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Article
Consciousness as a Special Case of Emergent
Information

Daniel Boyd

Abstract: In spite of its remarkable characteristics, consciousness cannot be considered in splendid isolation. It
is only one of the remarkable phenomena associated with the brain, the brain is just one of the organs in the
body, and computers and brains share many characteristics as information-based systems. On the basis of the
ubiquitous hierarchical organization of reality into stacked layers, and the particular importance of strong
emergence in living systems, this article argues that the brain must also employ such methods to achieve its
advanced functions. This is in line with the proposition of Integrated Information Theory (IIT) that
consciousness requires a high degree of causal integration in its physical substrate. However, such emergence
is also shown to underlie information processing in computers and the non-conscious functions of the brain. It
is also demonstrated that both computers and brains exploit a specific type of information that is correlated to
but not synonymous with states and mechanisms in the physical substrate. Emergent Information Theory (EIT)
therefore presents consciousness as one member of a large and diverse family of non-physical but real forms
of emergent information created by specific types of designed and evolved systems.

Keywords: emergence; information; consciousness; integrated information theory; emergent
information theory; connectome; artificial intelligence

1. Introduction

1.1. The necessary first axiom

Integrated Information Theory (IIT) starts with a bold assertion in a world dominated by
materialism. Its first axiom [1] states that consciousness has intrinsic existence: that it is as
fundamentally real as a lump of coal or a jumbo jet. The reason this axiom is necessary is that if it
were not true, there would be nothing to discuss. The reason it is contentious in scientific circles is
the lack of objective evidence and the fact that the inability to interact directly with consciousness
prevents experimentation. To many, these factors exclude phenomenal consciousness from the list of
the scientifically real, making any discussion on the topic a philosophical enterprise.

Considering the lack of evidence, what is the justification for the first axiom? Put simply, it is the
compelling subjective experience that is the foundation of my every personal waking day. It is this
that underlies my objection to the physicalist's claim that there is nothing unusual about
consciousness [2]. Yet strictly speaking this applies only to my own consciousness. I have no such
direct evidence that other people are conscious, only their own claims logically supported by the fact
that their brains share the same origins and physical characteristics as my own. However, beyond the
normal human brain the lack of objective evidence leads to a slippery slope of unreliable assumptions.
These include anthropomorphic responses to non-sentient robots [3] and animals [4], the
uncertainties underlying the Uncanny Valley [5], and ethical discussions about the conscious status
of the fetus [6] or patients in a vegetative state [7].

The demonstrable relationship between the brain and phenomenal consciousness provides
indirect evidence for it being considered an integral part of reality. Neural correlates of conscious
experiences can be identified [8], and consciousness can be demonstrably influenced by interventions
in the brain such as anesthesia [9] and psychoactive drugs [10]. The functional output of a brain can
also be seen as indirect evidence of consciousness, although this risks confrontation with conscious
inessentialism and the possibility of philosophical zombies [11]. Such observations necessitate
explanation of the relationship between the phenomenal and the physical.
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1.2. Detectability and subjectivity

Difficulty in detection and experimentation is nothing new to the natural sciences. For most of
human history our understanding of ourselves and our world was limited by the restrictions imposed
by our unaided senses and manual abilities. It was only in the Enlightenment that the invention and
use of scientific instruments and devices allowed us to probe and manipulate reality more extensively
[12]. What we know today about the natural world is almost entirely based on the use of such
supplementary tools. Indeed, the progressive expansion of scientific detection technologies is one of
humanities most impressive areas of ongoing achievement. Now far beyond the historical detection
of radio [13], x-rays [14], the microscopic [15] and the cosmological [16], our contemporary ingenuity
stretches to the Higgs boson [17] and gravitational waves [18]. Often such phenomena are first
theoretically deduced, after which instrumentation is designed to provide empirical confirmation.

If, as stated in the first axiom, we have theoretical reasons to be convinced of the factual existence
of conscious qualia it is reasonable to ask why we make no attempt to build a device to detect them.
Such a device would, after all, immediately end all discussion and doubt concerning their reality. It
would provide a secure footing to facilitate progress in the science of consciousness and supply
empirical answers to questions concerning which biological and physical systems are conscious. In
doing so, it would present us with a means of determining the accuracy and validity of theories of
consciousness such as IIT.

Given these motivations, why do we accept our own subjective experience and ability to report
it as the only possible evidence for the existence of consciousness? Why do we not attempt to build
such a device, instead of proposing that the puzzle will somehow disappear when we fully
understand the physical brain, a standpoint that only evades Chalmers’ hard problem [19]? The most
obvious answer lies in the assumption that consciousness is not a physical phenomenon. If this is so,
then the creation of a detection device is not just a challenge to our technical ingenuity. Instead, it is
an impossibility ensuing from the fact that detection requires interaction, and a physical device
cannot interact with a non-physical phenomenon.

IIT proposes a direct relationship between the characteristics of consciousness (axioms) with
those of its physical substrate (postulates). If the theory is true, then this allows the level of
consciousness of any physical system to be calculated. However, it still does not aim to provide
evidence for these predictions in the form of quantitative measurements of consciousness itself.
Consequently, it is not possible to objectively confirm them or empirically compare their accuracy
with competing theories. Instead, IIT remains dependent on subjective reporting: a serious limitation
when considering potentially conscious systems without this capability.

