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An algorithmic information theory of consciousness (KT)

Motivation

The subjective route to KT: Experience (1P)

We start from the fact of experience—the first person (1P), subjective standpoint
[Ruf17].

Meditation, psychedelics, religious experience (e.g., Buddhism) suggest that
experience can be pure/primordial, free from mental constructs such as the ego.

From the self-evidence of our own experience, the “what it’s like to be”, we assume
that primordial experience does not allow for or require prior causes.

KT does not address the hard problem of consciousness.
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Motivation

Structured experience (8§)

We aim to build a theory around the notion of structured experience—where
mathematics and experience meet.

Mathematics: The science of structure, order, and relation [Gral0].

We observe that experience is structured: at least during wakefulness, there is a
spatial, temporal, and conceptual organization of our 1P experience of the world (inc.

self).

Definition (structured experience (S))

The phenomenal structure of consciousness encompassing both sensory qualia and the
spatial, temporal, and conceptual organization of our experience [Vanl6].
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Scientific strategy for the study of §

This definition of § can be empirically explored in reporting humans, and we aim to
characterize it with methods applicable to a broad range of systems.

The strategy will be to quantify the structure of experience from 1P reports in
humans and attempt to associate it with 3P data (e.g., EEG, fMRI or behavior)
using mechanistic insights derived from neuroscience and mathematics.

With this knowledge at hand, we can then study (3P) other systems (non-reporting
humans, other living species or artificial agents) and provide an educated guess about
the agent’s S.
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The objective route to KT (3P): persistence and life

We can also start by attempting to define what [life is.

What remains after the passage of eons must rightfully be called a persistent pattern.
There may be several types of such patterns. Some seem rather impervious to the
world, such as protons.

Definition (Life)

Patterns that readily interact but persist by partly capturing structure in the world
they inhabit to stay or replicate (homeo- and meta-homeostasis).

The connection with the first viewpoint is that, in KT, this generalized
definition of life is what is capable of S.

As part of our program, we should study the algorithmics of the emergence of life.
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AIT and Kolmogorov complexity

Kolmogorov complexity (X) I

We can think of agents as physical systems, and in turn, of physical systems as
dynamical systems calculating (effectively computable) functions. This allows us to
analyze agents from the standpoint of computation theory.

The use of computational framework in KT should not be construed to mean that the
brain is literally a physical von Neumann computer (such as a laptop).

A computational perspective leads us directly into algorithmic information theory
(AIT) and its central concept:

Definition (Kolmogorov complexity of a dataset X)
The length of the shortest program capable of generating the dataset [Kol65, CT06].
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Kolmogorov complexity (X) 11

Data

['3.1415926535897932362126441332783153851346693837510901895726 ",
"018384499052744720715818809998732302403306228695474928180320",
*753674105992730889181899002839603178193811773431722703959358 ",
268141333452477887508510269827937896478275049387039777176900 ",
405241522161082085531284374593867606438263479610428833873240,
"8145257445815990368592973580473662687020047272837385330580990 ",
*321995452581726106049172690395198062573665262871296960905298 ",
"7671009626536B6872770589723668191102294674722433945197705300",
'055119465009359582611749124148429618508439904510768325982742",
'279675275765489525342671508524167635014613101925595202355755 ",
*102585770200546509471899046606793226526679106224571898208800 ',
*107901803727064234451793390655598711068559505841127928060032",
*337192886528502966491930322116158736056828346647017547248799 ",
"504788106014438911795283480956056997079313666340402882338100",
*885987864207650291055111920518742753088565200975901983814337 ",
'995954361422858875639729434505192754974677858225397517462984 ',
"10625241211239660567303329651254143834887458397005858 4852601,
"758967947224856538111760995127529134760549155054093484642404 ",
"14465076607407951 1296117662690 1248839216,
‘095987647033860601966053643436621401564367734793432338116039 ",
"097658075165835769872631138944133558910094110970936501481682",
'509813953446150684215255859076697422726810172788858225021120 ",
"091543110022772908416327185888040820123419622008573026352249 ",
"661741503684681953299961290108467705680513971248855195323560 ",
"422622670343623601433813950290537227840808288110012605829194 ",
"071044348462285137122859821430973555091314913893173298544009 ",
*764003187624609354087677648166725204633420049570774683230559 ',
"403506720419311753478366767336847944865380618062686265319497 ",
"343440258477812030366139008867373824866036153928860090592686 ',
*3144203920372574 342152806 717620922",
'095933194952631817301110790089839594042505435798850074568320 ",
208764330399213053665679747604564506657246015517506566941884 ',
'9484B6108698152875950736595019709350352437535765470278825068 ',
"647274344886608994443381495458549279902356023897870564641588 ",
*827419900939831021536066597253833618663861886353924311155072",
"546563259734187169309200504836916261698915822824290933806793 ",
"423634649547644230473986128485622341149439290402128924495774 ",
'596872530362246532551805591604792685776206610700508106012500 ",
*1379937745532168307261807405369060855092774 7786054 0958755841 ",
"712623876003787651632143197386677992921262350164551350835238 ",
"861181300099027697739749555804434065103891141443171438645133 ",
"236955197408330407031733899718175984812474385374385631879866 ",
'977116997397683939470462434957955113611761495353238626691238 ",

