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Talk Overview

e Relationships between Intelligence and Consciousness
— Natural Intelligence and Natural Consciousness
— Artificial Intelligence and Artificial Consciousness

e Conclusions.
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Intelligence

 Complex multifaceted term — many
overlapping definitions have been put
forward.

* For example (Bartholomew 2004):
— Cognitive ability.
— Rational thinking.

— Problem solving.
— Goal-directed adaptive behaviour.
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Goal-based Definitions

* |ntelligence conceived as the achievement of
goals or the receipt of rewards from the
environment.

* Legg and Hutter (2007) developed a universal
measure of intelligence based on this
definition.
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Problems with Goals/Rewards

e Arbitrariness. Al system could increase its
intelligence by changing its goals.

 Wireheading. Al system can give itself
arbitrarily large rewards.

e Actuators. The achievement of goals requires
some form of actuator. Two systems could be
equally intelligent, but one might be too weak,
for example, to achieve its goals.
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Cognitive Ability and
Rational Thinking

e Cognitive ability begs the question.

 Many stupid things can be done with rational
thinking — think of all the bad programs you
can write in Lisp.
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Multiple Intelligences

* Gardner (2006) claims that there are many
different types of intelligence (emotional
intelligence, musical intelligence, etc.).

 Warwick (2000) describes intelligence as a
high-dimensional space of abilities.
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Fluid vs Crystallized Intelligence

Distinction introduced by Cattell (1971).

Fluid intelligence is some kind of aptitude or
capacity for learning and solving new problemes.

Crystallized intelligence is the reproduction of
stored knowledge.

Early 1Q tests measured both.

Modern researchers mostly focus on fluid
intelligence: a person’s ability to solve new
problems regardless of previous education and
environment.
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Definition of Intelligence

e We do not have a clear definition of
intelligence.

 Measures of intelligence, such as 1Q and g-
score, still work because they are grounded in
other measures of success (Robertson et al.
2010).

e This lack of clarity is much more problematic
with artificial intelligence.
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Predictive Brain Hypothesis

* Large amount of interest in the predictive
brain hypothesis (Clark 2016).

* Brain is organized into hierarchies.

* Each layer predicts the state of the layer
below it and receives an error sighal about the
accuracy of its prediction.
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Predictive Brain Hypothesis

* |f brains are intelligent and the brain’s core
function is prediction, then brains that are

better predictors should be more intelligent.
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Prediction and Action

 We constantly predict the results of different
possible actions and select the ones that lead
to our goals.

* |f you cannot predict, you cannot plan — you
can only react to changes in the environment
as they occur.

e A system with perfect predictive ability would
have god-like omniscience.
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Prediction and Intelligence in Animals

* Snails do little or no prediction — their actions are
determined by their immediate environment.

* Crows and octopi combine reactive behaviours
with actions based on predictions about their
environment.

* They can solve complex problems and build tools.

* Humans combine their reactive behaviours with
planning based on complex predictions on
multiple time scales.
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Intelligence and Environments

e Some people think that intelligence is an
abstract property that is independent of the
environment.

e A person has a certain amount of intelligence
regardless of whether they are working in the
natural world or studying a genomics
database.
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Predictive Intelligence
and Environments

* A system’s ability to generate predictions is relative to
Its environment.

* One system predicts weather patterns; another system
predicts protein folding.

* No one has developed a completely general prediction
system that can outperform systems that are built for
specific environments.

 The human brain has been honed by evolution to work
well in a hunter gatherer environment

e Al systems that process large data sets cannot make
accurate predictions in a hunter-gatherer environment
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Predictive Intelligence
and Environments

* There are many different forms of natural and
artificial intelligence, which are specific to their
different environments.

* We don’t have to broaden our concept of

intelligence to handle this (musical intelligence,
emotional intelligence, etc.).

* |Instead, we say that system A has a high level of
predictive intelligence in a musical environment
and system B has a high level of predictive
intelligence in a chess environment.
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Predictive Intelligence
and Environments

* Relativization of intelligence to a set of environments helps us
to understand and appreciate different forms of human
intelligence.

e |Q tests measure intelligence within an academic environment
of mathematical symbols, abstract shapes, and so on.

* This is why IQ tests are correlated with measures of academic
success (school grades, advanced degrees, publication of
papers, professional careers, etc.).

e Successful plumbers have high levels of predictive intelligence
within the environment of pipes, fittings, water flow, etc.
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Four Hypotheses about Intelligence

 H1. Prediction is the most important component
of intelligence.