The acceptance of consciousness as non-detectable is effectively a form of substance dualism: if
it is non-physical and the first axiom is correct that it is real then it must be some other kind of
‘substance’. This leads inevitably to the question whether it is the only such phenomenon, or does it
have company?

1.3. Physicalism and information

There is one other phenomenon with an intangibility comparable to that of consciousness:
information. This starts with the term itself, which is used in different contexts to label broadly related
but distinct phenomena. For example, the topics of Information Theory [20] are ontologically very
different from those of semantic information [21]. This article uses the term in a manner similar to
Roederer’s pragmatic information [22], which sees informational rather than physical characteristics
determining the outcome of interactions. However, it differs from Roederer’s definition in also
forming the basis for the function of designed information systems such as programmed computers.

The starting point in considering information in computers is the humble bit, designed to be in
one of two magnetic states. We can measure these magnetic states and, knowing the process that
caused this orientation, we can deduce which binary information value is associated with the bit. We
may also be able to derive the value from its effect, for instance in the result of a calculation performed
by the system. Following Bateson, there is a ‘difference that makes a difference’ [23]. However, the
causative element in this effect is not the magnetic state. After all, if the computer were designed to
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use the opposite magnetic state to carry the binary value — or indeed an electrical current, pulse of
light or any other physical characteristic — the effect would be the same. The processes taking place
within the computer use this information, and not the physical property it is associated with, as
causative difference. It is this specific type of information that is the topic of this article.

While a computer may be designed to report the existence of such information, or to use it in
some information process whose output provides evidence for its existence, this does not constitute
detection. Instead it is strikingly similar to the way in which consciousness can only be deduced
through reporting or behavior but not objectively detected. Yet it is clearly not the case that the bit is
even rudimentarily conscious. Since the isolated bit has no cause-effect repertoire, applying
Integrated Information Theory gives it a Phi value of 0. It would therefore appear that consciousness
does have company and that (this type of) information is also a non-physical yet real phenomenon.
Just like consciousness, “information is not matter and not energy but is a fundamental part of reality”
[24]. Both are, then, some kind of non-material substance, connected to their physical substrate in
such a way that they can exert influence.

2. Physical systems

Before further addressing the relationship between consciousness and this kind of information
itis useful to first consider the better-understood origins of physical entities, properties and processes.
After all, if consciousness is to be considered an element of reality then it must comply with the
general characteristics of real phenomena.

2.1. Emergence in natural systems

Physical science involves investigation of the specific laws applying to the interactions taking
place between a particular type of entity. Physicists study subatomic events, meteorologists
investigate weather systems and cosmologists consider the celestial. The entities and processes
concerned originate through the combination of components to form larger scale systems which
invariably exhibit weak emergence: they have characteristics that cannot exist in their components
[25]. It is these characteristics and their interactions that scientists investigate.

Take, for instance, a grain of sand. None of its defining properties such as density, hardness,
crystalline structure and color have any meaning at the level of its constituent atoms. Instead, they
arise and exist only at a specific level of organization as a result of interaction between components
which themselves lack these properties. Consequently, while these properties can be observed at a
system level, they cannot be derived from atomic properties in any way other than creating (or
simulating) the grain of sand. "Given the properties of the parts and the laws of their interaction, it is
not a trivial matter to infer the properties of the whole" [26]. The whole is more than the sum of the
parts.

This effect is not limited to a single level: grains of sand are built from atoms that are already an
emergent level above the fundamental, and many grains blown in the wind can form ripples which
cannot exist in a single grain of sand. In this way “a nested hierarchy of successively greater macro
levels gives rise to multiple levels of emergence” [27]. This distinction in levels also applies to the
processes taking place. Ripple formation cannot take place at the atomic level, and crystal formation
cannot take place at the ripple level.

While it may already be difficult to derive the emergent properties of a particular level of
organization from its immediate components, explanatory spanning of multiple levels becomes
increasingly intractable. This is because the emergent properties of each level are based not on the
fundamental, but on the organizational level immediately below it. For instance, while it may be
possible to explain the formation of ripples on the beach on the basis of the interactions between
wind-blown grains of sand, there is no direct relationship between these ripples and the properties
of the subatomic particles from which grains of sand are built. The only way to achieve explanation
is to progress stepwise through the intermediate levels. As pointed out by Davies and Brown in their
book on superstrings “even if we identify the fundamental elements of the physical world, we cannot
expect an understanding of its most complex features to follow automatically” [28].
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To provide a foundation for the next level, each level must supply stable ordered entities with
consistent interactional properties. Without stable atoms, there would be no grains of sand, without
stable grains of sand there would be no ripples on the beach. The emergent properties observed in
these systems are the causative result of the specific interactions and processes taking place between
components: “mass-based and process/structure entities are intrinsically bound, being held together
by forces internal to themselves.” [29]. Indeed, the very definition of a system is a persistent collection
of components which interact more strongly with each other than with entities that are not members
of the system.

This type of emergence is also relevant to the concept of entropy: the degree of order within a
particular demarcated system. Each level of organization has its own degree of order or disorder. For
instance, silica molecules can be in a disordered state, or regularly placed in the crystal lattice of a
grain of sand; grains of sand may be in a minimal energy state of a flat layer or an ordered state of a
rippled surface.

