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Abstract

Epigenetics is a distributed yet coordinated response to external signals including pathogens. The burning
question is: how is the response so successfully coordinated without signi�cant underproduction or overpro-
duction of the antigen? From Distributed Computing the expectation is that the detection mechanism, like the
production mechanism and communication mechanism, is also distributed. Single-point of failure is anathemaic
(risky): Evolution would quickly weed out the same.

This paper proposes that the signaling is inferred and implied: that other nearby cells note and decode the
passage of replenishment ions (and other resources) to cells constructing a given antigen, Further, that Negen-
tropy is achieved system-wide through inherent provision of an Integral term from Convolution. Furthermore
that the inherent latency of detecting local resource replenishment would mitigate "Integral Windup" (a term
from PID Control) at the System-wide level.

Hankey notes Coherent O(N) Long-Range Order in Epigenetics, as do Sipling Zhang and di Ventra in
Distributed Memory. Inherent Integral Windup would avoid catastrophic instability even when (if the group
is large enough) individual O(1) contributors to the O(N) coherence paradoxically have no Integral term.

Accidentally from the overall characteristics it is demonstrated that an Epigenetic system meets De�nitions
of Consciousness, as expected by a display of Negentropy.

1 The Sandwich Model

Hankey and Kale proposed the Sandwich Model of
Biology[1] in which Self-Organised Criticality is noted to
occur in Epigenetics, and that it is Epigenetics and Ge-
netics that sandwich the Biochemical pathways. Whilst
the primary focus of that work is to create a Holistic
tie-in of the underpinnings of Biology, this paper be-
gan by asking how Epigenetics exhibits a stable propor-
tionate response to pathogens despite being Distributed
(termed O(N) Self-Organised Criticality by Hankey in
his 2019 paper[2]).

In the Q&A of his talk on Ayurveda and the Sandwich
Model[3], Hankey was asked how detection of pathogens
occurs in an Epigenetic Model. Hankey notes that the
individual cell depletes its internal ion stores (and other
resources) in the construction of an antigen. The re-
plenishment of those resources would result in a dimin-
ishment of the same within the locality of that given
cell. It is at this point that an insight occurred on the
burning question of how Epigenetic regulation is fully
Distributed: resource concentration changes are implic-

itly noted by neighboring Cells.

2 PID Control and Integral Windup

A simple way to illustrate why PID Control[4] exists is
to try to catch a ball by moving towards where the ball
was when seen, where it is predicted to be by the time
of arrival: children may be kept highly entertained by
an adult futilely and theatrically attempting the same.

PID Control is therefore a 150+ year-old Engineering
solution to the problem of stabilising control of an out-
put in a �uctuating environment, overcoming the prob-
lem of high-point balance and exhibiting Negentropy
(Exergy) in the process. PID Control is ubiquitous: hid-

den in Industrial pipeline valves, and Central Heating
boilers and Air Conditioning as a way to overcome the
latency associated with the time taken to open a valve,
or of heating and cooling of metal, as well as the slow
speed of air to reach the thermostat.

PID Control requires taking into consideration past
readings, calculating the rate of change, as well as pro-
jecting into the future, in order to compensate for the
delay in both the e�ect of changes as well as the delay in
reading the control signal. This naturally involves both
Di�erentiation and Integration with respect to time.

A well-known problem associated with PID Control is
called "Integral windup", where the reading is so far
from the desired target, and the latency due to systemic
inertia so disproportionately long, that the Integral term
in PID Control cumulates rapidly in an e�ort to over-
come large inertia, and consequently escalates out of
control, resulting in uncorrectable wild oscillation. The
Engineering solutions are quite simple, and by beautiful
coincidence mirror the behaviour of individual neurons:
recovery latency, and both lower and upper thresholds
prohibiting �ring.

The question then comes: when multiple PID instances
are distributed as part of a large system, how do they
coordinate in both phase and frequency, and retain sta-
bility? How does an O(N) Epigenetic system display
Integral Windup capability?

3 SOC and LRO

Sipling Zhang and di Ventra observed Self-Organised
Criticality (SOC) and Long-Range Order (LRO)[5] oc-
curing in Distributed Memory. There was no inherent
explicit control: Self-Organisation of multltiple O(1)
Critical Instabilities was emergent over time. The ef-
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fect is described by Hankey (2019)[2].

