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Bio from Bit 
Sara I. Walker 
 

The known laws of physics are impressive in their explanatory power. 
They describe for us the mundane, such as balls rolling down inclined planes, 
and the extreme such as what happens under gravitational collapse or how the 
nucleus is bound together. However, so far our best theories of physics have not 
yet been able to explain why physical systems exist that can and do create 
theories to describe the world (Krakauer, 2014). Arguably this is the most 
interesting feature of having laws at all.  

A theory is a compressed description of the world that explains some of 
its regularities. It is information. But this kind of information is not exactly what 
we commonly associate with Shannon’s concept of information. Shannon was 
interested in communicating information over a noisy channel, and therefore 
identified ‘information’ with reduction of uncertainty (Shannon, 1949). The 
majority of work in information theory thus far has similarly been focused on the 
idea of reducing uncertainty, or maximizing the predictability of a given 
outcome. However there is a flip side to this, which is less frequently discussed – 
namely, that once a living system acquires information it uses it. Different 
transformations can occur depending on the information acquired. This is 
commonly discussed in the context of ‘top-down’ causation, where information 
is part of the causal structure of a physical system (Ellis, 2011).  Theories are 
powerful not only because they describe things, and thereby allow us to predict 
properties of the world, but because they also allow us to perform 
transformations in the physical world. This is a property not just of technological 
civilizations but is arguably at the heart of understanding what life is, and along 
with it understanding why living entities appear to exhibit goal directed 
behavior.  
 
Knowledge: ‘Information’ with ‘causal power’? 
 
 In the words of Deutsch (Deutsch, 2011) “Base metals can be transmuted into 
gold by stars, and by intelligent beings who understand the processes that power stars, 
and by nothing else in the universe. “If this were not the case, technological 
revolutions would not be coincident with scientific ones. An example, used in 
(Walker, 2016), is the launching of artificial satellites into space in the process of 
“anti-accretion” (Grinspoon, 2016). Anti-accretion requires as a pre-condition the 
existence of a technological civilization, and therefore happens on Earth but not 
on any other planet in our solar system. A further condition for anti-accretion is 
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that the technological civilization must include knowledge of the regularities 
associated with gravitation. That is, stored somewhere in the physical degrees of 
freedom instantiating the civilization must be a theory of gravity. Knowledge in 
this sense is a special kind of information that includes the capacity to cause 
certain transformations to occur (a further condition in Constructor theory is that 
knowledge is information that remains instantiated in physical systems (Deutsch, 
2013)). Knowledge is a necessary pre-condition to goal-directedness: in order to 
achieve a goal, one must have the knowledge to get there.  
 
Macrostates Matter 
 

The idea of information with causal power seems to be in conflict with our 
current understanding of physical reality, which is described in terms of fixed 
laws of motion and initial conditions. If deterministic physical laws describe all 
of reality, there is no “room at the bottom” for macro systems (such as living 
entities) to do causal work. The question of how mindless mathematical laws can 
give rise to goal-directed behavior may therefore be recast in the framework of 
identifying how it is that macroscopic systems can appear to cause 
transformations, under the constraint of deterministic laws. There are two 
possibilities, either (1) theories, theorizers and the like exist at an emergent level 
of description only and have no bearing on dynamics at the lower levels to which 
they supervene or (2) theories and theorizers exist and can potentially influence 
dynamics at lower levels.  

 
Fig 1: Trajectories at the physical level (left) and at the emergent level of agents 
(right). Reproduced from (List, 2014).  

 
The former is how we typically regard emergence in physics and much of 

biology. A nice example is illustrated by List (List, 2014), reproduced in Fig. 1. 
The macrostate at any given instant in time M(t) is consistent with a set of 
microstates P, such that the macrostate is multiply realizable (this is the 
definition of a macrostate). Under deterministic evolution, a microstate 𝑝 ∈ 𝑃 
could lead deterministically to a new microstate 𝑝′ ∈ 𝑃′, where P’ is the set of 
microstates consistent with a new macrostate M’(t+1). Macrostates of interest in 
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biology are those that have agency, that is that have ‘causal power’. It is the fact 
that agents can exist among many counterfactual histories that embues them 
with their seemingly ability to cause different counterfactual possibilities to 
occur (see e.g., Biehl et al., 2016).  

