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Toward a Science of Consciousness — Tokyo ' 99
(Abbreviation: Tokyo' 99)

LFR1E

What is ultimately responsible for the phenomenon of consciousness?
Philosophical, neurobiological, cognitive, physical, and computational views.
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Tokyo' 99 Organizing Committee

The Institute of Advanced Study of the United Nations University
The University of Arizona Center for Consciousness Studies

BRI (P
From 19 (Monday) to 23 (Friday) of April, 1999

BRIRRT .

The United Nations University (Tokyo/Aoyama)

£ i[5

Plenary Session + Poster Session + Symposium

The 5th Day (Friday, April 23) will be devoted to a Symposium with 10 minute talks
by all the keynote speakers and coordinators.

Plenary Session&Symposium/3XEAER 3 0 0 ADTF—IV TV, Poster Sessionid/has—
AS T

BRAEER & B

"Toward a Science of Consciousness - Tokyo' 99" is an international,
interdisciplinary forum for the application of scientific concepts to brain
functioning at all levels and to consciousness. Keynote talks by the world-wide
most active researchers in the fields of brain science, cognitive science, physical
science, mathematical science and philosophical science are given, followed by the
detailed presentations of the newest results of selected original experimental and
theoretical investigations.

The purpose of the forum is not only to provide the wider audience with the correct
image of the actual research activity from the scientific point of view aimed at
reveal ing WHAT CONSCIOUSNESS IS, but also to realize good and meaningful encounters
among different scientific researchers from different research fields and countries
so that the seemingly delicate findings from the future CONSCIOUSNESS SCIENCE would
be made open to and shared by all the people living on this planet.

The forum is, therefore, also dedicated to the extensive discussion and preparation
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of the 1999 Tokyo Declaration by all the participants that CONSCIOUSNESS SCIENCE
WILL BE ONLY FOR HUMAN WELFARE BUT NEVER FOR WARFARE.
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Tokyo' 99 Organizing Committee
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Dr. Masayuki Hirafuji

Head, Computational Modeling Laboratory
Department of Information Science
National Agriculture Research Center
3-1-1 Kan-non Dai, Tsukuba, 305 Japan
E-mail hirafuji@narc.affrc.go.jp
Tel.  0298-38-8986

Fax.  0298-38-8551

SR
The Conference Proceedings containing all the submitted papers from the
participants will be published in both printed and electronic forms.
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Physical and mathematical theory
in a scientific approach to consciousness

S. Hagan
Computational Modeling Lab,
Dept. of Information Research, N.A.R.C.
- 3-1 -1 Kannondai, Tsukuba, Ibaraki, 305 Japan

1 Introduction

Numerous disciplines have, in the past decade, begun to lay the foundations
of a multidisciplinary synthesis, forging the basis for a scientific understanding
of the origins of consciousness. Until recently physicists and mathematicians
have remained conspicuously absent from this effort, no doubt at least in part
because of the belief, widely held both amongst the general public and in aca-
demic circles, that functional accounts of consciousness at the neural or cogni-
tive level should prove entirely adequate to an explanation of the phenomenon.
That perception has now been questioned by the emergence of several converg-
ing lines of argumentation, proceeding from fundamental logical and physical
constraints, that challenge the most basic assumptions of our current approach
to understanding how the brain gives rise to the mind.

2 Consciousness as a Natural Phenomenon

For a phenomenon whose existence is unlikely to be sincerely questioned by
anyone, ‘consciousness’ has, until recently, received scant serious attention from
the scientific community. The view is commonplace in academia that proper
scientific detachment requires that the legitimacy of a scientific research project
to study consciousness be deemed highly suspect. Science, it is held, must
study only the facts and subjective experiences are not the stuff of facts. Facts
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are objective things and are open to third-person confirmation. Consciousness
is neither.

While this position would seem to make the case in a rather straightfor-
ward and unobjectionable manner, the philosophical foundation on which it
rests collapsed utterly several decades ago. One would be hard-pressed to find
even a single adherent, amongst contemporary working philosophers, of the
philosophical position, known as logical positivism, that it represents. Logical
positivism flourished in the early part of this century and won many advo-
cates from the scientific disciplines by contending that any statement about
matters of fact not verifiable, at least in principle, on performing some con-
ceivable experiment, was a meaningless statement. It is easy to see how this
might be applied to the mind and how it might relegate consciousness to the
metaphysical wastebasket[17].