2.2. Designed machines

When we design machines, we invariably exploit weak emergence to create functions in the
whole that do not exist in the components. A single bolt is of no use to us but combined with a
diversity of other components in a specifically ordered way can be used to build a car with a
transportation function. The design process is top-down: it is the required overall function that
determines which parts are used, and how they are combined and contribute. The fact that machines
are designed means that the relationship between system and component is entirely transparent. We
know how the bolt contributes to the car’s function because we included it for that particular reason.

2.3. Living systems

Biological systems take emergence to a new level. In comparison to physical systems the levels
of emergent organization in living organisms are extremely compact and the diversity and
complexity of systems at each level immense. An ant weighing just 1 mg embodies complex
structures and processes at the molecular, organelle, cell, tissue, organ and organismal levels [30].
This is a functional necessity since it would not be possible to leap from the properties of the molecule
to the emergent characteristics of the organism in one step. An organism can only be built out of
organs, an organ out of tissues and a tissue out of cells [31]. Indeed, life itself is one of the most
remarkable emergent phenomena: a high-level systemic phenomenon that does not exist and has no
meaning below the molecular level [32]. A particular carbon atom may be a constituent of a
hemoglobin molecule transporting oxygen from the lungs to a muscle to allow the organism to flee
from a predator, but this is not apparent at the atomic level. It is only when we step back and view
the entire system that we can see that the systemic function of this carbon atom is entirely different
from that of an identical atom in a carbon dioxide molecule drifting through the air, or an atom locked
in a diamond buried deep underground. This function is determined not by the carbon atom, but by
the system it is a part of.

As pointed out in Herbert Simon’s seminal paper [33] this sequential hierarchical organization
is a prerequisite for the evolution of stable complex systems. Procaryotic cells needed to evolve and
stabilize before a number of these could combine to form the eukaryotic cell; the existence of
eukaryotic cells made possible the evolution of the multicellular organism; only through the
interactions between multicellular organisms can social structures arise. At each level, the creation of
structure is optional. Procaryotic cells, eukaryotic cells and organisms need not order themselves to
form new emergent entities, they can also exist as unstructured collections of independent entities or
looser collaborations. However, the formation of higher-level systems increases the persistence of the
system and will therefore be selected by evolution when possible.

These systems are the products of selective evolutionary processes taking place at a particular
level of organization (usually the single-celled or multicellular organism). This necessitates a strict
demarcation of the boundaries of the selective unit and creates a strong mutual dependency between
components that makes them inevitably subservient to the whole: “all processes at the lower levels
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of a hierarchy are restrained by and act in conformity to the laws of the higher levels” [34]. For
instance, organisms routinely destroy individual cells when this is required in morphogenesis [35],
and gene transcription may be determined by requirements at the much higher organizational level
of the tissue [36].

The existence of such extremely non-equilibrium dynamic systems requires these autopoietic
systems to use large amounts of external energy in the specific ways required to build and maintain
multiple layers of complex organization from the molecular to the ecosystem [37]. The evolutionary
and autopoietic origins of living systems makes them inherently complex and introduces a range of
unique phenomena and laws [38].

3. Information systems

3.1. Designed information in computers

How do these considerations of emergence in physical and biological systems relate to
information? As we saw earlier, the smallest functional physical components of digital computers are
magnetic bits in one of two states. These are not fundamental physical entities but structures built of
atoms, which are in turn built of sub-atomic particles. In other words, they are themselves physically
emergent. However, we also saw that it is the associated non-physical binary information, not these
physical entities themselves, that are the ‘difference that makes the difference’. In contrast to physical
bits, these binary values are not built from smaller information entities. They are indivisible and in
this sense comparable to fundamental physical particles, which has led to the suggestion of giving
these ‘information quarks’ a comparable name: quirks [39].

The computer’s binary values are of no more practical use than the bolt used to build a car. What
interests us are forms of information with properties that cannot exist at this fundamental level:
decimal numbers, texts, images, audio and video. These properties are created by combining the
computer’s quirks into structured composite entities.

Strict coding rules allow us to create such higher level information entities by determining the
physical states of the individual bits carrying binary values. For instance, to create the decimal value
66 we set the magnetic states of a series of 8 bits to down-up-down-down-down-down-up-down.

That this higher level information is more detached from its physical substrate than the binary
values is demonstrated in Figure 1. This shows that exactly the same sequence of bit states can be
associated with different decimal values depending on whether a big- or little-endian coding system
is used, and these are just two of the limitless number of alternative coding systems that could
theoretically be used to create decimal numbers out of binary values. There is consequently no
inherent relationship between the physical states and the decimal number, and it is impossible to
determine what information is present from the physical bit sequence alone.

Bit states 0e0000e0 Oee00e00 OCeeeOe000 OeeO0Oe0®
Binary values 01000010 01101100 01110101 01100101
Big-endian decimal 66 108 117 101
Little-endian decimal 66 54 174 166

Figure 1. Different coding systems change the decimal value associated with a particular bit
sequence.