The left panel of Fig. 1 shows examples of macro trajectories that bifurcate 
in the future, but trajectories can bifurcate in the past too. The possibility of 
multiple possible pasts, each equally consistent the same current state, can lead 
to the appearance of goal-directed behavior in macroscopic systems if we impose 
assumptions that there is only one possible past history. Cosmologically we often 
rewind the tape of the history of the entire universe all the way back to its initial 
state to gain this kind of explanatory power. This leads to problems associated 
with fine-tuning the initial condition to explain the world as we see it.  However, 
if we only care about macroscopic systems, they can have multiple possible 
histories. Assuming only one history in a case where there are many leads to the 
appearance of design and fine-tuning. If we look at all possible counterfactual 
paths to achieve a given target state we should observe that “the goal” (i.e., the 
current state of the system, or a specified target state) is a possible outcome 
arising due to the a convergence of many different trajectories (e.g., if the right 
panel were run in reverse) and does not require a unique initial conditions (e.g., 
does not need to be “designed”).   

Goal-directedness is closely connected to the idea of biological function.  
In systems biology function (and goals) are often modeled within the framework 
of attractor landscapes (see e.g., Huang et al., 2005), where attractors may be 
regarded as “goal-states” and the “function” of a biological network is to drive a 
given system’s dynamics to specified attractors that correspond to viable 
phenotypes (Kauffman, 1993). An explicit example is the Boolean network model 
of the fission yeast cell cycle gene regulatory network (Davidich and Bornholdt, 
2008), shown in Fig. 2, which models the function of cellular division by 
recapitulating the sequence of steps executed in living Schizosaccharomyces Pombe 
cells. The network in Fig. 2 is a coarse-grained representation of what is actually 
happening inside the cell. It can be thought of as being generated by a mapping 
much like that of Fig. 1 (where the cell cycle model would be the right panel). 
Here the Boolean states of nodes correspond to whether a given gene (node) in 
the network is expressed (‘1’) or not (‘0’). The trajectories for all possible initial 
states of the network are shown in Fig. 2. The sequence of blue arrows 
corresponds to the healthy cell cycle trajectory, such that each state along the 
path corresponds to one of the phases of cellular division (G1, S, G2, M 
corresponding to growth, replication, a resting gap state and mitosis, 
respectively). The end state is the primary attractor for a healthy cell, and it is 
clear from the state transition diagram that this attractor dominates the 
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landscape. Most stages converge to the primary attractor, and for this reason the 
cell cycle is said to have robust function.  This is a product of evolutionary 
selection, which has encoded this network with the function of converging on 
this attractor.  

 
Fig. 2 – The fission yeast cell cycle regulatory network modeled as a Boolean network 
(left) and the state-transition diagram generated by the network (left). Figure adopted 
from (Kim et. al., 2015; Davidich and Bornholdt, 2008). 
 

This could be much of the story. But it does not seem explanatory of why 
some macrostates can construct theories about their world. Assuming a state of n 
elements, the number of possible partitions of the state into sets of elements is 
given by the nth Bell number 𝐵! =

𝑛
𝑘

!
!!! . This is huge, even for small n. There 

seem to be no steadfast rules about which of this vast set of macrostates are 
relevant. But only some macrostates appear to persist in the world. This can be 
explained if the relevant macrostates are good predictors of future dynamics, 
which is really just a statement that the past is correlated with the future. In 
statistical physics for example, we care about the macrostates that are optimal 
predictors of their own future evolution in time, and there is a unique minimal, 
objective solution for this (Shalizi and Crutchfield, 2001). But, observing 
macrostates is also subjective and requires introducing an external `observer’ 
(Shalizi and Moore, 2003). Ideally, we should be able to explain the properties of 
biology without assume that an external system is doing the predicting.  

