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OPINION

Integrated information theory:
from consciousness to its physical

substrate

Giulio Tononi, Melanie Boly, Marcello Massimini and Christof Koch

Abstract | In this Opinion article, we discuss how integrated information theory
accounts for several aspects of the relationship between consciousness and the
brain. Integrated information theory starts from the essential properties of
phenomenal experience, from which it derives the requirements for the physical
substrate of consciousness. It argues that the physical substrate of consciousness
must be a maximum of intrinsic cause—effect power and provides a means to
determine, in principle, the quality and quantity of experience. The theory leads
to some counterintuitive predictions and can be used to develop new tools for
assessing consciousness in non-communicative patients.

Consciousness is subjective experience

— ‘what it is like} for example, to perceive
a scene, to endure pain, to entertain a
thought or to reflect on the experience
itself'. When consciousness fades, as it
does in dreamless sleep, from the intrinsic
perspective of the experiencing subject, the
entire world vanishes.

Consciousness depends on the integrity
of certain brain regions and the particular
content of an experience depends on the
activity of neurons in parts of the cerebral
cortex*. However, despite increasingly refined
dlinical and experimental studies, a proper
understanding of the relationship between
consciousness and the brain has yet to be
established**. For example, it is not known
why the cortex supports consciousness
when the cerebellum does not, despite
having four times as many neurons™, or why
consciousness fades during deep sleep while
the cerebral cortex remains active. There are
also many other difficult questions about
consciousness. Are patients with a functional
island of cortex surrounded by widespread
damage conscious, and if so, of what? Are
newborn infants conscious? Are animals that
display complex behaviours, but have brains
very different from humans, conscious? Can
intelligent machines be conscious’?

To answer these questions, the
empirical study of consciousness should
be complemented by a theoretical
approach. The reason why some neural
mechanisms, but not others, should be
associated with consciousness has been
called ‘the hard problem’ because it seems
to defy the possibility of a scientific
explanation'. In this Opinion article, we
provide an overview of the integrated
information theory (IIT) of consciousness,
which has been developed over the past
few years'->12 IIT addresses the hard
problem in a new way. It does not start
from the brain and ask how it could give
rise to experience; instead, it starts from
the essential phenomenal properties of
experience, or axioms, and infers postulates
about the characteristics that are required
of its physical substrate. Moreover, IIT
presents a mathematical framework for
evaluating the quality and quantity of
consciousness'*. We begin by providing a
summary of the axioms and corresponding
postulates of IIT and show how they can be
used, in principle, to identify the physical
substrate of consciousness (PSC). We then
discuss how IIT explains in a parsimonious
manner a variety of facts about the
relationship between consciousness and

the brain, leads to testable predictions, and
allows inferences and extrapolations about
consciousness.
From ph logy to physi

The axioms of IIT state that every experience
exists intrinsically and is structured,

specific, unitary and definite. IIT then
postulates that, for each essential property of
experience, there must be a corresponding
causal property of the PSC. The postulates
of IIT state that the PSC must have intrinsic
cause-effect power; its parts must also have
cause-effect power within the PSC and they
must specify a cause—effect structure that

is specific, unitary and definite. Below, we
discuss the axioms and postulates of IIT (see
Supplementary information S1.S2 (figure,
box)) and describe the fundamental identity
— between an experience and a conceptual
structure — that it proposes (FIG. 1).

The first axiom of IIT states that
experience exists intrinsically. As
recognized by Descartes™, my own
experience is the only thing whose existence
is immediately and absolutely evident,
and it exists for myself, from my own
intrinsic perspective. The corresponding
postulate states that the PSC must also exist
intrinsically. For something to exist in a
physical sense, it must have cause-effect
power — that is, it must be possible to make
a difference to it (that is, change its state)
and it must be able to make a difference to
something. Moreover, the PSC must exist
intrinsically — that is, it must have cause—
effect power for itself, from its own intrinsic
perspective. A neuron in the brain, for
example, satisfies the criterion for existence
because it has two or more internal states
(such as active and inactive) that can be
affected by inputs (causes) and its output
can make a difference to other neurons
(effects). A minimal system consisting of
two interconnected neurons satisfies the
criterion of intrinsic existence because,
through their reciprocal interactions, the
system can make a difference to itself.

The axiom of composition states that
experience is structured, being composed of
several phenomenal distinctions that exist
within it. For example, within an experience,
I'may distinguish a piano, a blue colour, a
book, countless spatial locations, and so on
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Abstract

This paper presents Integrated Information Theory (lIT) 4.0. lIT aims to account for the prop-
erties of experience in physical (operational) terms. It identifies the essential properties of
experience (axioms), infers the necessary and sufficient properties that its substrate must
satisfy (postulates), and expresses them in mathematical terms. In principle, the postulates
can be applied to any system of units in a state to determine whether it is conscious, to what
degree, and in what way. IIT offers a parsimonious explanation of empirical evidence,
makes testable predictions concerning both the presence and the quality of experience, and
permits inferences and extrapolations. IIT 4.0 incorporates several developments of the
past ten years, including a more accurate formulation of the axioms as postulates and math-
ematical expressions, the introduction of a unique measure of intrinsic information that is
consistent with the postulates, and an explicit assessment of causal relations. By fully
unfolding a system’s irreducible cause—effect power, the distinctions and relations specified
by a substrate can account for the quality of experience.