Program/model

7 # https://www.wikihow.com/Write-a-Python-Program-to-Calculate-Pi
8 def nilakantha(the_input):

variables=['the_input', 'n‘,'op’, 'output']
dictvariables = { i : variables[i] for i in range(d, len(variables) ) }
¢ = np.zeros((len(variables), len{variables)),dtype='int32') #from to

output = Decimal(3.0)

op =
n=2
cl1,0] += 1

for n in range(2, 2xthe_input+1, 2):
cl3,11 +=1; cI3,2] +=1; c[3,3] += 1
output += 4/Decimal(n*(n+1)*(n+2)*op)
cl2,2] +=1; cl2,1] +=1;
op *= -1

return output,c.transpose(),dictvariables

Program Causal Graph

theffout
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AIT and Kolmogorov complexity

Mutual algorithmic information (M)

With X at hand, we can define an algorithmic version of mutual information we will
also need:

Definition (Mutual algorithmic information complexity M)
The mutual algorithmic information M (z : y) between two strings x and y, is given by

M(z:y) = X(z) + X(y) — X(z,y)
[LV97, GV04].
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Hierarchy class [Fit14]

Not all programming languages are equal. Recurrence is needed for Turing
completeness, for example.

grammars (generators) automata (acceptors)

+ more complex
« more powerful
« less restricted

recursively Turing
enumerable machine

context- linear bounded
sensitive automaton

context- push-down
free automaton

regular finite
grammar automaton
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AIT and Kolmogorov complexity

Model 1

The notion of model is central in KT and other theories of consciousness.

Definition (Model)

A model of a dataset is any program that generates the dataset.

Models may differ in two ways: they may implement different functions, or they may
implement the same function in different ways. Both aspects matter here. We focus
on those that implement the right functions succinctly.

Definition (Optimal model)

The optimal model of a dataset is the shortest program that generates (or,
equivalently, compresses) the dataset.
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AIT and Kolmogorov complexity

Model II

An optimal model needs to capture and exploit all the structure in the
dataset—and nothing else. In some sense, the structure of the model can be described
by the group of symmetries of the dataset [Rufl6].

FIGURE 1. Left: Input (image) space X, the subspace of hand images H =

{z € X|f(z) = 1} and a example of automorphism (arrows) leaving the

class one set  invariant. Right: a sample element z € H C X.
Suppose we are given a stack of images of a hand, e.g., from the frames of a movie of
a moving hand created using a generating function, y = f(#), where y is the image in

a frame and 0 a parametrization of the hand image and view.
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AIT and Kolmogorov complexity

Model II1

SA AN

The structure of the dataset is encapsulated by the minimal program that encodes
the function y = f(x)—the invariant object.
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AIT and Kolmogorov complexity

Why are “good models” good?

The rationale for the importance of compressive (succinct) models is discussed in
detail in [Ruf07, Ruf09, Ruf17]. Rephrase of the principle of Occam’s Razor: one
should not increase, beyond what is necessary, the number of entities required to
explain anything. Ok, but why?