This line of reasoning had a rather compelling impact on scientific history
by persuading psychologists of the behaviorist school to focus their efforts,
not on the mind perse, but on the patterns of stimulus and response that
supposedly led us to postulate a mind in the first place. For the span of
several decades the ‘science of the mind’ lost sight of its intended object and
eventually proscribed all mention of what might take place inside the black
box that was the brain. The prohibition on consciousness has in some respects
persisted to this day; the difficulty we experience uttering words like ‘mind’ or
‘consciousness’ in the company of scientific peers is a legacy of this era. These
words connote no mysticism nor conjure any supernatural beings but merely
acknowledge a fact, a fact recognized since Descartes as beyond reasonable
doubt.

The demise of logical positivism proceeded from this very fact. If the exis-
tence of conscious states is as indubitable as Descartes claimed, then according
to the logical positivists there ought to be some imaginable experiment in which
they could be detected. The meant distinguishing the conditions of satisfac-
tion for a particular conscious state to obtain in terms of an unequivocal and
objective behavioral signature. Yet it was always logically possible to imagine,
at least in principle, a superlative actor whose performance would give away
nothing of his actual thoughts, whose outward behavior would disguise rather
than reveal the underlying conscious state[16]. This meant that behavior was
insufficient to determine consciousness, that there really were facts that were
not open to third-person confirmation.

These developments in philosophy seemed to have escaped the notice of
those within the artificial intelligence circles advocating the use of the Turing
test. This test was once, and sometimes still is, considered the ultimate guide
to success or failure in the project of creating a computer capable of thought.
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The test is simple: a candidate computer is deemed conscious if its responses
to questioning cannot be distinguished from a person’s responses. The persis-
tence of the Turing test as a philosophical anachronism is at least in part due
to an ambiguity in terms[18]. The word ‘intelligence’ that occurs in ‘artificial
intelligence’ is sometimes discussed as if it implied the same thing as conscious-
ness, replete with thoughts, perhaps even mental imagery. In other contexts
the word connotes nothing more than ‘goal-directed behavior’, a quality that
one might easily grant to a thermostat without implying that it was “thinking
about the temperature.” If ‘goal-directed behavior’ is intended however the
need for a Turing test never arises, since there is no implication of a thinking
existence underlying the behavior. If actual consciousness is intended, the test
is ill-conceived, since consciousness is not susceptible to third-person observa-
tion.

But is consciousness then a suitable object for scientific research? If it is
not, even in principle, possible to make third-person observations of the phe-
nomenon, how can it be admitted as an appropriate research topic? Does this
not contradict some central dogma of science? If the view is taken seriously
that science must admit only such facts as are open to direct, third-person
confirmation, it would lead to the utter demise of accepted fields of study like
cosmology or evolutionary biology. The objects of these sciences are veiled
in prehistory. The beginning of the universe and the origins of species, like
consciousness, are black boxes to which we presumably have no direct exper-
imental access. How does research proceed in these areas? One considers an
over-arching theory and examines the ramifications produced within the realm
of observable phenomena. The theory is updated whenever new empirical data
becomes available but is equally conditioned by information concerning the in-
ternal consistency of its presuppositions or the validity of the phenomenological
procedures for determining the empirical consequences of the theoretical pro-
cesses and entities. This gives a hint as to the direction that might be pursued
by a scientific study of consciousness. It suggests a research strategy which
proposes a theoretical basis of explanation and conditions the theory on its
consistency with the features of the phenomenon as well as with empirical
observation of the indirect effects.

3 Considerations in Mathematics
Amongst those researchers willing to grant the legitimacy of a scientific re-

search project to study consciousness, there are those who claim that such a
project is already well underway, carried out under the auspices of neurophysi-
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ology and cognitive science; that a neural or functional account of the activities
of the brain should prove entirely adequate to an explanation of consciousness;
that no additional considerations, beyond the purview of these disciplines, need
arise when one expands the scope of investigation from the purely cognitive
features of the brain’s functionality to the phenomenon of consciousness itself.
On this view there is in fact no distinction between the physical brain seen in
its computational or functional capacity and the mental features we associate
to consciousness.

The cracks in the computationalist thesis have been evident for some time[19]
but have recently become catastrophic with the introduction of an argument,
championed by Penrose[15], that claims to provide a mathematical demon-
stration of the insufficiency of any purely computational explanation of the
inner workings of ‘human understanding’. In light of the potential import of
such a result to a scientific conception of what the brain does, the basis of the
argument is reviewed here.