In this example the nature of the binary information is similar to the decimal values created:
both are numbers. Figure 2 shows that, in addition to different outcomes, entirely different types of
information can be created from the same bit sequences. While a floating-point value is again similar
by nature to the binary values used to create it, this is not the case for the other examples. There is
nothing numerical about a textual word, a sound or a color. Here, then, fundamental information
entities are used to create emergent information with an entirely different nature and properties.
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Bit 00000000 Oee0®e00 OeeeOe00@ (o1 X YoloX YoI
Binary 01000010 01101100 01110101 01100101
ASCII B | u e

Bit 00000000 Oee0ee00 (oY X X YoX YoY XeoX X YoloY Yo
Binary 01000010 01101100 01110101 01100101
Sound Left sample: -15764 Right sample: -2715

Bit 00000000 00000800 VD000 000000

Binary 01000010 01101100 01110101 01100101

IEEE-754 Floating Point 59.114643097

Bit 00000000 Oee0ee00 Ceee0e0®

Binary 01000010 01101100 01110101

Figure 2. Four different types of emergent information that can be associated with the same bit/binary

24-bit RGB

sequence.

Figure 2 also demonstrates the importance of framing: while one type of information is based
on 8-bit frames, others require 16, 24 or 32. Yet there is nothing inherent to the physical bit sequence
that tells us how we should break it down into these blocks or indeed where. The consequent fragility
of our ability to determine the higher level information associated with a particular bit sequence is
demonstrated by the impact of framing errors (Figure 3). Shifting the frame by just one bit leads us
to derive entirely erroneous higher-level information using the same bits and protocols.

Bit states ©0000800 ©0000000 00000000 | 00000000
Binary values 10000100 11011000 11101010 11001010
Decimal 132 216 234 202
IEEE-754 Floating Point -5.099697566

ASCII ., | @ E l E

Sound Left sample: 1240 Right sample: 27338

RGB |

Figure 3. Shifting the frame by one bit leads to incorrect conclusions about the emergent information
stored.

In general, this second level of emergence is still insufficient. Instead, it only provides the
components required for the creation of meaningful higher levels such as an image, music, text or
video. In each case, a specific coding protocol is used that is suited to the type of information involved
[40].

These examples illustrate a fundamental difference between the information emergence used in
computers and the physical emergence used in machines. Because these phenomena are based on the
informational properties of binary quirks rather than the physical properties of magnetic bits they
are not physically ordered structures. The energy consumed to create this information does not lead
to a corresponding reduction of physical entropy.

This is not to say that the resulting bit sequences do not have structure. However, these
regularities relate to the structure of the linear binary code, which is only indirectly related to the
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higher-level information stored. Strictly speaking, the Shannon entropy [41] of a bit sequence relates
to the predictability of each physical bit. The direct relationship between the bit and its associated
binary value means that the latter is equally (dis)ordered. However, we have seen that it is higher-
level numerical, textual, sound, image and video information that matters. Just as the emergent
properties of living systems cannot be seen in the atoms they are composed of, this emergent
information is not visible in the bit sequences on the surface of a computer disk. The only way to
know which information is present is to reconstruct it using the appropriate hierarchical sequence of
coding systems.

The importance of hierarchical order is evident in the fact that bit-level regularities are not used
in the compression of digital data. Far better results can be achieved by operating on the structures
existing at higher levels of informational organization. The fact that each type of information is
characterized by different regularities, structures and redundancies means that type-specific methods
are required to optimize storage. For instance, removing one of two identical adjacent 24-bit colors in
a digital image is more productive than looking for bit-level patterns, and working with the
similarities between subsequent frames is an effective way of compressing video [42]. Another
advantage of working at the level of the functional information is that it permits lossy compression:
not all bit-level details are relevant and need to be kept. In this we can exploit the characteristics of
our sense organs, for which the information is destined [43].

The use of emergence in information technologies is not limited to computers. It is also seen in
written texts. A book is a device designed to transfer semantic information from the mind of the
author to the mind of the reader. To do so, specific hierarchical conventions are used relating to the
markings used. Here, the first level of information is the letter, which is combined sequentially into
emergent words, sentences, paragraphs, chapters and so forth. The first levels in particular
demonstrate clear functional emergence: a sentence can carry syntactic meaning that cannot exist in
a word; a word can carry nominative information that cannot exist in a letter.

Given only ink-marked paper without knowing the conventions used it is impossible to
determine the information it carries — or, indeed, whether it carries any. At best, by measuring the
Kolmogorov entropy of the physical markings we could calculate the maximum amount of
information that they could carry [44]. Regularities in these patterns could also be used as evidence
that it carries semantic information rather than being a random sequence of markings. However, such
statistical methods give no guarantee of the actual presence of meaningful information, as
demonstrated by the unsolved riddle of the Voynich manuscript [45]. Further evidence for the
distinction between physical states and the associated information is seen in encryption, which
exploits this detachment to make the information intentionally difficult to extract. Such concealment
would be impossible if information was indeed a property of the physical substrate.

3.2. Designed processing in computers

The previous paragraph dealt with the information processed by a computer — its raw materials
and products — but emergence is equally important to its functions. At the functional heart of the
computer is a processor that works according to Turing’s design for linear information processing
[46]. This is constructed in a machine-like fashion [47]. Its Central Processing Unit includes an
arithmetic logic unit (ALU), a control unit (CU) and a number of registers, each with its own function,
which together allow the computer to run its programs. However, this machinery does not determine
which information processes the computer performs, only that it is capable of performing them.
Instead, the functions of the computer are created in the same way as the emergent information they
operate on: by setting bit states according to specific coding rules and logical architectures such as
programming languages [48] and object-oriented programming [49]. Like the information they work
on, these high-level functions are not physically apparent and can only be reconstructed by applying
the appropriate coding system to measured bit sequences.