There is a lot more information in the biosphere today than there was 
around the time of the last universal common ancestor, ~ 3.5 billion years ago. 
Presumably this is a result of selection. Observed over long timescales the 
macrostates that persist (are predictive) (Flack et al., 2013), selected for the precise 
reason they have staying power. But not all information encoded in the 
biosphere is necessarily predictive. We can go back to our satellite example. 
Certainly part of the power of knowledge of the laws of gravitation is that we as 
a species can now predict the path of the Moon and other planets. But more 
significant is that we can use this knowledge to launch satellites, build GPS 
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devices and develop other technological innovations that lead to more 
innovation. That is, this knowledge allows for multiple counterfactual 
possibilities to be realized, which originate at the ‘level’ the knowledge is 
instantiated (branching in right of Fig. 1). This introduces asymmetries in how 
we treat different levels in a hierarchy (here so far, I have been talking about 
‘macro’ and ‘micro’, but this should always be assumed to include a hierarchy of 
nested levels across scales). As currently understood in physics, counterfactuals 
can matter for the higher levels (e.g., via the branching in Fig. 1) but not the lower 
levels, as lower levels follow local time-reversal invariant laws. We therefore can 
solve problems regarding fine-tuning and permitting goal-directedness at some 
levels (the macro ones) but not all (the micro ones). It may be that nature is 
structured this way, but there is also no a priori reason to assume that we should 
not treat all levels equally (for example, there may be no bottom level rendering 
it impossible to treat a particular level as privileged (Schaffer, 2003)).  
 
More is not just different, it is causal 
 

Our second possibility is that theories and theorizers exist and can 
potentially influence dynamics at lower levels. The idea here is not just to focus 
on macrostates as predictors, viz the informational properties of emergent agents, 
but to also understand their causal structure. When studying complex systems it 
seems evident that not all of reality may be reduced to description solely in terms 
of those fundamental laws that operate at its most microscopic layers. In the 
words of the Nobel Laureate Philip Anderson in his famous essay More is 
Different  (Anderson, 1972) “The ability to reduce everything to simple fundamental 
laws does not imply the ability to start from those laws and reconstruct the universe.” As 
we move up in scale, the universe appears to become more and more complex, 
and it seems clear that as complexity increases entirely new properties emerge. 
The question of interest here is whether these emergent properties have a causal 
influence, allowing agents to have an active say in achieving their own goals.  

Hoel et al. explicitly quantified causal emergence by identifying cause and 
effect information, quantified by determining how the mechanisms of a system 
constrain the past and future states when the system is in a particular state (Hoel 
et al., 2013). They show that even though there may exist a complete (causally 
closed) lower-level description of a physical system, higher levels can still be 
causal above and beyond the causal work of lower levels if higher levels have 
higher cause-effect information, that is if they are more deterministic or more 
specific in their dynamics (see (Hoel et al., 2013) for description). A point often 
discussed but still under-appreciated is that emergence and reductionism are not 
at odds. In fact, reductionism is what makes emergence possible: if we could not 
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reduce reality to the study of a few component building blocks, we would not be 
able to describe how those building blocks come together to create more complex 
‘higher-levels’.  