 H2. Prediction and intelligence are relative to sets
of environments.

 H3. The amount of a system’s crystallized
intelligence varies with the number of accurate
predictions that it makes in a set of
environments.

* HA4. Fluid intelligence is the rate of change of
crystallized predictive intelligence.
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Measuring Predictive Intelligence

* | have developed an algorithm for measuring
predictive intelligence that can, in theory, be
applied to any system at all.

* Enables us to compare the intelligence of
humans, ants, sheep, Als etc. within sets of
environments.

* Tested on an agent in a maze environment and
on a deep learning algorithm.
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Agent

* Consider a simple agent with internal states
that are connected to the environment.

* Input states I, ... I, change in time as
environment changes and agent interacts with
environment.
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Agent Predictions

* Agent generates time indexed predictions P, ...
P, about its future internal states.

* |[n the most general case, these predictions are

probability distributions across values and
time.
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Predictive Intelligence of Agent

* To measure predictive intelligence we
compare agent’s predictions about its internal
states with its future internal states.
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Prediction Match

 Predictions are random variables with a
probability distribution across values and
time.

* For discrete probability distributions, use
Helliger distance to measure the accuracy of
oredictions.

* Different approach for continuous probability
distributions.
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Prediction Match for
Discrete Distributions

 For discrete distributions:

1 k ,
72\ & WE v,

H(PnQ) —

* Helliger distance is 1 when there is a perfect
mismatch so 1-Helliger distance gives us a
measure of the match between a prediction
and an input state scaled between 0 and 1.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction 39



Prediction Match for
Continuous Distributions

 Measure intersection between prediction and
value with error bounds.

* Also gives number between 0 and 1.

Prediction Match Calculation for Selected Point

Actual value with error bounds
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Eliminating Random Guesses

* Arandom guess typically has some match
with actual values.

« Random guessing is not linked to intelligence.

e Subtract random guess from the prediction
match and take absolute value.

PM(P,S)=|(1—H(P,S))—(1—H(R,S))|
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Prediction Match Calculation for Selected Point

Actual value with error bounds
== Random Guess
= Prediction




Complexity of Predictions

* Prediction match is summed across all states
of the environment.

e System could make large numbers of trivial
predictions that come true.

e Address this by multiplying sum of prediction
match by compressibility of the predictions.
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Compressibility

* Similar to Kolmogorov complexity.

* Length of the shortest string describing the
predictions divided by the length of the string
describing the predictions.

* Cannot be calculated, so approximated by
compression algorithmes.
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Predictive Intelligence
in Single Environment

* Sum prediction match across all states of the
environment and multiply by compressibility
of predictions.

PM, = @Zp: i i PM(P;_¢, Si—t)

s=11i=1t=1

* Take log to make it easier to compare different
e Pl — {'logz(PMe) if PMp, > 1
¢ 0 otherwise
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Predictive Intelligence
in Set of Environments

 Sum predictive intelligence across the set of
environments.

 Multiply by the compressibility of the
environments to eliminate trivial differences
between environments

D
Kl _ K(E1+E‘2++EH) ZP}
“TKE)TKE) -+ KEN L
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[: Predictive Intelligence

X is the Old Norse letter (rune) that corresponds to
our modern ‘p’ sound.

« Named ‘peorth’, ‘perth’ or ‘pertho’.

 [lis associated with the dice cup, chance, secrets,
destiny and the future.

« [_is crystallized intelligence.

« K is fluid intelligence. This is defined as the rate of
change of crystallized intelligence: ,
K.

he = dt
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Experiments

* | have tested the algorithm on:
— Agent that explores maze environments.
— Deep network that does time series prediction.

* Available at: http://www.davidgamez.eu/pi/
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_Applications

 Comparative work on intelligence.
* Development of Al singularity.
* Prevention of Al singularity.

* Definition of artificial intelligence.
* Al regulation.
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Naive Realism

* Every day we are immersed in a world of
colourful, noisy, moving things.

 Most of the time we interpret what we see as
the actual physical world.

 This is a natural and obvious!
 Position known as naive realism.

16/12/2019 David Gamez - Understanding and Modelling Consciousness 53



16/12/2019

Naive Realism

David Gamez -

Understanding and Modelling Consciousness

54



The Physical World

 We use things that we can’t see to explain
regularities in our experiences.