Like physical machines, computer programs are created through top-down design. The function
of the program determines sequentially which subroutines, code lines and operations are required,
and thus ultimately the required states of the physical bits involved. In contrast with physical
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machines, the operation of the program does not result in the creation of a physical product, but
informational output that is associated with but distinct from the sequences of physical bits that are
used to create it.

The functions of software are the result of at least four levels of emergent organization: the
operator, the code line, the subroutine and the program. Each hierarchical level has functional
capabilities that cannot exist in its component parts, with the top level far removed from the basic
operations performed by the CPU. The construction of higher-level functions is not based on the
combination of the physical functions of components as it is in physical machines, but on the
integration of the informational functions of underlying levels (Figure 4).

0000000000000 000000000000000000000000000
O..OOO0.0...OO..O0.000000...O0.00..O0.0.

oe

Ceee000000000
000000000000 0000000000000000000000000000
00800000008 0080000e00000000000000000000
000000000000 000000000000000000000080000®
0000000 000000000000000000000000000000000 iy vt
008000000098 0e000ee080000800S0S00800000
0000000000000 000000000000000000000000000
00800000088 0000e0ee0eee008S0080000800000
00000000000 00000000000000000000000000000
00000000000 00000000000000000000000000000
00000000000 0000000080000000000000S0000S
000000000000 0000000000000000000000800SS
00000080 000000000008000000080000000808000
00800000000 00000000000000000000000000080 Gens
000000000000 0000000000000000000000000SSS "

00800880008 000000ee08000 Oe0000ee0080e
0080000000008 0000eee0e000 0000000000000
0000088 0000000000S008S00 [elelelel Tol L 2ol L 1ol J
00000000000 000000000000 000000ee0Oe00e
00000000000 000000
0080000000088 00

00000000000 00000000S0000

0000880080
foll Jol Jol L Jol 1 1 1o}
Laslel Jol Liel L 1 1)
0000000000000
000000000000 00000 [elel Jol Jol L Jelel lele]
00000000000 00000000000000 000000ee0e0O8O
000000000000 0000000000000 OCe00e0ee0000e
0ee0000800000000008000080 O®ee00®e00800
008000000098 000000e0000008800000S0000e
00000000000 00000000000000000000000000000
0000000000000 0000000000000000000000 0SS

Figure 4. Emergent information functions (part of the program word.exe, left) are not the product of
interaction between physical components as is the case in a physically emergent system such as a car
gearbox (right).

A consequence of this separation between mechanism and function is that, in contrast with
physical machines, new physical mechanisms are not required to create new functions. Indeed, as
theoretically proven by Turing, the same physical programmable computer can perform any
algorithmic function. Furthermore, in contrast with physical machines which generally perform just
one function, computers have a vast array of potential stored functions of which only one can be
performed by the CPU at any particular moment. The selection of functions may be initiated by
physical events such as keyboard input, but this in itself first needs to be processed and interpreted
using other functions. Ultimately, which code is run is determined not by some physical mechanism
but by one of the fundamental logical functions performed by its ALU: the conditional branching
function. This logical function is itself controlled by higher-level functions through top-down
causation to produce the outcome required of the overall program. Significantly (and in contrast with
physical machines) this causation is not based on emergent physical processes, but on non-physical
emergent information processes.

Another consequence of the separation between the physical and the informational is that fact
that running a computer program does not lead to the wear and tear that is inevitable in physical
machines. Instead, the maintenance that computers require is of an entirely different nature [50] and
software entropy [51] is an entirely different parameter than the entropy of the physical substrate
used to store the software. Here, too, we see the separation between the physical substrate and the
informational phenomena that rest upon it.

3.2. Artificial Intelligence: designing self-organizing information systems

Designing explicit solutions to information problems can be highly effective. However,
computers offer us an alternative that is not possible with physical machines. In various forms of
Artificial Intelligence we instead design a system capable of finding its own solutions, and then train
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it to produce the required output. As in the programmed computer, individual bit states are
subservient to higher level information functions. However, in these systems the state of a particular
bit is not determined by the code written by a human programmer, but by the outcome of these
dynamic self-organizing processes.

This approach has a number of advantages. It reduces the effort required to create the solution
and can lead to solutions that could not have been created by design. More significantly, it allows
systems to be created that are adaptable to unpredictable changes in the circumstances and problem
to be solved. In this way it takes a step away from specifically tooled algorithmic problem solving
towards general intelligence.

This added value is, however, inevitably coupled to reduced transparency and controllability.
As these systems become larger and more complex (e.g. deep neural networks) the way in which
input is converted to output becomes increasingly obscure [52]. In such systems it is no longer
possible to reconstruct algorithms on the basis of measured bit sequences since their functions are
not based on formal coding rules. While the advanced capabilities of such systems are evidence of
comparable degrees of hierarchical emergence as are seen in programmed computers, this does not
involve the same type of formal structures. Instead, these self-organizing informational functions will
be more similar to the organic physical mechanisms seen in living organisms.