Cause-effect information is important in integrated information theory 
(IIT) as developed by Tononi and collaborators (Oizumi et al., 2014), where 
integrated information 𝜙 provides an explicit measure of how a whole can be 
“more than the sum of its parts”.  Briefly, a system is integrated if when cut in 
parts it looses cause-effect power (see e.g., (Oizumi et al., 2014)). Recently, 
Marshall et al. (Marshall et. al., 2017) performed causal analysis on the fission 
yeast cell cycle regulatory network Boolean model in Fig. 2 using IIT. The 
analysis uncovered that the cell cycle in its primary attractor state is an 
integrated whole, as reproduced in Fig. 3, where local maxima of cause-effect 
power are shown outlined in blue-dashes. The most irreducible structure (the 
global maxima) in the cause-effect structure includes all nodes of the cell cycle, 
exclusive of SK, which is the start node and has no other feedback on the 
network. The analysis also revealed a local maxima of cause-effect structure, 
which corresponds to the set of nodes that when individually intervened on (by 
setting their state to their value in the primary attractor state at each step) expand 
the size of the primary basin of attraction and therefore increase its functional 
robustness. In other words, these nodes increase the goal-directed behavior of 
the network. The network was also shown to be integrated as a whole (all 8 
nodes excepting the ‘start’ node SK) through each state of the biological attractor. 
This network therefore provides an example of a system that maintains causal 
borders as an integrated entity in executing a goal-directed function (converging 
to an attractor).  
 
 

 
 
Fig. 3 Local maxima of intrinsic cause-effect power in the primary attractor of the fission yeast cell cycle 
network (left). The global maxima corresponds to the full network (with the exception of the SK which 
initiates the cycle). A second local maxima corresponds to nodes that individually enhance the function of 
the network by expanding the size of the primary basin of attraction (right). Figure reproduced from 
(Marshall et al., 2017). 
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The causal analysis of the Boolean fission yeast cell cycle network was also 
compared to the ‘backbone motif’ of the network (Wang et al., 2010). The 
backbone motif is defined as the minimal subgraph of the network in the left 
panel of Fig. 2 that still recapitulates the sequence of states along the blue path in 
the right panel of the figure. In short it is a smaller network that has the same 
function as the full cell cycle network. Causal analysis revealed that this network 
did not form an integrated whole, and lost integration at various stages of the 
cell cycle process. This is important for understanding how biological systems 
can wander towards a goal – it is not a goal if it is not internally “programmed”. 
For the backbone motif it is almost coincidence (but for the fact that it was 
designed from a biological circuit) that the desired target state is achieved. The 
basin of attraction for the backbone motif network is much smaller for the 
primary attractor than with the original fission yeast cell cycle network. For the 
full cell cycle network integration is critically important as it sets the causal 
boundaries of “self” and there are subsets of nodes within the network (those 
corresponding to the local maxima in the right panel of Fig. 3) that regulate the 
function of the network within that integrated structure to achieve the targeted 
state. This underlies its robustness.  

The forgoing example of the cell cycle network highlights an important 
feature of the causal structure of biological systems – they are integrated 
containing many “higher-order” (meaning sets of nodes here, rather than just 
individual nodes) cause-effect structures that control their own function. One 
way to think about living structures is as a nexus of counterfactual 
possibilities, such that a living organism not only exists across multiple 
trajectories, but is an embedded causal structure that itself regulates which 
paths are taken. Agency and goal-directed behavior are an emergent property 
arising due to the dynamics of these highly embedded structures through state 
space that arise because they define their own trajectory through regulatory 
feedback. One final example will help illustrate this point. 
 
Life as `Non-trivial’ trajectories 
 
 To illustrate how `life’ can alter the causal structure of dynamical systems 
it is embedded in, I will use as an example Elementary Cellular Automata (ECA). 
ECA are 1-dimensional with nearest-neighbor interactions operating on a two-bit 
alphabet, here represented as {0,1}. The topology of the state transition diagram 
for ECA Rule 150 with width w = 6 and open boundaries (‘0’ on the boundary) is 
shown in the left panel of Fig. 4. Here I focus on Rule 150 as it is reversible, such 
that the state-transition diagram on the left of Fig. 5 looks like what we would 
expect in a physical system (which are deterministic and time-reversible). Shown 
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on the right, is the state transition diagram where a property like ‘top-down’ 
causation is explicitly introduced, and the dynamics are run again with Rule 150. 
Here macro causal interactions are are introduced by blackboxing the width w = 
6 CA into two subsystems. The state space of each blackbox is partitioned in two 
such that the set of states in each partition cause the same transformations on the 
other blackbox. All possible partitions are explored subject to the constraints that 
‘000’ and ‘111’ do not appear in the same partition and that each partition 
includes at least two states (there are 62 possible partitions satisfying this 
constraint). The causal structure that emerges by considering all possible 
couplings is shown in the right panel of Fig. 5 and should be contrasted with the 
left panel. Different edges in the graph correspond to different partitioning of the 
state-space. A system could have a fixed partitioning for all time or these ‘coarse-
grainings’ could evolve in time as has occurred through biological evolution.  