* Physical entities are invisible explanations for
the world that we experience around us.

* For example:
— X-rays.
— Atoms.
— Modern physics.
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Modern Physics

* Modern physics posits many entities to
explain phenomena that we see around us:

— Four-dimensional spacetime.
— Ten-dimensional superstrings.
— Wave-particles.

i LG

 We have no direct experience of any of them.
* They are invisible explanations.

16/12/2019 David Gamez - Understanding and Modelling Consciousness
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Negative Definition of Consciousness

* Physical world is invisible and can be
described mathematically.

e Consciousness is everything in our naive
encounters with the world that is non-

physical.
* Colours, smells sounds, etc. are non-physical.
* These are properties of consciousness.
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Bubble of Experience

* Our experiences are not like photographs.
 We look out from our bodies into a world.
e Our experiences change every ~200 ms.

* | have described this using the idea of a
bubble of experience.

e This is a bubble of space, roughly centred on
our bodies, that contains colours, smells,
sounds, body sensations etc.
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Positive Definition of Consciousness

e Consciousness is a bubble of experience.

* Phenomenologists, such as Husserl and
Merleau-Ponty describe the structures of our
bubbles of experience.

* The invisible physical world is used to explain
and predict the regularities in our bubbles of
experience.
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Development of Modern
Concept of Consciousness

* |n the 17t Century the physical world was
thought to consist of atoms and the void.

* But we experience colours, smells and sounds.

* The modern concept of consciousness
emerged ~300 years ago as a container for
properties that no longer fitted into the
physical world.

e Linguistic evidence for this.
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Linguistic Evidence

Two intriguing facts. First, the terms ‘mind” and
‘conscious(ness)’ are notoriously difficult to
translate into some other languages. Second, in
English (and other European languages) one of
these terms — ‘conscious’ and its cognates —is in
its present range of senses scarcely three
centuries old. ... In ancient Greek there is nothing
corresponding to either ‘mind’ or ‘consciousness’
... In Chinese, there are considerable problems in
capturing ‘conscious(ness)’.

Wilkes (1988, pp. 16-7) *___, yishi, duh, um, and consciousness’.
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Linguistic Evidence

in
English (and other European languages) one of
these terms — ‘conscious’ and its cognates —is in
its present range of senses scarcely three
centuries old. ...
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16/12/2019 David Gamez - Understanding and Modelling Consciousness 65



Bubble of experience ==~~~
reinterpreted as consciousness

Primary qualities are
properties of physical
objects, which are
composed of atoms

Physical objects
become invisible
sources of signals

Brain




SCIENCE OF

CONSCIOUSNESS




Measurement of Consciousness

* To study consciousness scientifically we need
to measure it.

e Consciousnhess is measured through first-
person reports.

* This raises a number of philosophical
problems.

 These can be handled with assumptions.

e The science of consciousness is considered to
be true given these assumptions.
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Description of Consciousness

e Conscioushess cannot be described in natural
language, which is:
— Context-bound
— Ambiguous
— Not applicable to infants, bats, robots, etc.
— Not mathematically tractable.

16/12/2019 David Gamez - Understanding and Modelling Consciousness
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C-description

* Need a precise formal way of describing
consciousness that is applicable to any system.

* Will refer to this as a c-description.

e Possible methods include:

— XML/LMNL
— High dimensional qualia (Balduzzi and Tononi)

— Category theory
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— <mental_state>
— <omc_scale>
<rating>0.427</rating>
<version=>0.6<fversion>
<fome_scale>
— <physical_description>
— <fring_neuron>
<1d=120621</d>
</fiing_neuron>
<fphysical_description>
— <cluster>
<1d>207193</id>
<type=phi</type>
<amount>75.1173</amount>
<fcluster>
— <representations>
— <output>
- <newron>
<1d=127936</d>
<meuron>
<mutual_information>0.993765</mutual_information>
<human_desciiption>=Proprioception / motor output</human_description>
<physical_description=N/A</physical_description>
<foutput>
— <iput>
— <neuron>
<1d>104137<Ad>
<fmeuron>
<mutual_information>0.99159</mutual_mformation>
<human_description>Red / blue visual input</human_description>
<physical_description>700/450 nm electromagnetic waves</physical_description>
<finput>
<frepresentations>
— <phenomenal_predictions>
<tononi>0</tononi>
<aleksander=0.99159<faleksander>
<metzinger>75.1173</metzinger>
</phenomenal_predictions>
<fmental_state>
— <mental_state>




Measurement of the Physical World

* The scientist has a conscious experience in which
an object interacts with a calibrated object.