5. The brain

The previous paragraphs provide necessary evidence for the central thesis of this article: that the
phenomena and functions created by the brain, including consciousness, are the product of the
strongly emergent hierarchical organization of fundamental non-physical information entities and
processes that are associated with, but not synonymous with, observable states and mechanisms in
the physical substrate. It is, however, essential to carefully identify and acknowledge the similarities
and differences between the brain and the other systems discussed.

5.2. Emergent living systems

Any explanation of the brain must be founded on the special characteristics of living systems.
We know that a brain is not a machine constructed on the basis of a design, but a organic self-
organizing system. Like all of the body’s organs, it has an observable large [53] and small scale [54]
anatomy created by the differentiation and spatial distribution of different types of cells. However,
in contrast with organs with a physical function such as the heart or kidney, this form of physical
organization does not equate to the brain’s functions.

Instead, its physiology is only supportive of the network of connections between its cells: the
connectome. It is this network that determines its functions. While the positions of neurons in the
mature brain is relatively static, the connections between them are highly dynamic. This is
comparable to the distinction between system and function seen in Artificial Intelligence systems,
with the difference that the brain itself is also a product of self-organization while Al systems are
created through design and construction.

A significant and generic characteristic of living systems is their strong emergence, which is
necessary to create and maintain their non-equilibrium structures and functions [33]. This factor will
be of particular importance in the dynamic connectome [55] in which the continual making and
breaking of connections must, like all formative processes in living systems, be under the control of
higher-level systems [56]. If this were not the case, the Second Law of Thermodynamics would prevail,
resulting ultimately in random connectivity that would produce only noise.

Further evidence for emergence in the brain can be found in its immense scale relative to its
smallest components. The human brain is the current end product of a long evolutionary line that
started with animals with very simple nervous systems. Like in early computers, the limited scale of
these primitive versions can support little emergence. However, even in the 302-neuron connectome
of the roundworm Caenorhabditis elegans there is evidence for functional emergence [57]. A further
step takes us to the nervous systems of insects, which include ganglia built from tens of thousands of
strongly interconnected neurons [58]. Such nervous systems are capable of supporting a far more
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considerable degree of emergence. The further progression to cephalization seen in vertebrates such
as lizards [59] brings us to the scale of millions of neurons, and in mammals to the hundreds of
millions [60]. In primates [61] and humans [62] the numbers escalate to tens of billions, providing
more than ample material for the construction of multiple hierarchical levels.

Together, these considerations make it implausible that the brain’s functions are simply a result
of linear processes taking place at a single level of organization. Instead, like in all machines and
living systems, they must be the product of several levels of emergence, each with its own
characteristics that form the foundation for the next. The question is then what form these hierarchical
levels take.

5.3. Information systems

The comparison between physical machines and programmed computers is relevant because,
having designed and built both, we fully understand their workings. This makes them useful in
illustrating both the functional emergence they both exhibit and the significant differences between
physical and informational systems. This distinction is comparable to that between brains and other
organs. We must therefore expect functional emergence in brains, like in computers, to be
informational rather than physical.

However, the fact that the brain’s neural networks [63] operate in an entirely different way to
computers mean that specific insights into informational mechanisms and phenomena in brains
cannot be derived from what we know about computers. While Artificial Neural Networks are more
comparable, closer examination reveals that even the most advanced are far less complex and lack
many of the characteristics of biological neural networks [64]. This will inevitably lead to significant
differences between the emergent phenomena created by ANNs and brains, even if they exhibit
comparable input-output relationships.

As a consequence of the brain’s informational function, the significance of its operational
mechanisms lies not in their physical effect, but in their associated informational effect. It is for this
reason that the brain’s high energy expenditure [65] does not produce physical work (such as the
heart’s pumping of blood) or lead to the creation of physically useful products (such as protein
synthesis). Like in the computer, its energy expenditure instead results in the creation of
informational functions and products.

5.5. Morphology and networks

The connections in the brain do not only link neighboring neurons. Since distant neurons can be
connected while neighboring cells may not be, functional proximity does not correspond with
physical proximity. The functionally relevant structures are therefore not based on physical features
but on the topology of the connectome [66] which can better be approached using graph theory [67]
than anatomical morphology.

Analysis of neural networks demonstrates the existence of regular, random, scale-free and small-
world topologies [68] [69]. Such analyses also reveal that the connectome itself is hierarchically
organized, necessitating consideration of neural circuits [70] and modularity [71]. Viewing the
connectome purely from the lowest level of nodes and connections misses such significant features.

5.5. Complexity and non-detectability

Attempts to scale up our understanding of simple biological neural networks to the level of the
entire brain are fraught with technical difficulties [72] but this approach also faces a more
fundamental issue. As in computers, the brain’s informational phenomena are not directly detectable
as physical properties or processes. It may be possible to derive some very basic information
processing capabilities from physical mechanisms. For instance, analysis of the physical functions of
the brain’s neural networks show how they can perform Boolean operations [73]. However, the
organic origins of the brain cause even its basic level of neuronal structures and processes to be more
complex than the computer’s bits and CPU [74]. The brain’s neural circuits [75] are also far more
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complex and varied than the wiring of a computer’s CPU. A synapse, for instance, is not an all-or-
none binary connection: it can be excitatory or inhibitory, have varying strengths and use different
neurotransmitters. In addition, the function of the brain relies on more than just wiring. Dynamic
features such as spike train frequency and timing [76] also play an important role. Even in sensory
areas, where information input can be directly correlated to neural activity, the relationship is far
from simple [77].