Author summary

As a theory of consciousness, IIT aims to answer two questions: 1) Why is experience
present vs. absent? and 2) Why do specific experiences feel the way they do? The theory’s
starting point is the existence of experience. IIT then aims to account for phenomenal
existence and its essential properties in physical terms. It concludes that a substrate—a set
of interacting units—can support consciousness if it can take and make a difference for
itself (intrinsicality), select a specific cause and effect as an irreducible whole with a
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v) Chedk whethey ™ exsts as one whole. Test ?mo(uqbtl‘d'j.

\
Partittoned frowsthon probebiifity modvix. T, qu,
CT-\'YC“ LY Pﬂ‘hﬂon Qe 9 CS) ’ ‘/- Ccondifonal Tdependence)

0 - n - _
Te'= P (53) = Tr(GlD), §,5¢0s
wheve fhe porfitoned probalbtlvhy of & umy §5€3 © T detined as
Pa(S:(5) = [ 7 = P(5; e yW) | yW= \gW
VeNn

Al Comedons to wnik SJ fhol ove offecded by the porttiton are Comsally movgTnalized.
Creplaced by dependent noTse)



v) Chedk whethey ™ exsts as one whole. Test ?rreo(uqbtl‘vl'j.

System Triegrated Tnformodton

The regroted effect formotion Pp Measwres how mwth the portitton G € Ds reduces
the probabilify with which o system § fn stte € (Lg specifies s effet shbe s,

origmal pvob.

\(Je (Te, s, e) = Fe(Scr[S) f’e(Se (s))\

Pe (Se'ls)
PQV’\'&M PNb '\J POS’dT\IL P‘K”t‘ OPQW\TDY\

QMII\W >

v (e,s,0) = P? | s) \ (o P;c%s(‘ss\gé ))\



v) Chedk whethey ™ exsts as one whole. Test ?mo(uqbzl‘vhj.

System Triegrated Tnformodton

Then 4he system Trtegrated tnformation fr o gwen partttun s
the wintmum of ths (W’eduub'(l'dj on €he cause ond effedd stdes:

fS(TC/T.C/ S, e) = Win S P (Tc, S, 6), ‘Pe (Te, S, 6) ")



v) Chedk whethey ™ extsts as one whole. Test ?mo(udbtl‘vrj.

Minimum  pordtiton (MTP)

By the. Qﬁ‘vﬁr\e. of winimol  extstence , the Tv\\'tjm\'ecl Tdormation o a sys\'em s gtven \vy
ths Tveductbility over Tis mivimum parttton (MIP) 6'e O, st

®s (Te, T, 6) =t (Te, Te, = 6°)

here
6' = GTSM'(V\ 'Ps (TQ,TS, S, 0)

€ B 1’.".“’\, 2 (w', T .5, 0)
C'TC




v) Chedk whethey ™ exsts as one whole. Test ?rreo(uqbtl‘vl'j.

Minimum  partiiton (MzP)

By the pinctple of wiimol extstence, the Treqmted Tdormotion of o system T gven b
Y princip o Y ) Y
ts Tveducibility over Tis minimum parttton (MIP) 6'e O, st

®s (Te, T, 6) =t (Te, Te, = 6°)

l\cc_mhv\g\) ) W system T reductble of \east one pord@n 6 € Os makees po ditherence
to the. owe on efMed probabtlity

\P Comall pii) - quondifies the errent to vich System S T stode s
has cowre~effect power over tself a8 twe system.



vi) Find the Cpmp\ex,
AR, 7% condidete systemal A3y
Cs = hew TW'QJ\AC(b\y U extsts os one System

2 3.
M 3hkel  subshrafe theile M ovedop SFE B{yf condidate systems I A5 22,
% Qs 70 gz Wk

MR, o Systemol 3ue deftnde systemed £uFm2



vi) Find the complex.

Exclusion postnlatedt ath, Kz Rz condidete 3
system ntegrated formation Qook 913 2 condidate § (€43

=)  moxima| substete

U2 2 complentl overlop 3N 1% 0% M3 condidte systemE me[Hef

(?ﬁm‘.{g\t o moxtmol extstente) “4he owe thedr extohs Ts Ahe one fhat extsts the most”



[)Jq ond the complex
Unfolding the @ shrudwre..
— Compers| 4% comse~effect powerat oy ubisivgint

5-5 ¢

disktnetons,

reloftons