In order to formulate a mathematical refutation of the computational na-
ture of human understanding, it might seem that Penrose must first rigorously
define the term ‘human understanding’, an exercise sure to excite considerable
controversy. Rather than entering such a debate, Penrose devises his argu-
ment to prove only that one particular human activity is not susceptible to
algorithmic formulation. A single counterargument is sufficient for Penrose to
make his case for if even one of the activities in which humans engage can
be proven to lie outside the bounds of a computational account, the entire
computationalist project is derailed.

The argument then focuses on the particular faculty of understanding that
humans engage to determine whether or not a given program, once imple-
mented, will ever reach completion - a question reknowned in computer and
cognitive science as the halting problem. The problem harbours some grave im-
plications in the foundations of mathematics, implications of which the math-
ematical community became aware in 1931 following the release of a paper
written by Godel[4], a paper that proved to be a Trojan Horse for the formal-
ist school of mathematics that solicited it. Godel’s Incompleteness Theorem
dealt a decisive blow to the formalist school by exposing in its premises a fatal
flaw, a defect that could not be rectified from within. Penrose’s argument,
crafted in the same style of reasoning, seeks to expose a similar error in the
fundamental assumptions of the computationalist school, an error that urges
the abandonment of the computationalist project.

As in Godel’s original work, the argument begins by specifying a partic-
ular computation to be assessed. For our purposes, it will be sufficient to
consider only those computations which take a single input. All the possible
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computations that can be performed on a single input variable can be num-
bered sequentially in an unambiguous fashion and, as long as the numbering
scheme adopted is used consistently, the particular order in which the compu-
tations are arranged is of no consequence. Under some such scheme, the gth
computation with an input variable n can be denoted:

Cy(n) for g,n € N. (1)

If it is possible to computationally represent all the various aspects of hu-
man understanding brought to bear by the research community in determining
whether or not this particular computation will ever reach completion, then
this understanding can be represented algorithmically. The algorithm:

A(g,n) for g,n € N, (2)

then encapsulates, by hypothesis, all human means to decide if the ¢gth com-
putation acting on input n will halt. Such an algorithm will halt only when
it can be computationally ascertained that the given computation with the
specified input does not come to a halt:

A(g,n) halts = C,(n) does not halt. (3)

The direction of the implication should be noted from the outset. That is,
if A(q,n) stops, it is certain that the computation C,(n) will not stop but if
A(g,n) does not stop, no information whatsoever is communicated regarding
whether or not the computation Cy(n) stops.

Since the input n is a free variable, it is possible to assign it any value. In
particular one could assign as input to the ¢gth computation the very same value
g. With this assignment, the computation becomes C,(¢) and the algorithm,
encapsulating all human means of determining if that computation halts, is
Alq, q): :

' A(q,q) halts = C,(¢) does not halt (4)

When the two arguments of the algorithm A are given the same value in
this way, the algorithm is reduced to a single input. As such, one must now
expect that the algorithm, in the particular case for which the computation
number and the input number are the same, is itself identical to one of the
computations in the ordered list of all computations on a single input. This
list, after all, is exhaustive. Let us say that the algorithm, when reduced to a
single argument, is found to be identical to the kth computation:

A(q,q) = Ci(q) for some particular value of & (5)
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Cr(q) | assesses | Cy(q)
Cr(1) | assesses | C1(1)
(2) | assesses | Cy(2)

Ck

Cr(k) | assesses | Cr(k)

Table 1: Cy is always the assessing algorithm when the computation number
and input number of the assessed computation are identical.

Note that Cj is always identical to the algorithm whenever the computation
number and input number of the program to be assessed coincide. The input
variable ¢ given to C} specifies both the computation number and the input
number of the computation to be assessed.

Since the input ¢ is still a free variable, it is possible to assign it any value.
In particular, we might assign it the value k£ found above:

A(k, k) = Cy(k) for some particular value of k, (6)
and, substituting k for ¢, the implication in (4) becomes:
A(k,k) halts = Ci(k) does not halt. (7)

A glance at Table 1 indicates the significance of this value for g. The algorithm
has been assigned to assess itself.
Using identity (6) to substitute for A(k, k) in implication (7), one obtains:

Ci(k) halts = Ci(k) does not halt, (8)

We can now make some logical observations that will allow us to decide the
question of whether or not this computation, the algorithm itself, will halt.
If Ci(k) does halt, then the last statement above indicates that it must also
not halt - a logical impossibility. If Ci(k) does not halt, no contradiction is
implied so we must conclude that Ci(k) does not halt reductio ad absurdum:

Ci(k) does not halt (9)

Armed with the knowledge that Ci(k) does not halt, we now examine how
the algorithm fared in determining whether or not this program would halt.
This algorithm after all encapsulates by hypothesis all the powers of human
reasoning that we might bring to bear on this problem. If it is possible to give
those powers a computational form, then we should expect the algorithm to
come to the same conclusion that we did.
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The algorithm to assess the program Cy(k) is the very same program Cy(k),
a computation that we know does not halt. The algorithm does not halt. It
is therefore never able to return an answer and the question whether or not
Ci(k) halts remains computationally undecided. Since we nevertheless know
that Cy(k) does not halt, it is evident that we did not arrive at this knowledge
by purely computational means.