The universe appears to be simple. Simple rules can create apparent complexity.

Simple data generators are more likely if the universe rules are drawn from a random
algorithmic bingo (Solomonoff’s prior).

Simple models are unbiased and generalize better (Occam, Laplace, Jaynes).

They are easier to construct, store, and reuse for model-building.
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The central hypothesis in KT

An agent has § (i.e., living stronger, more structured experiences) to the extent it has
access to encompassing and compressive models (good models) to interact with the
world.

More specifically, the event of structured experience arises from the act of successfully
comparing good models with data.

Program structure determines the properties of structured experience.
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The central hypothesis

The central hypothesis in KT

Compressive model refers to a simple, succinct program—the optimal model defined
above is best possible scenario. Compressive models are special: to be short and
accurate they need to capture structure in the data—low X .

Encompassing refers to the amount of data from the world successfully matched, and
hence explanatory potential. Eq., high M.

Models are constructed from information generated by the sensorimotor system as
the agent interacts with the external world: should account for data generated by the
external world and by the agent itself—i.e., include a self-model.
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The algorithmic agent

The algorithmic agent

Minimal set of elements needed for a homeostatic algorithmic system. To be
connected with (neuro)biology.

Modeling engine Objectve function AGENT

simulation output

Obj(M)

o e

Planning | Engine

nput stream:
In_icotototoniototoos P —
ror out: 0000100001 100101010010101001

Comparator

WORLD Out
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The algorithmic event of §

Theories of cortical processing emphasize the separation of forward and backward
information flow in the cortex also mirrored at the level of single cortical pyramidal
cells [CHF19, ASL20]. Comparator implemented hierarchically in L5 P cells.

Hierarchical predictive coding () N (B)  Conscious Anesthetized
. AGENT Y e [0 ®

e e \0\0 "y - %i , -lHJ ——ﬁ“?

Modeling engine

3
e o
100101010010101001

psychedelics

Sensory WA A

Sensitisation by
— | paychedelics

(D)

Unconscious
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The algorithmic agent

Model-building I: life

How do agents build models? In addressing this, we are led to connecting the
concepts of life, intelligence, and S.

Both life and intelligence represent processes to construct simple models for the
persistence of algorithmic information-preserving systems across time.

Starting from resilient building blocks (static persistence), from a computational
perspective life is an algorithmic process: program building carried not solely by the
individual agent, but by the transgenerational agent through evolution for
meta-homeostasis (preservation of kind) (v. also [WD13, Chal2]).
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The algorithmic agent 25/46

Model-building II: intelligence

Evolutive pressure gives rise to the next leap, intelligence: agents that, starting from
their static model (DNA in life) build higher-level compressive models of the world
within their lifetime, e.g., using brains.

Importantly, KT holds that both static-model and active-modeling agents enjoy
structured experience, only that their level of structure is possibly different.

[What comes after life and intelligence?]
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Computation and dynamics

The criticality view I

T —> Criticality
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Computation and dynamics

The criticality view II

Computation in Nature is carried out by dynamical systems with very large degrees
of freedom.

Brains operate close to such critical boundaries consistent with the notion of
self-organized criticality (SOC) [BTWS88, Chi04, CLZB17, CH18, DPS*21].

Altered state of consciousness appear to move the brain away or towards criticality
[CHF19, Rea22].

KT and criticality theory: Algorithmic agents (dynamical systems instantiating
compressive models of data that exhibits regularities/symmetries) must have special
properties. What are they?
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The criticality view III

Recall the movie of a moving hand in empty space, y(t) = f(6(t)).

Although y may be embedded in a very high dimensional space, its dimension is
actually very small if the set of parameters 8 controlling the hand function is small.

The state of a dynamical system generating frames of the moving hand, regardless of
how large its natural space is (e.g., large number of neurons) must also lie in a low
dimensional subspace, a reduced manifold. How?

Criticality: near criticality (Re[A]~ 0) the dynamics of complex systems collapse to
low dimensional manifolds [Jir20, JS22]—constrained dynamics.