Mapping the connectome therefore brings us to the same challenge as reading a byte sequences
on a computer disk: how to reconstruct the higher information levels from such information. In
computers we span multiple levels through reconstruction using formal protocols and languages, but
we cannot use this method in the brain. After all, since connectomes are created through self-
organization there is no design or protocol available to be used in this way. This relationship between
physical processes and informational functions is comparable to but even more obscure than that
seen in the deep neural networks used in Artificial Intelligence systems [78].

5.6. Multifunctionality and informational determinism

A significant similarity between brains and computers is that, as a consequence of the separation
of physical mechanisms from informational functions, they store an immense diversity of
information and functions, most of which are inactive at any particular moment. Activation may in
some cases be initiated by external stimuli, but even then the connection between the stimulus and
the activation is itself (with the exception of simple reflex reactions) mediated by internal information
processes. As with the programmatic control of the CPU branching function in computers, this means
that while choices and decision making are ultimately supported by cellular events, they are causally
determined by processes taking place at higher levels of information organization.

This causality applies not only to selection between alternative activities, it also applies to the
activities themselves. Like high-level physical phenomena, these will operate according to their own
laws that are not relevant or applicable at lower levels. As in physical biological systems, these higher
level processes will exert strong top-down control on underlying levels, all the way down to the basal
information associated with the neuronal structures and functions.

We can therefore conclude that one of the most remarkable properties of brains is that they have
evolved to transfer top-down control from high-level physical processes to high-level informational
processes. In this way, an integrated causality is created that combines physical determinism with
influences from the information dimension.

5. Discussion: emergent information and Integrated Information Theory

In the context of this special issue, we need to ask how the conclusions presented in this article
relate to IIT, which aims to connect the characteristics of consciousness with those of the physical
substrate supporting it. There is certainly agreement on a number of key concepts. Perhaps most
importantly, both see consciousness as a real but non-physical phenomenon. Both also recognize the
importance of large-scale causal integration of interacting neurons in the brain, as quantified in IIT’s
measure of Phi [1]. Furthermore, IIT sees consciousness as an emergent phenomenon related to the
information generated by a physical system, although its definitions of the terms ‘emergent’ and
‘information’ differ from those used in this article.

By taking a wider view of physical systems, and also of designed machines, this article
demonstrates that internal causal integration is in fact a characteristic of all demarcated dynamic
systems and underlies the general organization of physical reality into hierarchical levels, each with
its own unique emergent properties. Living systems are shown to take this to a new level. Emergent
Information Theory (EIT) distinguishes such physical systems from designed technological and
evolved biological systems (computers and nervous systems) in which the interactions underlying
the integration are not based on physical characteristics but on the information associated with them.
A system that operates on the basis of physical mechanisms alone will not produce emergent
information, however high its complexity and integration, as measured by Phi.
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All but the simplest of information functions in the brain necessitate hierarchical emergence to
create information functions not present in basic components and low-level processes. This approach
therefore supports an association of consciousness with high values of Phi, but in a more specific way.
Just as you need 102 interacting atoms to create a molecule, 102 to create an organelle, 10'* to produce
a cell and 10% to reach the level of the organism, so too will a minimum number of fundamental
information entities be required to create a particular level of emergent information. This is clearly
evident in computers: 8 bits for a decimal number, 24 for a color, thousands for a simple image and
billions for a few seconds of sound, trillions for a few seconds of video. It is not so that a binary value
has a low level of the characteristics of a video. At this level video simply does not exist.

This tells us that we should not expect low-Phi informational systems to have a low level of
consciousness. Instead, at these scales consciousness will have no meaning. This conclusion is
consistent with empirical estimates of Phi associated with various brain states [79], and in particular
with the state transitions observed. Falling into (or returning from) deep sleep or anesthesia does not
result in a graded reduction in consciousness, but a cessation as integration breaks down below a
particular, but still very high, threshold value.

This evidence — combined with the potential of the brain to support multiple levels of emergence;
the fact that consciousness appears to be one of the brain’s more advanced functions; and the
difference in nature between qualia and the simple information processes supported by mechanisms
operating at the neuronal level — are consistent with consciousness emerging only at a relatively high
level of organization.

Rather than consciousness being a gradient present to varying degrees in all integrated
information systems, this article therefore concludes that it is just one member of a large family of
emergent information phenomena created by the brain, each at its own level of organization. A high
Phi value is therefore a necessary, but not a sufficient criterium for the existence of consciousness:
and only in informational systems.

Consciousness is not unique in this sense. The majority of the brain’s observed functions, of
which many require high levels of information processing and considerable integration, are entirely
non-conscious. Furthermore, it is often possible to perform the same functions, for instance sporting
abilities [80], consciously or subconsciously. These considerations strongly suggest that
consciousness does not exclusively inhabit its particular level of organization. Instead, other
functionalities lacking the unique characteristic of phenomenal experience can also be expected to
exist at this level.