The power and scope of this kind of reasoning should not be underesti-
mated. It is not for instance undermined by multiple, dynamic or ‘bottom-up’
computational strategies. Multiple algorithms can always be woven into a sin-
gle algorithm that halts only when all of the component algorithms halt, and
this new algorithm will once again be susceptible to the argument. Dynamic
programs must follow a set of procedures which determine the course of change.
If these are entirely algorithmic they must naturally be included in the speci-
fication of the algorithm A and the argument proceeds as before. Finally the
characterization of computation in the argument makes no distinction between
‘top-down’ and ‘bottom-up’ processing. These are design tactics, descriptions
of the method by which one chooses a particular computation, but are utterly
irrelevant to the mere listing of all possible computations.

Perhaps the most common misconception of the Godelian style of reasoning
proceeds from the observation that the procedure by which we obtained the
insight that “Ci(k) does not halt” appears entirely algorithmic and it should
therefore be possible to give it a computational form. This assertion is in fact
correct. There is of course a computational procedure to obtain the particu-
lar computation Ci(k) given the algorithm A. One might imagine that such
a procedure would allow the algorithm A to find the very computation that
Penrose’s argument singles out. The program could then be instructed that
this particular computation is non-halting. The implications of Penrose’s ar-
gument for the computationalist camp are not so easily averted however. This
strategy fails because the procedure to find Ci(k) given A is not a procedure
in A - it cannot be since A, as we have seen, is incapable of deciding whether
Ci(k) will halt whereas an algorithm newly equipped with a procedure to find
Cy(k) is capable of deciding the issue. One might then suggest that the proce-
dure be appended to the old algorithm A to form a new algorithm A’ capable
of finding Cx(k). But the particular computation Cy(k) which Penrose’s argu-
ment specifies for this new algorithm A’ will not be the same as the one for
the old algorithm A. The new algorithm will be undecided about a different
computation and will, in its turn, be unable to locate that computation.

The realm of pure mathematics may seem a strange place to turn for an-
swers regarding the nature and origins of consciousness, a phenomenon firmly
rooted, at least to this point in history, in complex biological processes. But
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computer science might once have seemed to have little to offer a mature
science of neurophysiology towards the goal of elucidating those same bio-
logical processes. Such offerings are of course now commonplace. Natural
phenomena are not required to respect the artificial borders prescribed for
science. Researchers, like Penrose, currently contributing their theses to a
multi-disciplinary understanding of the scientific basis of consciousness do not
argue that neurophysiology and cognitive science have nothing to do with gen-
erating conscious states. Such a proposition is clearly ludicrous in the face
of overwhelming evidence that neural activities in the brain are closely corre-
lated with mental phenomena. But the obvious necessity of the understanding
provided by these particular disciplines is not proof of their sufficiency. And
it is on this point, and this point alone, that they are questioned. Penrose,
for instance, does not make the claim that consciousness comes about or even
could come about in the absence of calculation. He is rather pointing to the
insufficiency of computational accounts and insisting that some room must be
made somewhere for a non-computational component.

Much of the reaction to the thesis has focused, not on the finer points of
the argument itself, but on the inferences that Penrose draws from its con-
clusion and the direction he indicates for further research. Contemporary
‘science comes equipped with few options to pursue in order to accommodate
a non-computational component. Only in one domain do non-computational
processes play an irreducible role in the physical dynamics; that is, in quantum
theory. The non-computational processes that punctuate the unitary evolution
of quantum systems are variously termed ‘wavefunction collapses’, ‘reductions
of the wavepacket’, ‘measurements’ or ‘decoherence events’, depending on the
interpretation to which one subscribes, but their role in the dynamical descrip-
tions of quantum theory is independent of interpretational issues and essential
to the success of quantum descriptions of nature. '

The suggestion that something as seemingly distant from our conception
of mind and brain as quantum theory should enter into the explanation of
consciousness has ignited a firestorm of controversy, much of the criticism pro-
ceeding on the intuition that an understanding of consciousness should not
involve anything as esoteric as quantum theory. This kind of argumentation
does a disservice to science by replacing sober reason and reflection with the
weight of popular opinion. Similarly insinuations that Penrose is merely con-
flating the mystery of consciousness with the mysteries of quantum theory
willfully ignore the logical basis of the argument and treat instead a caricature
of the argument as unmotivated speculation.