However Hankey postulates that simplistic O(1) sys-
tems cannot exhibit Critical Instability without also be-
ing part of a O(N) system. In "Where is the De�nition
of Consciousness"[6] it was noted and agreed that when
Ki=0, eliminating the Integral part of PID Control, a
given O(1) system would indeed be unable to prevent
wild �uctuations (colloquially: running to where the
ball is or was, not where it will be).

How, therefore, can simplistic non-Integral O(1) sys-
tems exhibit stability as part of an O(N) Distributed
system when the individual O(1) components lack sta-
bility? This is where inherent localised detection and
implied signalling comes into play.

4 Implicit Integral windup

As illustrated by the simple example of needing to run
to where the ball is going to be, if a multi-order system is
to exhibit stability, it must likewise exhibit integration
with respect to time. Additionally if Integral windup is
to be avoided then the three characteristics of latency
and lower and upper threshold limits must be demon-
strated. Note that the context is for additional (local)
cells in the vacinity of the �rst cell to be "signalled",
such that they independently begin antigen production
in anticipation - but as Integral windup illustrates - not
too much anticipation.[7]

The �rst - latency - may be achieved by the �rst cell
simply rapidly consuming its internal resources in re-
sponse to a pathogen, with propagation delays asso-
ciated with replenishment of ions and other resources
clearly taking time.

The second - lower-limit thresholds - may occur
through ion pumps being slower than ion channels by
orders of magnitude. The context again being that the
proximally-local cells observe a change in concentration
of certain ions. If the slower ion pumps take time to
activate ion channels, and do so only when a certain
electro-potential threshold is exceeded (as re�ected by
the inner ionic charge maintained by the cell), then that
inherently meets the lower-limit criteria.[8]

The third - an upper resource limit - is easily met: there
will be a physical limit as to both the availability and
the system-wide distribution rate of ions. This resource
limitation will automatically impose a decrease in the
ability of cells to produce a given antigen. Whether
the cell stops producing antigen entirely if the ionic re-
soure concentration exceeds a certain threshold remains
to be investigated but given that is how neurons operate
(cease �ring if overloaded) it is not outside the realm of
possibility to expect antigen production to be similarly
a�ected.

Whilst latency, lower and upper threshold limits have
the e�ect of Integral windup and can reasonably be said

to extend from O(1) to O(N), there is a missing ad-
ditional factor: how would Integration with respect to
time occur in a Distributed system?

Caveats

The precise detection mechanism being taken into con-
sideration is not known: there may be one, there may be
many. However a reasonable expectation is that ionic
charge di�erential between cell interior and exterior is
the "Error di�erence" that goes into PID Control.

It is worth noting that if there are other informational
mechanisms it would be expected that the exact same
process described below be applied to them: the key in
such application being to look for a di�erential poten-
tial.

5 Convolution conveys O(N) Integral

Hankey and others posit that a simple O(1) system may
not exhibit Critical Instability. It is agreed that if Ki=0
then, just like a child who runs towards where the mov-
ing ball is, not where it is going to be, such a system
may never exhibit stability. Likewise, if cells intercom-
municate through ion voltage di�erentials but there is
only one cell - O(1) - and the cell has no Integral term -
it will not exhibit stable Critical regulation on its own,
in response to an ionic di�erential potential.

However what happens when multiple such O(1) Ki=0
systems are in local proximity, such as cells responding
to a pathogen, and there is an inter-communication sys-
tem between them? The hypothesis is almost trivially
self-evident in that by de�nition a Convolution provides
the missing Integral term, but only to the O(N) system
as a whole. In other words: any given O(1) cell with
Ki=0 non-stable characteristics, if removed from prox-
imity with other such cells, would not exhibit Critical
instability regulatory characteristics.

The Integral e�ect of Convolution is an inherent prop-
erty of the system, not of the members of the system.

To hypothetically make this clearer: consider that elec-
trical charge di�erential tails o� as an inverse square law
with distance. A Convolution de�ning the function as
"taking distance between individual cells with a given
ionic electro-potential into consideration" would inher-
ently perform Integration of that inverse square e�ect to
create a purely inverse e�ect for the overall system. Lo-
calised Di�usion is Integration, which has implications
as to why Particle Swarm Optimisation is successful as
an O(N) system comprising NxO(1) agents.[9]

A very important aspect to emphasise: if the group
size is too small then the Integral term contributed may
simply be too small to compensate. As a generalised
concept this has implications for Community sizes, giv-
ing insight into the "Wisdom of the crowd" concept.[10]
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6 NxO(1) PID becomes 1xO(N) PID

Taking the local ion potential di�erential between cell
internal and external of each O(1) agent, the group as
a whole (in either 1, 2 or 3 dimensions): that di�er-
ential may be input into a Convolution that inherently
provides Integration with respect to time to the entire
O(N) Epigenetic system.