* He/she observes the result and extracts a
number.

Scientist's bubble of experience / consciousness

........................

p
of calibrated stick

Smentnsts brain

W«m

PHYSICAL WORLD
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Physical, Informational or
Computational States?

 Researchers on consciousness have focused on
different features of the physical world that might
be linked to consciousness.
— Physical states.
— Informational states.
— Computational/functional states.

* Only physical states are objective.

* Computations, functions and information are
observer relative and cannot be part of a science
of consciousness.
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Neural Correlates of Consciousness

e Has been a lot of scientific work on the neural
correlates of consciousness.

* Look for synchronization, connection patterns,
etc. that are present when consciousness is
present and absent when consciousness is
absent.
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From Correlates to
Theories of Consciousness

e Research on the neural correlates of
consciousness yields useful data.

* Our final theory of consciousness will not be a
long list of correlations between
consciousness and the physical world.

 We want a compact mathematical description
of the relationship between consciousness
and the physical world

16/12/2019 David Gamez - Understanding and Modelling Consciousness 77



Theory of Consciousness
(C-theory)

* A c-theory is a mathematical description of
the relationship between measurements of
consciousness and measurements of the
physical world.

* |t can generate descriptions of consciousness
from physical descriptions.

* |t can generate physical descriptions from
descriptions of consciousness.

16/12/2019 David Gamez - Understanding and Modelling Consciousness
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Example: Tononi’s Information Integration
Theory of Consciousness (lIT)

* Tononi’s lIT is the closest thing to a c-theory
that we have so far.

A mathematical algorithm links a description
of the physical world to a description of
consciousness.

* A conscious state (a quale) is c-described using
a high dimensional mathematical structure.
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Limitations of lIT

* |IT is popular right now.

* |t has the correct form of a scientific theory of
consciousness.

* However, it has serious limitations:
— Based on information, which is subjective.
— Severe performance limitations.
— No compelling evidence.

— One way mapping from information states to
conscious states.
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Discovery of Scientific Theories
of Consciousness

* Traditionally people have identified regularities in
the physical world (Newton, Einstein, etc.).

 We generally assume that physical regularities
are simple enough to be found by humans.

* This is likely to be the wrong approach for the
discovery of c-theories.

* Will probably have to use Al/machine learning to
discover mathematical relationships between
consciousness and the physical world.
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Predictions about Consciousness

 Mathematical theories of consciousness can
generate predictions about consciousness.

* These predictions can be used to test the
theories.

16/12/2019 David Gamez - Understanding and Modelling Consciousness

85



Description of brain's
physical state

Mathematical theory of
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Human brain
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®

Comparison between
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conscious states

Human brain



Deductions about Consciousness

 We make deductions about the consciousness
of a system when consciousness cannot be
measured through first-person reports.

* For example:
— Infants.
— Animals.
— Robots.
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Description of physical Description of artificial
state of artificial system system's conscious state

P-description: pd8 )—} C-theory |—> C-description: cd8

Reliable mathematical
theory of consciousness

Scientific measurement

Artificial system







Types of Machine Consciousness

e MC1. Machines with the same external
behaviour as conscious humans.

e MC2. Computer models of the correlates of
consciousness.

e MC3. Computer models of consciousness.

 MCA4. Machines that really have conscious
experiences.
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Types of Machine Consciousness

e MC1. Machines with the same external
behaviour as conscious humans.
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Conscious Human Behaviours

e Humans have characteristic behaviours when
they are conscious.

* For example:
— Alertness.
— Response to novel situations.

— Inward execution of sequences of problem-solving
steps.

— Learning.
— Response to verbal commands.
— Delayed response to stimuli.

16/12/2019 David Gamez - Understanding and Modelling Consciousness
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MC1 Machine Consciousness

A machine is MC1 conscious if it is producing
similar external behaviour to a conscious human.

 Many artificially intelligent machines are already
MC1 conscious to some extent.

* For example, humans can only play Atari video
games, Go or Jeopardy! when they are conscious.

* MC1 machine consciousness is part of artificial
general intelligence (AGI).
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Types of Machine Consciousness

e MC2. Computer models of the correlates of
consciousness.