This consideration of consciousness as a specific form of emergent information has consequences
for the possibility of it existing in digital systems. If the underlying physical substrate and
mechanisms are significantly different then the emergence of identical higher-level phenomena is
unlikely even if Phi values and input-output relationships are comparable. To suggest otherwise is
akin to proposing that a tractor uses muscles because it is comparably complex and can pull a plough
in the same way as a muscle-powered horse. The only reason there is still discussion on this topic [81]
is because, while we can observe the physical mechanisms supporting plough pulling in these two
systems and see them to be different, this is not possible with emergent informational mechanisms.
Even at the fundamental level, information is shown to be a non-detectable, non-physical
phenomenon that can only be derived from the physical measurements it is associated with on the
basis of knowledge of the workings of the system. We have seen that in emergent physical systems
ontological spanning of several levels of organizational emergence is not possible. The relationship
between the ripples on the beach with the atoms in the silica crystals of the grains of sand only exists
through the successive steps of the intermediate levels. Similarly, there is no direct relationship
between the function of an entire computer program and the Boolean operations performed by the
computer’s CPU. Instead, this is the culmination of successive levels of operations, code lines, and
subroutines.

This situation has consequences for the derivation of the specific characteristics of consciousness
from the physical characteristics of neural networks, as proposed by IIT. While this may be achievable
for the simplest information functions they support, it will be impossible for the higher level
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phenomena (including consciousness) which ultimately emerge from these functions. Instead, the
characteristics of consciousness as a systemic phenomenon will be derived from the interactions
taking place between its immediate informational components, which will themselves only be
indirectly derived from the brain’s lowest level structures and functions. This obscurity is already
apparent in far simpler Artificial Neural Networks in which function is also created through self-
organization rather than design.

Phi can therefore be useful in determining the scale and overall complexity of an integrated
information system required to construct emergent hierarchies culminating in consciousness.
However, these higher levels also house non-conscious processes that are equally dependent on this
degree of integration. This is comparable to the fact that millions of water molecules can combine to
form either a snowflake or steam, or in a computer millions of binary values may be combined to
create either a text or a sound: it is not the scale of the system that determines the outcome, but the
specific ways in which components combine to form high level emergent phenomena.

In its current early stage of development, EIT cannot solve the hard problem by explaining the
properties of specific forms of emergent information such as qualia, nor can it quantify the value of
Phi (or other potential factors) necessary for their existence. In its favor, by encompassing all
processes in natural and artificial information-based systems it provides a far more generic theoretical
framework: a measure characteristic of scientific progress. In doing so it explains why it is not
possible to detect consciousness and other high-level information phenomena using physical devices
and provides a direction for the development of methods and means for such empirical investigation.
The quantitative results produced by IIT may be useful in focusing effort on those levels of
organization at which consciousness emerges.

While this challenge may currently seem insurmountable, there is no justification for
despondency that it is beyond our ingenuity. After all, while it took 40 years, the existence of the
theoretically predicted Higgs boson was also eventually experimentally confirmed [17]. Rather, this
approach opens up a new and promising avenue of theoretical and scientific investigation.

6. Conclusion

Considering the way in which all living systems work, we must assume that brain functions are
based on stratified functional emergence. On account of their informational (rather than physical)
function we can conclude that this emergence is not based on physical characteristics and interactions,
but on the relationships and interactions between information associated with the physical substrate.
The systems so created will therefore not equate to physical brain structures created though
morphogenic processes.

In computers binary values are associated with bit states and basic logical functions to electronic
operations; in brains comparably simple information and information processes will be associated
with cellular states and the flow of electrical currents through its networks. These fundamental
information entities and processes, and the emergent levels constructed from them, are non-physical
but real phenomena. The indirect correlation with the physical substrate exists equally for both
conscious and non-conscious phenomena created by the brain, as does the necessity for a high degree
of causal systemic integration, as quantified in II'T’s Phi value. This unified explanation for conscious
and non-conscious brain functions is a necessity considering their common origins from the same
physical system and the lack of sharp demarcation between them.

As non-physical phenomena, all forms of the information involved in the function of brains are
undetectable using physical instruments. This therefore constitutes substance dualism in the literal
sense of the word, but with a far broader scope than the historical focus on human consciousness.
Indeed, this dualism also underlies the function of information technologies. In programmed
computers the use of coding systems provides a workaround to the problem of non-detectability,
allowing higher levels of emergent information to be reconstructed from physical state measurements.
In both Al systems and brains the creation of function through self-organization makes this approach
impossible. Consequently, while phenomenal consciousness provides indirect evidence, and the
advanced capabilities of the brain provide functional evidence, empirical investigation of emergent
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information in the brain remains problematic. What is eminently clear is that the base-level
information and processes coupled to the physical substrate provide insufficient explanation. As in
physical reality, understanding of the fundamental level does not constitute understanding the
emergent levels constructed from them.

Acknowledging emergent information as a generic explanation does not in itself explain the
distinguishing features of consciousness. It does, however, provide a context within which such non-
physical features are to be expected. It could be claimed that the phenomenal properties of
consciousness necessitate special attention and a distinguishing explanation. However, doing so
isolates consciousness and prevents us from seeing it as part of an integral physico-informational
reality: an isolation that is far from splendid and scientifically implausible. Furthermore, this is to do
its fellow high-level information phenomena an injustice. Indeed, it would seem that we may need
to invert Chalmer’s definitions of the hard and easy problem [19]. After all, the way in which
consciousness is subjectively experienced and can be reported actually makes it easier to investigate
than equally significant, advanced and potentially remarkable emergent informational phenomena
for which no such evidence is available.
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