Likewise it should be well-understood that the individ-
ual cells contribute to an overall electro-potential that
may likewise be considered to be part of the O(N) sys-
tem: the concept is after all the basis of EEG readings.

Once there is a global sysems-wide electro-potential
(ionic di�erential of the overall system vs the internal
ionic charges of the individual cells) then it becomes pos-
sible to consider the overall system to exhibit system-
wide PID Control Characteristics based on system-wide
electro-potential.

However matters are slightly more nuanced than that,
as shown in Sipling and Zhang's paper: stabilisation
time is required (Long-Range phase-coherence is not
instantaneous), and there are conditions under which
individual cells may "freeze" (no longer exhibit phase-
changes)

Case in point: free-spinning magnets (e.g. electrons)
are well-known to become stationary if the local �eld in-
teraction is too strong. Ironically Syzranov and Ramirez
work in a �eld where Long-Range Order avoidance is
desirable[11]. Tang et al also highlight the same in "Spin
Dynamics in van der Waals Magnetic Systems"[12]

The success of this approach highlights that
the intrinsic character of short-range inter-
actions in �nite systems can overcome ther-
mal �uctuations and stabilize long-range
magnetic order in the 2D limit.

The wording underscores a signi�cance that cannot be
underestimated in light of Sipling Zhang and di Ventra
LRO.

7 Discussion

It is interesting that both Sipling and Zhang talk of
Memory (a form of information, of Order and structure,
hence negative entropy) where Gatenby and Frieden
likewise point out that individual cell membranes open
and close to allow information to pass through. Also
that Hard drives are designed around the principle of
maximizing the amount of information (Memory) mag-
netically stably stored in materials that exhibit O(N)
Self-Organised Criticality.

Is it not unreasonable to say that Epigenetics has an
overall "Memory" of the state of its current response
to a pathogen? Hankey describes Epigenetics as be-
ing a system that responds to external signals (informa-
tion). However a clearer re-statement of what this im-

plies would be that Epigenetics exhibits Sipling Zhang
and di Ventra Distributed Memory characteristics as
well as "awareness" of the real-time external informa-
tion, and an ability to respond to the same, and given
that above it has been shown that the overall system ex-
hibits PID Control stability, it can be seen that McKen-
zie's characteristics have emerged: Memory, Perception
and Imagination.[13]

Additionally, looking at refoundd's article on
di�usion[14], it is noted and explained that random
noise is essential to successful Convolution applica-
tion. The importance of randomness in Consciousness
is noted in the author's work.[6] Bottom line:

The De�ning Characteristics of Conscious-

ness are met.

8 Conclusion

It was not expected to be demonstrating in this paper
that Epigenetics as a system meets the De�nition of
Consciousness. However as Epigenetics exhibits Negen-
tropy this should not have been a surprise. What was
a surprise was that introducing randomness into appli-
cation of Convolution for image sharpening is crucial,
as a sharp (pun intended) reminder that randomness is
a necessary aspect of Consciousness. The paradoxical
deep e�ectiveness of randomness is illustrated by Hong
and Pavlik's Randomly-weighted Neural Network with
Fourier Features[15]

The initial goal was to focus on how Convolution of lo-
cal electro-potential di�erentials (localised ion potential
di�usion) inherently conveys Integration with respect
to time to a system even when individual O(1) com-
ponents have no Integral term Ki=0 and thus cannot
themselves, in isolation, exhibit stability. However as
that required thinking in terms of system-wide electro-
potential it became clear that the overall Epigenetic sys-
tem would exhibit its own "Order-inducing" Negentropy
and PID characteristics.

An additional startling implication emerged from Con-
volution providing otherwise-missing Integration with
respect to time: it may be the missing piece of the puz-
zle as to why Particle Swarm Optimisation (illustrated
by Grey wolf hunting strategies) is successful, as it pro-
vides a type of O(N) PID Control with the essential Ki
characteristic.

It was also remarkably easy to show a connection
to Epigenetics having "Memory" as well as real-time
"awareness" of input (pathogen or other information)
via Sipling and Zhang's mechanism, but it is important
to note their caveats under which local phase-coherence
may be adversely impacted ("frozen"). These caveats
will have crucial implications for Epigenetic pathology.
Overall the exploration of this topic pleasantly drifted
o�-course and in the process raised many more fascinat-
ing questions than it answered.
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