16/12/2019 David Gamez - Understanding and Modelling Consciousness
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Models of the
Correlates of Consciousness

e MC2 machine consciousness is the
construction of:

— Models of the cognitive correlates of
consciousness.

— Models of the neural correlates of consciousness.
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NeuroBot

* Neural implementation of global workspace.

e Controlled an avatar in the Unreal Tournament
2004 game environment.

e 20,000 neurons; 1.5 million connections.
* Implemented by Zafeirios Fountas.
e See Gamez et al. (2013)
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Incoming sensory data

Sensory Sensory Sensory
Module Module Module

Behaviour
Module

Behaviour
Module Workspace
Modules

Behaviour
Module

Behaviour Desired St t > ) t'\‘\‘*
esire ate . roprioception --.
Module ) = p p —
View Direction, Motion View Direction, Motion
Direction, Moving, Firing, Direction, Firing, Jumping,
Jumping, Fleeing, Look Enemy, |Velocity

Working
memory Look Health Vial, Look Item

Motor
Module

Motor output

Interioception




Bot's Location FleeX:0 CENTRE_X:640
2712.35,-1383.65 FleeY:0 CENTRE_Y:3000
Rot: 346 deg Time:234 Smart Angle:10

Loc: (670, 324) [tem O

Ray: RFD (2777.56, -1122.48) =
Ray: RF1 (2828.73, -1122.46)
Ray: RF2 (2876.32, -1140.68)
Ray: RF3 (2937.75, -1150.34) .
Ray: RF4 (2982.76, -1187.25) D d
Ray: RF5 (3032.14, -1227.73)
Ray: RF6 (3058.43, -1284.44)
Ray: RF7 (3164.43, -1336.15)
Ray: RF8 (3185.36, -1416.72)
Ray: RF9 (3215.51, -1509.08)
Ray: RF10 (3196.34, -1599.08)
Ray: RF11 (3215.59, -1723.27)
Ray: RF12 (3189.12, -1844.25)
Ray: RF13 (0, 0)

Ray: RF14 (0, 0)

Ray: RF15 (2764.17, -1564.42)
Ray: RF16 (2729.83, -1550.02)
Ray: RF17 (2699.36, -1569.5)
Ray: RF18 (2666.02, -1569.51)
Ttem: 0) 0
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Results

* Close second in 2011 Botprize competition.

* Developed a metric M ( Mannaz) to measure
the humanness of behaviour and carried out a
series of experiments comparing humans with
each other and with a couple of bots.

Statistical Measure hl h2 h3 h4 h5 NeuroBot Hunter
Exploration Factor 80 80 80 20 80 60 20
Stationary Time 60 40 60 20 40 60 0
Path Entropy 80 80 80 20 80 0 0
Average Health 80 80 80 20 80 20 20
Number of Kills 60 60 80 20 80 60 0
Number of Deaths 40 80 60 20 80 0 0
P9 67 70 73 20 73 33 7
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Types of Machine Consciousness

e MC3. Computer models of consciousness.
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MC3 Machine Consciousness

* Long tradition of describing the structure of
consciousness from a first-person perspective.

* For example, Husserl and Merleau-Ponty.

e Can create computer models of conscious
experiences in a machine.

 This is MC3 machine consciousness.
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Cicerobot

* Museum guide robot developed by Antonio
Chella (2007).

e Cognitive architecture and internal simulation
that is updated as robot moves around
environment.

e Cicerobot uses 3D simulation to plan actions
in @ way that is analogous to human
Imagination.
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Types of Machine Consciousness

 MCA4. Machines that really have conscious
experiences.
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MC4 Machine Consciousness

* A physical robot is MC4 conscious if it is
associated with a bubble of experience.

* |ts bubble of experience will contain

something analogous to our colours, smells
etc.
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MC4 Consciousness
Transfer / Uploading
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Description of physical Description of artificial

state of artificial system

Reliable mathematical
theory of consciousness

system's conscious state =



Description of physical Description of conscious =
state that is linked to state that we wantto
specified conscious state realize in the machine

P-description: pd7 (—-I C-theory H C-description: cd,

* Reliable mathematical

theory of consciousness

3D printing,
neuromorphic
chips, etc.

v

Physical computer or robot

, Machine contains CC set that is
- linked to specified conscious state
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ATURAL INTELLIGENCE AND

NATURAL CONSCIOUSNESS




Intelligence is Functional

* |ntelligence is a functional property.

e The amount of K in a system is independent of
the way in which the system is implemented.

