks: while its philosophical side remains only timidly
explored, has the scientific side of eMSC addressed it with more suc-
cess? The short answer is: no, but there are tools from the broader
computational modelling field that directly fit the Challenge. The dif-
ferent scientific modelling proposals within the eMSC frameworki
try to provide objective criteria for choosing taxonomies at some
scales over others by analysing the dynamics of interaction between
the different possible scales of specific systems. As a result, inter-
esting compositional properties between scales have been defined
(e.g., causal emergence, effective information, synergistic informa-
tion, and computational closure), and different empirical techniques
have been proposed [32, 11, 20]. However, while formal develop-
ments around scales and mereology might be a crucial part of the
necessary work for the eMSC project to be successful, a focus on
isolated systems does not address the dilemma. The dilemma can
be addressed by exploring the possibilities and limits of Horn 1,
and/or by evaluating and developing concepts and tools that poten-
tially tackle Horn 2 by exploring when and why patterns that are
found in very distinct systems at different scales are modally equiv-
alent. On this latter point, eMSC’s framework could integrate active
discussions regarding multiple realizability [19], clustering and ma-
chine learning methods [28], as well as analyses of the limits of in-
duction [21, 30, 25] and across-system extrapolation (see [2]; or, es-
pecially relevant for eMSC, the latest extensions of computational
mechanics [4]).

In sum, the point raised by this article is that the goals of eMSC
approaches may call for complementary work that currently re-
ceives insufficient attention. We might discover that there are prin-
cipled reasons why the Global Challenge is unsolvable, either in
general or for particular fields. This would imply that there is no
scientifically principled justification for their effective taxonomies,
and—importantly—that extra-theoretical, practical considerations
would be needed to carry those scientific inquiries forward.
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