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Abstract: When applied to a physical system, the two main, established notions of information, Shannon Information and Algorithmic Inform
explicitly neglect the mechanistic structure of the system under evaluation. Shannon information treats the system as a channel and qt
correlations between the systema€™s inputs and outputs, or between its past and future states. Algorithmic information quantifies the lengt
shortest program capable of reproducing the systema€™s outputs or dynamics. The goal in both cases is to predict the systema€™s beha
the perspective of an extrinsic investigator. From the intrinsic perspective of the system itself, however, information must be physically instal
to be causally relevant. For every &€ bita€™, there must be some mechanism that is in one of two (or several) possible states, and which ste
must matter to other mechanisms. In other words, the state must be &€oea difference that makes a difference&€e and implementation me
examining the informational and causal properties of artificial organisms (&€ceanimatsa€e) controlled by small, adaptive neural networks (N
Brains), | will discuss necessary requirements for intrinsic information, autonomy, and agency.
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Motivation: Consciousness
To be conscious is to have an experience

Integrated information theory (IIT) - Giulio Tononi

Pirsa: 18040120 Page 3/61




Consciousness is what goes away
when one falls into dreamless sleep

Seurat: Le dormeur
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Consciousness is not just self-reflection

Rodin. Le penseur

Pirsa: 18040120 Page 5/61
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Imagine playing tennis in the ‘vegetative state’

Owen et al, Science 2006; Boly et al. Neuroimage 2007, Boly, Current Opinion Neurology 2011, Sanders et al., Anesthesiology 2014
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Intelligence vs. Consciousness

CONSCIOUSNESS ’

0 INTELLIGENCE
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Consciousness is not just of the environment

SENXEIEWTF|
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Magritte: Le dormeur temeraire
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Perception: “Information processing”

Extrinsic Information Intrinsic Information
(deviations from independence) (differences that make a difference)

Qutside world

Inside the brain Conscious percept

Koch € (2004) The Quest for Consciousness: A Neurobiological Approach. Roberts, Denver, CO.
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Experience is intrinsic

Extrinsic Information Intrinsic Information
(deviations from independence) (differences that make a difference)
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QOutside wogld Inside the brain Conscious percept

Koch C (2004) The Quest for Consciousness: A Neurobiological Approach. Roberts, Denver, CO.
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Neural correlates of consciousness (NCC)

The minimal neuronal mechanisms
jointly sufficient for any one
specific conscious percept.

Crick and Koch, Nat Neurosci 2003
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Level and content of consciousness

Level of consciousness: Content of consciousness:

* irrespective of content * experience is structured, it has

many aspects

* Wake vs dreamless sleep,

anesthesia, or coma (brain * Subjects report perceiving

damaged patients) stimulus or not (Masking,
binocular rivalry, inattentional
blindness)
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The neural substrate of consciousness?

Parietal
Cortex

u,\NO-’ Macro

Frontal
. Cortex

16 billion neurons
100 trillion synapses

Ganglia

Basal Ganglia:
0.4 billion neurons | '

Occipital
Cortex

Cerebellum:
70 billion neurons

Cerebellum

Nol’

Temporal Cortex

Br;lillh'h.‘l‘tl Brainstem:
< 1 billion neurons

Spinal cord:
1 billion neurons
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From BCC to NCC, and back ... to the hard problem

invisible

500 ms 500 ms

33ms .; :
fixation mask :
2 Q
. ! ‘ Visibility rating P3 size
. @
Kouider and - V|S| ble " J
2007 - ﬁ?’j jj' I | I
- o : _ Dehaene and Changeux,
- " por , 2011

P3b: 576 ms

Chalmers 1995
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One cannot start from matter
and “squeeze” consciousness out of it

PHYSICS PHENOMENOLOGY
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But one can start from consciousness itself
and ask what physical system could account for its
properties

PHENOMENOLOGY PHYSICS
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Integrated Information Theory (lIT)

Starts from phenomenology, not from behavioral or neural correlates
|dentifies the essential properties of every experience (axioms)

Derives the requirements that physical systems must satlsfy
to account for them (postulates) &

Has explanatory, predictive and inferential power
Leads to measures of both quantity and quality of consciousness