Some of the reactions however pinpoint substantial issues and must be ad-
dressed within the context of any research project pursuing a putative link
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between quantum theory and a scientific understanding of the basis of con-
sciousness. As one might expect, since the issue of quantum theory has been
raised, some of the dissenting opinions originate from physics. These views
target the disruptive effect of thermal noise and question the plausibility of
instantiating a causally eflicacious quantum system in the hot and noisy en-
vironment afforded by the living brain. Considerations along these lines must
certainly condition any and all theories that attempt to provide realizable
accounts involving a quantum element. They do not however present an im-
penetrable barrier. Quantum coherence is after all a commonplace at room
temperature thanks to the rapid advancement of laser technology. In any
case, it is not the current state of technology that should determine the course
of scientific investigation but rather principled argument and a process of con-
sultation with nature. It was this sort of process that guided the formulation of
quantum theory in the first place, through the pioneering proposals of luminar-
ies like Planck and de Broglie. A priori a proof concerning the mathematical
possibility of a purely computational theory of consciousness would seem to
take precedence over physical plausibility arguments based on the current lim-
itations of our ability to manipulate quantum systems. One is led to wonder
whether any statements of a more general nature might be gleaned from a
consideration of consciousness from the perspective of physical science.

4 Physical Considerations

It seems clear that a conscious state, whatever its ultimate explanation, must
incorporate numerous elements and establish specific relationships amongst
them. It is also evident, on the basis of our current understanding of the
brain, that there is no physical location on which these elements converge,
that different elements composing a single conscious state are associated with
the neurophysiological features of separated sites in the brain. The validity of
these assertions is widely recognized-and, taken together, they give rise to the
binding problem which famously plagues the brain sciences: how do the neural
activities in disparate physical locations come to be composed in a unified
conscious state?

To illustrate the difficulty from a physical perspective and to discuss the
alternative methods by which one might address the problem, it will be conve-
nient to adopt a characterization of the brain due to Stapp[20]. One can imag-
ine in principle modeling the brain to arbitrary precision by a vast network of
devices, one for each of the nodes in a fine lattice of spacetime points cover-
ing the brain, each evolving through a series of arbitrarily small time steps.
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The device at each node need only be sufficiently sophisticated to record the
values of a handful of elementary matter and gauge fields and their first few
derivatives, and to update those values on the basis of information passed at
each time step from the nearest-neighbour nodes around it. Such a model is
in keeping with the requirement that any physical system amenable to classi-
cal description can be decomposed as a collection of simple and independent
entities, interacting only in accordance with a locality constraint.

On the basis of this model, one can contrast two distinct modes of descrip-
tion for the state of the system at a given time step. The first, an intrinsic
mode, is merely the accumulation of all the values recorded in each of the
devices. This is the mode of description appropriate to classical physics. It
includes no information interpreting the collection of facts and no explicit rep-
resentation of any relationships that might exist amongst the elements. In
particular, functional units determined as aggregates of the elements play no
role in such a description; these are part of an external interpretation, not
fundamental entities in the clockwork model we have envisioned. They can
have no causal effect on the physical processes occurring in the brain model
and are irrelevant to its operation in the intrinsic mode.

Alternatively, the model might be described in a second mode, an extrinsic
mode. This is the sort of description that might be formed by an external
observer capable of simultaneously apprehending all of the values recorded at
each of the nodes. This mode of description can be characterized by a single
device capable of specifying the entire collection of recorded values, without
the need to gather and compose the information from physically separated
locations.

The complexity of a conscious state argues against the possibility that any
one of the devices at the nodes of the lattice might alone be sufficient to en-
capsulate the requisite information. As the lattice tends towards a finer and
finer covering of the volume, the information recorded by each node tends to
something small in accordance with the precepts of classical physics. In any
case, as noted above, there is little need to belabor the point as there is no
support in the neurophysiological data currently available for the thesis that
consciousness arises from a single location in the brain. The complexity of con-
scious states must therefore arise out of information from several, presumably
many, nodes. But the conscious apprehension of the collection of facts occurs
‘at once’. They are perceived as a single whole. The binding problem can thus
be reduced to the problem of explaining an extrinsic level phenomenon in the
intrinsic level language of classical physics. Consideration of this problem has
led some to speculate concerning a principle of ‘emergence’. Certainly some
principle must supplement the edicts of classical physics but a scientific theory
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must go further, supplying not only a name but also attempting an explanation
of the intuited features of consciousness.