The path-lengths of all trajectories for the state transition diagram in the 
right panel of Fig. 5 with top down causation (with a fixed interaction of the 
partitions of the two systems) are shown in red in Fig. 6 alongside the path-
lengths of all trajectories over all state-transition diagrams for fixed rule ECA (no 
top-down causation). The take-home is that by adopting an explicit framework 
whereby systems have borders and are coupled to the external world via 
information (a macrostate) richer dynamics are possible.  

 
Fig 5: State transition diagram for ECA rule 150 (left) and for rule 150 under all state bipartions as 
described in the text (right) for CA of width w = 6 and open boundary conditions.  
 

The point of this essay is to suggest that life is like the right of Fig. 5 rather 
than the left (and is not merely a coarse-grained macrostate of the left). Living 
systems are information processing hierarchies (Flack et al., 2013), that through 
nested levels of blackboxes coupled by “information” can achieve trajectories 
that are impossible to describe with a fixed law and initial state only (where the 
latter are a subset of the former).  A biological system constructs its path through 
these high dimensional spaces, highly integrated structures are more adept at 
this, and goal-directed behavior emerges because each state containing a ‘life’ (a 
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hierarchial information processing system) has multiple possible futures and 
pasts.  

 
Fig. 6: The frequency distribution of all possible 
trajectory lengths taken over all state-transition 
diagrams for the 256 ECA rules (blue), compared 
to the frequency distribution of trajectories for 
Rule 150 under all partitions into two CA 
coupled via a macrostate.  
 

 
 
 

Explicitly introducing something as odd as macro-level causal effects may 
seem to some to be premature. We may perhaps find a more convential 
description of living matter without having to uncover new principles. Here the 
goal is not to make claims one way or the other, but instead to explicitly study 
the consequence of taking the idea of downward causation seriously and study 
its dynamical consequences. However, it should be noted that the construction 
presented here need not be interpreted as a mysterious or ‘action-at-a-distance’ 
to explain top-down causal effects or embedded causal structures.  There can 
exist consistent micro-narratives for the dynamics that do not include top-down 
causation per se, but instead require adopting a state-dependent topology for the 
CA (which can be defined entirely locally), rather than the fixed lattice topology 
of traditional ECA. That is if one assumes something about the rules of time 
evolution changes as a function of the state. Since the laws of physics appear to 
be immutable this must be the interaction topology. State-dependent dynamics 
are frequently cited as a potential hallmark feature of life (being self-referential) 
(Adams et al., 2017; Goldenfeld and Woese, 2011), and it has been proposed 
elsewhere that life might implement state-dependent topology in its dynamics 
(Rosen, 1981). A consequence is that when we describe networks in biology, we 
are really gaining a window into the complex network that is itself the state-
transition diagram of reality – there is no underlying local, fixed dynamical law 
narrative that will describe fully the longterm dynamics of biological or 
technological systems even if every step is consistent with the laws individually 
(hence even though Rule 150 is used for all transitions in Fig. 4, the two diagrams 
look different). Here we see a new interpretation of Wheeler’s famous dictum “it 
from bit”. The participatory universe exists as a highly embedded causal 
structure in the vicinty of observers , and the as far as trajectories associated with 
living systems are concerned, the “bio emerges from the bit”. 
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