 Deep neural networks and giant lookup tables
can have the same K in a set of environments.
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Consciousness is Linked
to Physical Properties

* Consciousness is linked to spatiotemporal
physical patterns.

* |n theory, two people could exhibit identical
external behaviour and have completely
different consciousnesses.
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Intelligence and Neural
Correlates of Consciousness

* Possible that the brain’s implementation of
intelligence overlaps with the neural
correlates of consciousness.

* Lot of non-conscious prediction occurs in the
brain.

* Very unlikely to be complete alighment
between the neurons that implement the
brain’s predictive abilities and the neural
correlates of consciousness.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction 117



Intelligence and the Cognitive
Correlates of Consciousness

 Some functions that have been proposed to be linked
to consciousness are also linked to intelligence.

e Aleksander and Dunmall (2003) claim that depiction,
imagination, attention, planning and emotion are
minimally necessary to support consciousness.

 These functional properties are clearly connected with
predictive intelligence.

 For example, we need imagination to do IQ tasks, such
as Ravens’ matrices, and planning is related to
predictive intelligence and goal achievement.
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Intelligence and the Cognitive
Correlates of Consciousness

* People have hypothesized that the brain’s
implementation of a global workspace is
connected with its consciousness (Dehaene,
2014).

* Global workspace theory has been shown to be
good way to implement Al systems (Franklin,
2003; Gamez et al., 2013).

* If global workspace theory is a correct theory of
consciousness, then the brain’s implementation
of a global workspace is likely to be linked to
some of its intelligence.
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Intelligence and the Cognitive
Correlates of Consciousness

 More abstract theories about consciousness,
such as higher order thought (Rosenthal, 1986),
recurrent processing (Maia & Cleeremans, 2005)
and information integration theory (Tononi,
2008) point to brain mechanisms that might also
be involved in intelligence.

* For example, a brain that can integrate more
information (possibly using recurrent
connections) and which contains meta-
information about its internal states is likely to be
more intelligent.
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Intelligence and Phenomenology

 Weak inferences can be made from
phenomenological observations about consciousness
to the potential intelligence of a system.

* For example, some reasoning is carried out
consciously using imagination. With this type of
reasoning, a consciousness with more contents could
potentially solve more problems and generate more
predictions.

 Weak grounds for believing that systems with more
conscious contents have greater potential for
intelligence.
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Intelligence and Phenomenology

* There could be systems with rich states of
consciousness that are not capable of intelligent
behaviour.

 Or an impoverished binary consciousness, which
could only contain a 1 or O, that could write every
document that has ever been created by humans.

* The intensity of conscious contents plays a role in
tagging states as online or offline, but this does not
appear to be strongly linked to intelligence.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction 122



Natural Intelligence and
Natural Consciousness

* Weak speculation only carries us so far with the
relationships between natural intelligence and natural
consciousness.

 The amount of overlap between natural intelligence and
natural consciousness and is an empirical question.

e This can only be answered we have a reliable
mathematical theory of consciousness and a practical
universal measure of intelligence.

 We can then carry out scientific experiments that:

— Measure natural intelligence (K).
— Measure natural consciousness.
— Study the relationships between these sets of measurements.
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MC1 Consciousness and Intelligence

 Many external behaviours linked to
consciousness are also linked to intelligence.

* A lot of the behaviours that we judge to be
intelligent in humans can only be carried out
consciously.

* So there is likely to be a close relationship
between progress in MC1 machine consciousness
and progress in artificial intelligence.

* As machines mimic more human behaviours, they
will appear to be more conscious and more
intelligent.
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MC1 Consciousness and Intelligence

* |ntelligence is relative to a set of environments
and it can take many different forms.

* Artificial intelligence can be completely
different from natural intelligence.

* Highly intelligent machines might not exhibit
any conscious human behaviours
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MC2, MC3 Consciousness
and Intelligence

e MC2 and MC3 machine consciousnhess research uses models
of the correlates of consciousness and models of
consciousness to produce more intelligent machines.

* This has already led to the development of systems that
exhibit human-like intelligence (Gamez et al., 2013).

e MC2 and MC3 research is likely to contribute to the increase
in both forms of artificial intelligence in the future.

* However, MC2 and MC3 are just two ways of building
intelligent machines.