Symmetry: in a Hamiltonian dynamical system where g = y(t) — f(0(¢)) = 0 (the
constraint), Noether’s theorem states that H is invariant under the group of
symmetries generated by g [Dir01, JS98]).
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Computation and dynamics

The criticality view IV—the center manifold

Trajectory of representation of hand in reduced manifold.
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Computation and dynamics

The criticality view V

Structure/symmetry in data, the collapse of dynamics to low-dimensional spaces,
criticality (maximal information flow, power laws, long time scales and enhanced
susceptibility), X and § are thus deeply connected.

The manifold structure of the reduced dynamics together with M provide,
respectively, metrics on the simplicity of the models and the amount of algorithmic
information captured.

The agent-world-lock loop—which tracks world data—keeps dynamics on the reduced
manifold (8!). Psychedelics, meditation, sensory deprivation, neuropsychiatric
disorders, may “lift” up the enslaved dynamics.
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Neurophenomenology of KT

Altered states of &

Neurophenomenology defines a methodological strategy for integrating
phenomenological and neurobiological accounts: 1P (phenomenology—subjective)
and 3P (physiology, behavior—objective) data [Var96].

Altered states of consciousness such as psychedelics or meditation offer an interesting
context to study the effect of perturbing the mechanisms of §.

Meditative states are associated with the global dissolution of the embodied self
[MCHR*18] and can serve as unique models for investigation of self-dissolution
(disengagement of self-models).

As an objective measure of structured experience, we can analyze descriptive
narratives in speech form through state-of-the-art computational analysis (NLP) to
establish metrics on text structure such as semantic coherence and speech
disorganization index [SPC*21, Tag22, MCR17].
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Neurophenomenology of KT

The dimensions of structured experience

The structure of the reduced manifold
represents the structure of experience,
while model accuracy and breath (M) map

Reduced manifold simplicity
4

>
into the realism and breath of experience. 2
[ =
g £
g =
« . . . 'E 2 ﬂ)i't;del accurac
This is the map of the three dimensions of ° & y —
. . b= 3 2
§ into mathematical concepts. g < &
= g &
@ ‘x‘o ) 47 5\09
&
&

Realism of experience
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Closing
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Philosophy

KT is most naturally viewed in the context of panpsychism (‘mind is everywhere’, see
Strawson, [Gof19]), a somewhat controversial version of the philosophy of
consciousness.

Idealism is perhaps more rigorous philosophical background (consciousness as the
fundamental entity, ‘mind is everything’).

Although not necessary to explore the scientific implications of the theory, the
adoption of these can itself be motivated by simplicity and consistency criteria
[Sym22].



An algorithmic information theory of consciousness (KT) Ruffini et al.

Ethics

KT does not grant any special status to humans: all systems that capture structure
from the world have structured experience.

Pleasure/pain associated with objective function O — morality: natural notions of
good or evil in computational terms.

E.g., we may say that Agent’s A is evil to Agent B if the objective function O 4
increases when O decreases, that is O 4(Op) is decreasing or O, (Op) < 0 (and
viceversa for good).

Synergistic behavior emerges when agents are good to each other, while
mutually-destructive behavior takes place in the complementary case.
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Future

Much work remains to be done! Will KT provide a unification framework for the
different approaches to consciousness? IIT, GWT, FEP, DIT all seem to fit. What is
the neurobiology map of agenthood?

Can we computationally evolve agents? Are persistent patterns unavoidable (KT
conjecture) if we wait long enough? Are there types other than static (proton), life
and intelligence?

Can we discover the structure of reduced dynamics from 3P data?
Can we design better neurophenomenological methods to study &7

Can we design model-building agents mimicking life or intelligence? Is Al the next
evolutionary model-building leap? Brain-to-brain communication?
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Thanks

Thanks for your attention and curiosity!
Thanks to Ed and Roser for all the brainstorming.

Slides available at
https://github.com/giulioruffini/Ruffini-KT-Tucson-presentation-April-19-2022
— Preprint is on the way.

giulio.ruffini@neuroelectrics.com, Qruffini (Twitter)
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