Proposes a formal framework to characterize the intrinsic cause-effect
structure of discrete dynamical systems

Oizumi*, Albantakis* and Tononi, 2014; Tononi, Scholarpedia 2015; Tononi et al. 2016 in Nat Rev Neurosci

Pirsa: 18040120 Page 17/61




Integrated Information Theory (lIT)

Starts from phenomenology, not from behavioral or neural correlates
|dentifies the essential properties of every experience (axioms)

Derives the requirements that physical systems must satlsfy
to account for them (postulates) &

Has explanatory, predictive and inferential power
Leads to measures of both quantity and quality of consciousness

Proposes a formal framework to characterize the intrinsic cause-effect
structure of discrete dynamical systems

Qizumi*, Albantakis* and Tononi, 2014; Tononi, Scholarpedia 2015; Tononi et al. 2016 in Nat Rev Neurosci

Pirsa: 18040120 Page 18/61




Integrated Information Theory (lIT)

Phenomenal Physical
existence existence

Experience Cause-effect power

O ON @ MANIPULATE
O orr (@D osserve
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Essential properties of phenomenal existence

(immediately and indubitably true of every experience)

Intrinsicality Composition
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Integrated Information Theory (lIT)

Starts from phenomenology, not from behavioral or neural correlates
|dentifies the essential properties of every experience (axioms)
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to account for them (postulates) &

Has explanatory, predictive and inferential power
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A system of mechanisms in a state

Extrinsic Information Intrinsic Information
(deviations from independence) (differences that make a difference)

k&«’f
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¥
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1 — - .".
Qutside wogld Inside the brain Conscious percept

COPY
Koch € (2004) The Quest for Consciousness: A Neurobiological Approach. Roberts, Denver, CO.
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Information: Extrinsic perspective and intrinsic perspective

Extrinsic: signal transmission across a channel (I/0O correlations) Intrinsic: differences that make a difference (causes/effects)
from the extrinsic perspective of an observer from the intrinsic perspective of a system

-

COPY

-
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Behavior

B To o SN

Environment set of concepts: Cause-effect structure (C)

cause effect
repertoires ¢V repertoires
INFORMATION o ! O
SOURCE  TRANSMITTER RECEIVER  DESTINATION AB ! P(ABCTIAB =10) ‘0'33 ! pe1AR#10) |
'_' u(rj _ e oo D'B._ Jpe—— |
Py ~e_ e i ~c_
[ SIGNAL RECEIVED —}* e ! pIARTG =1) O'LW. PABIC =1)
MESSAGE sloNal MESSAGE G|_—-_-- ,;| ] =
. PACTB®=0) 0.5 p(A1B°=0)
B (lgh - D.:’;
. pBCAA°=1) 017 p@IA°=1)
NOISE A ““"I';. S ————— ‘J’Jlrg???f‘:‘_-‘
SOURCE 82 &5 -8 2 5 T 8 TS - RBETE
Correlational measures, such as mutual within the system ABC
information between | and O state-dependent
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Formalism to assess intrinsic cause-effect structure

System ABC
OR OR
4,@ t, Transition Probability Matrix (TPM)
t Vo o o o - - - i
g g2 & ¥ =~ & = 4 &=
I— ABC
000 1 0 0 0 0 0 0 0
100 0 0 0 0 0 0 1 0
010 0 0 0 0 0 1 0 0
— —— 110 0 0 0 1 0 0 0 0
001 0 0 0 1 0 0 0 0
101 0 0 0 0 0 0 0 1
011 0 0 0 0 0 0 0 1
111 0 0 0 i 0 0 0 0

INTRINSICALITY

From the intrinsic perspective of a system,
only “differences that make a difference”
within the system matter.
Therefore, the system’s mechanisms must
constrain the past and future of the system.
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Formalism to assess intrinsic cause-effect structure

System ABC
OR  OR (ABC]
A
I:> XOR High order mechanism
€
. “ [AB] [AC] [BC]

IIT principles: @'9 @"3 0'9
* Composition (©) (c &
* |nformation A] 8] [c]