* Alarge number of other Al approaches, such as deep neural
networks, can be used to develop intelligent systems, which
have few connections to research on consciousness.
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MC4 Consciousness and Intelligence

* Consciousness is linked to physical properties.

* Intelligence can be implemented in an infinite number of
different ways (Putnam, 1988).

* No necessary connection or nomological law linking
intelligence and MC4 consciousness.

* Possible that some of our current Al systems have
conscious states that are as rich and vivid as our own.

* Possible that consciousness is only linked to systems that
implement certain functions in something approximating
to biological hardware.
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MC4 Consciousness and Intelligence

* The amount of overlap between MC4 machine
consciousness and Al is an empirical question.

* This can only be answered we have a reliable
mathematical theory of consciousness and a
practical universal measure of intelligence.

* Then we can carry out scientific experiments that:

— Measure intelligence (K) in artificial systems.
— Measure consciousness in artificial systems.

— Study the relationships between these sets of
measurements.
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Description of physical Description of artificial
state of artificial system system's conscious state

P-description: pd8 )—} C-theory |—> C-description: cd8

Reliable mathematical
theory of consciousness

Scientific measurement

Artificial system







Conclusions

* Good reasons for thinking that intelligence is
closely linked to a system’s ability to make
accurate predictions.

* Have put forward four hypotheses about the
relationship between intelligence and
prediction.
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Four Hypotheses about Intelligence

 H1. Prediction is the most important component
of intelligence.

 H2. Prediction and intelligence are relative to sets
of environments.

 H3. The amount of a system’s crystallized
intelligence varies with the number of accurate
predictions that it makes in a set of
environments.

* HA4. Fluid intelligence is the rate of change of
crystallized predictive intelligence.
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Conclusions

* Developed an algorithm for measuring
predictive intelligence, K.

 Tested KX algorithm on agent in maze and deep
network.

[ has many applications in psychology and
computer science.
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Conclusions

e Consciousness is a bubble of experience.
 Have created a set of definitions and
assumptions that enable us to:
— Measure consciousness.
— Measure the physical world.

— Identify mathematical relationships between the
two sets of measurements.

e MC1-MC4 framework for understanding
different types of machine consciousness.
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Types of Machine Consciousness

e MC1. Machines with the same external
behaviour as conscious humans.

e MC2. Computer models of the correlates of
consciousness.

e MC3. Computer models of consciousness.

 MCA4. Machines that really have conscious
experiences.
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Intelligence and Consciousness

Have outlined some weak inferences about
the relationships between intelligence and

consciousness.

* To study this relationship properly we need
scientific experiments that:

— Measure intelligence (K).

— Measure consciousness.

— ldentify relationships between these sets of
measurements.
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A gystematic understanding of the relationship between intelligence and consciousness can
only be achieved when we can accurately measure intelligence and consciousness. In other
work, T have suggested how the measurement of consciousness can be improved by reframing
the science of consciousness as a search for mathematical theories that map between physical
and conscious states. This paper discusses the measurement of intelligence in natural and
artificial systems. While reasonable methods exist for measuring intelligence in humans, these

t can only be partly generalized to non-human animals and they cannot be applied to artificial
systems. Some universal measures of intelligence have been developed, but their dependence
on goals and rewards creates serious problems. This paper sets out a new universal algorithm
for measuring intellizence that is based on a system’s ability to make accurate predictions.
This algorithm can measure intelligence in humans, non-human animalk and artificial systems.
Preliminary experiments have demonstrated that it can measure the changing intelligence of an
agent in a maze environment. This new measure of intelligence could lead to a much better
understanding of the relationship between intelligence and consciousness in natural and artificial
systems, and it has many practical applications, particularly in AT safety.
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K: A Universal Measure of Intelligence
based on Prediction

Introduction Agent Maze Experiments Machine Learning Experiments

Introduction

This website describes the research that | am doing on a new measure of intelligence.
The theoretical background and an earlier version of the algorithm are given in a recent
paper.

The Agent Maze Experiments show how my algorithm can successfully measure the fluid
and crystallized intelligence of an agent as it explores different environments. The
Machine Learning Experiments show how my algorithm can successfully measure the

fluid and crystallized intelligence of a deep network that learns to make predictions
about time series data.

The TypeScript source code can be downloaded here.
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Questions?

e www.davidgamez.eu.

e http://www.davidgamez.eu/pi/
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