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Abstract

Among the charges associated with addressing the biological
foundations of enactivism is the need to ground the notion
of autonomy on observable physical phenomena. What are
the physics of the self-maintenance that biological systems
exhibit? Are there physical principles that distinguish self-
maintaining from maintained systems, especially in light of
the thermodynamic requirements of biological systems? We
revisit here one such proposed principle, namely that a fun-
damental physical drive towards increasing biological com-
plexity is the tendency for a system to restructure its internal
organization so as to increase the rate at which energy from
the surrounding environment (heat bath) is dissipated by the
system. In doing so we also propose to use the tools of non-
wellfounded set theory as a method for what we call compara-
tive enactivism. Motivation for this proposal comes from the
realization that the field at large is driven by several shared
intuitions such as several different vaguely congruent notions
of self-organization and circular causality that, however, need
formal comparison in order to make more systematic the var-
ious influences of enactivism.

Comparative analysis of causal closure in
various approaches to the self-making of

biological systems
Part of the work in the artificial life community can be
described as reverse self-organizing. Reverse engineering
deals with systems that were designed by humans using
standard practices in engineering. On the contrary, artifi-
cial life uses simulations using various paradigms for self-
organization and emergence with the goal of drawing in-
ferences about biological processes, the very nature of life
being among the essential questions.

Such paradigms frequently incorporate a closure of cau-
sation as an essential principle. Yet, what exactly the clo-
sure is of depends on theoretical premises, methodological
approach, etc.. To list a few examples, first, cybernetics ex-
ploited closure of control feedback. Second, physics has re-
vealed that causal closure among micro- and macro-scopic
scales, aptly labeled as the slaving principle, describes a
form of interdependence of the scales of a complex systems
where macroscopic dynamics determines the activity of the

microscopic components that constitute the macroscopic dy-
namics (Haken, 2004). Third and most familiar within en-
activism are the twin notions of organizational and opera-
tional closure. Organizational closure puts emphasis on the
interdependence of the processes constituting the network
topology whereas operational closure refers to the recursiv-
ity of the network dynamics (Thompson, 2007).

Finally, the notion of closure that is most radical in its
exclusively functional character that purposefully avoids re-
ferring to the physical substrate or its properties is Robert
Rosen’s closure to efficient cause. A living system un-
derstood as a collection of biological processes such as
metabolism and repair needs to contain within itself the effi-
cient causes of the making of these processes. Processes in
an organism make the other processes in the same organism
and all of them together are to be found in a closed set. One
way in which Rosen’s account is special is that it pays spe-
cial attention to the types of causation. Hence, it is necessary
to distinguish among explanation in terms of material cause
which deals with what a system is made of, formal cause
which deals with the form or organization that structures and
processes take, and efficient cause which deals with the pro-
cesses that generate the parts and other processes in a sys-
tem.

What is notable about these briefly introduced perspec-
tives on causal closure in living systems is that they use very
different levels of analysis. As a result, it is not obvious
how to translate from one to another in order to determine if
they are actually saying the same thing. To begin addressing
this issue, we propose to use the tools of non-well-founded
set theory (NWF) (Aczel, 1988) in combination with graph
theory. This method has been applied before to show the
subtle differences between autopoietic systems and simula-
tions of such systems (Chemero and Turvey, 2008). Also,
note that this is a somewhat forgotten old idea first proposed
even before the appearance of NWF (Mesarovic and Taka-
hara, 1975). According to it, set theory is abstract enough
to formalize the common structure found in diverse natural
systems studied as per the principles of general systems sci-
ence (von Bertalanffy, 1969).



To briefly describe the method, the objective is to build
a directed graph of a given model. First, one needs to de-
fine the theorys statements of causal processes or functions
in terms of the ordered pair sets containing the sets of in-
puts and sets of outputs of these functions. Second, these
member sets are broken down into their members. Finally,
directed links are drawn from sets to their members. A the-
ory containing circular causalities where some functions are
each others’ outputs will result in the arrows forming non-
terminating loops. Models closed to efficient cause make
graphs where all efficient causes are within loops. Impor-
tantly, these graphs visualize structures of entailment, not
flow of materials nor process diagrams.

The necessity of thermodynamics.
Self-maintenance and acceleration of

dissipation
Research in the basic principles of biological organization
and animal movement has also generated several propos-
als about the physical nature of self-maintenance and self-
making. We believe it would be very useful to revisit the one
notion that puts particular emphasis on the thermodynamic
character of self-maintaining systems but has not been rec-
ognized as a fundamental concept in enactivism (yet, dia-
logue has started to emerge Davis and Turvey, 2016).

Autocatakinetics (Swenson and Turvey, 1991; Turvey and
Carello, 2012) posits that self-maintenance is an intrinsically
thermodynamic process. In particular, self-maintenance is
a property of a system that forms internal structure driven
by far-from-equilibrium thermodynamics. Furthermore, this
structure amplifies the system’s capacity to take energy in
and produce entropy. In other words, the internal struc-
ture and the capacity of the system to produce entropy are
linked in a self-reinforcing loop. The general idea, that the
phenomenon of life is dependent on a physical principle
of dissipation acceleration, has been rediscovered multiple
times. In the most recent instantiation, the linkage between
dissipation acceleration and self-replication (of the dissipat-
ing entities) has been established mathematically (England,
2013). The finer implications of autocatalysis, autopoiesis,
and autocatakinetics about the autonomy of biological sys-
tems need to be discussed comparatively in light of devel-
opments that explain self-maintenance as resulting from a
thermodynamic principle.

To be more specific, autocatakinetics is similar but not
identical to autopoiesis. The former attempts to explain
the formation of movement capacities in all organisms on
the grounds of purely physical first principles (far-from-
equilibrium thermodynamics). This is referred to as phys-
ical intelligence. In other words, something as primitive
as a convection roll is driven by the same or at least some
of the same principles that drive the systems that one can
attribute meaning to. In contrast, enactivism seeks specifi-
cally a biological foundation and autopoiesis is not meant to

be reducible to physical principles only. Enactivism draws
the line at the phenomenon of life itself which is identified
as a special subset of dissipative structures, namely those
engaged in self-production (not only self-maintenance) of
constitutive components. A key issue for future compara-
tive work between these perspectives is to define more pre-
cisely the role of different organizations of dissipative and
self-replicating structures.
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