(Differences that make a difference) 0 @ 0 e
* Integration '% ;/4 '\.} e

(Irreducible to parts) G t
e Exclusion - ] @

(Only maxima of integrated O ore

information count)

O Undetermined
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:

Composition
Information

Element B
OR OR

B(e)

(Differences that make a difference)

Integration
(Irreducible to parts)

Exclusion

(Only maxima of integrated

information count)

cause repertoire:

l constrained ‘

(=) (=]
W = -
E- s

1

0.5

0

. .
(=] -

D(p(AC* 1Bt =1),p(AC*™ 1))

Interventional probabilities!!!
+ max entropy!
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:

Composition

Information
(Differences that make a difference)

Integration
(Irreducible to parts)

Exclusion

(Only maxima of integrated
information count)

t-1 t
Q
(©
()
R

D(p(ABC* 1|AB' = 10),p(ABC'™ 1))

Interventional probabilities!!!
+ max entropy!
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:

Composition

Information
(Differences that make a difference)

Integration
(Irreducible to parts)

Exclusion

(Only maxima of integrated
information count)

D(p(ABC* 1|AB' = 10),p(ABC'™ 1))

D(p(ABC*1|AB' = 10),p(ABC'*)))

Interventional probabilities!!!
+ max entropy!
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:

Composition
Information

(Differences that make a difference)

Integration

(Irreducible to parts)

Exclusion

(Only maxima of integrated
information count)

d

integrated cause information (¢):

p(ABCt1|ABt = 10), A
p(BC™ AL = 1) x (p(A™|B" = 0))

Interventional probabilities!!!
+ max entropy!
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:

* Composition

* |nformation A] 8] [c]
(Differences that make a difference) A (A)+—(B) A (B

* Integration :; ;‘ ’\./‘ ol
(Irreducible to parts) © © € '

* Exclusion ) @~
(Only maxima of integrated Q) orr

information count)

O Undetermined
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:
* Composition
* Information

Partition
OR OR

(Differences that make a difference)

* Integration
(Irreducible to parts)

 Exclusion

(Only maxima of integrated

information count)

Cause-effect structure (C)

cause effect
repertoires ¢V°* repertoires
p(ABCPIAB®=10) 0.33 p(C'IAB°=10)
AB U;[- i l 2 5 ; i 2 | 0:. = ) _ _ = 4 ;
: p(ABPICCIU_ 0.25 l . P(AB{@C?U |
C U;L_-- --_‘ U'Sl [ | -I
1 p(ACPIB°=0) 025, p(A18°=0)
Bothw | ot e ]
. p(BChA°=1) 017 p(B1A°=1)

|
® 5 g o= =

8 882285 E

0s 05
Ol o —————— iy E—
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82 2 F i E =
a BB E 28 B 57
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

lIT principles:
* Composition

* Information
(Differences that make a difference)

* |ntegration
(Irreducible to parts)

 Exclusion

(Only maxima of integrated
information count)

®(AB) =0

"oXOR
O(AC) =0.5
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Formalism to assess intrinsic cause-effect structure

System ABC

OR OR

®(AB) = 0

lIT principles:
* Composition

* |nformation
(Differences that make a difference)

* |Integration
(Irreducible to parts)

 Exclusion

(Only maxima of integrated
information count)

XOR

®(BC) = 0.5

®(AC) =0.5
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System ABC

OR OR

lIT principles:
* Composition
* Information

(Differences that make a difference)

* |ntegration
(Irreducible to parts)

 Exclusion

(Only maxima of integrated
information count)

Formalism to assess intrinsic cause-effect structure

@Vex(ABC) = 0.92

Cause-effect structure (C)

cause effect
repertoires ¢V°* repertoires

P(ABCMAB=10) 0.33 p(C'IAB°=10)

AB (,Vsjl = l ..... | 08 ...... =

PABIC’=1) 0.5 P(AB'IC°=1)
C L’SL_.--____-.-._. U'SI_.__.___..__.._.-I
1 p(AChIB®=0) 0.25 p(A18°=0)
B osh = 0.5
(4] o
i p(BCPIA°=1) 017 p(B1A°=1)
| P p—p— il ’ley,_-, -
E E O SERREEEEE
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