The distinction between the intrinsic and extrinsic modes of description is
constituted in the accessibility of relational data. Relations between elements
that can be explicit in the extrinsic mode must remain implicit in the intrinsic
mode. Simultaneous access to relational information is the crucial determi-
nant of an extrinsic level description. The intuition in the computationalist
camp is that the information to support consciousness can be accumulated in
a piecemeal fashion, that it need not be made available simultaneously, that
information can be stored throughout the brain and composed little by little.
This intuition conceals the implicit assumption that the ordering relations in-
herent in spacetime can be used to provide the relational information necessary
to reconstruct an extrinsic level description. The computationalist imagines
‘loading’ information into an abstract ‘space’. On a classical account, the
‘space’ involved cannot be physical spacetime or we are reduced to an intrinsic
mode of description. But if it is not actual spacetime then what supports the
ordering relations and how are they maintained?

Within the scope of computational problems generally considered the as-
sumption that physical spacetime should provide ordering relations has almost
indiscriminate validity since computational problems do not generally require
an extrinsic mode to be invoked. All forms of digital computation ‘borrow’ re-

lational data from the structure of spacetime whenever ‘memory’ is invoked or
whenever ‘output’ is written. This is independent of specific architectures. It
applies, not only to standard von Neumann computers but also to neural net-
works and other parallel architectures and can be seen in the general context of
a universal Turing machine. In a Turing machine the ordering of spacetime is
concealed within the structure of the ‘tape’ and the ‘borrowing’ of the inherent
relational information is disguised within the standard command, “Advance
the tape.” This instruction to the Turing machine brings a particular 0 or 1
under the reading device which particular 0 or 1 is determined by the structure
of the tape itself. It is the tape that preserves the relation of every 0 and 1
written there to every other 0 and 1. It is this structure that underlies and
supports the ordering of 0’s and 1’s on a Turing machine tape and likewise
‘memory storage’ and ‘output’ in a real computer.

These considerations introduce a dilemma. If conscious states are states in
physical spacetime, then the imposition of a locality constraint eliminates the
possibility of extrinsic level phenomenal. If conscious states are in some way

"Moreover, a homonculus problem is introduced. If the visual perception of a scene for
instance is something that occurs physically in the brain, then we would seem to be requiring
that there be a little man, a homonculus, in the head to perceive the perception. This cannot
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‘unphysical’, if we take seriously the ‘mental’ features of psychological states,
then the ordering of spacetime is not available to provide the relational in-
formation necessary to an extrinsic description and we require therefore some
other space to perform the same function. The computationalist view of con-
sciousness, a view which adopts the latter strategy, appears to be covertly
dualist and would therefore seem to be beset by the same problem which
plagues any dualist theory: how do the two separate spaces interact without
violating conservation theorems? Apparently the only way to avoid the ex-
travagant introduction of an entirely new space and its attendant difficulties
is to relax the locality constraint. Dropping this requirement allows extrinsic
level descriptions to be expressed within physical spacetime but also neces-
sarily transperts us from the classical realm to a quantum domain. Physical
considerations then appear to point in the same direction as Penrose’s mathe-
matical result but arrive at the same conclusion by an independent route. An
explanation of the specifically conscious aspects of what the brain does should
require some quantum component.

5 OQOutlook

The arguments considered here do not indicate how a quantum element might
be invested into a theory of consciousness but several avenues of research are
currently being explored[6, 7, 8, 9, 10, 11, 12, 13, 14, 23, 24]. Recent work on
quantum computation, for example, has uncovered an entirely new paradigm|3]
that offers the intriguing possibility of biological instantiation. The pure quan-
tum states required for quantum computation have generally been deemed
much too delicate to survive amidst the thermal noise of biological environ-
ments. It has recently been demonstrated however that the small deviations
from equilibrium observed in the quantum description of a macroscopic ensem-
ble can be effectively treated as a pure quantum state of much lower dimension.
Rather than isolating the quantum system from the environment to preserve
its coherence, a pure state is statistically recreated from an unprotected mixed
state. This work makes quantum computation an experimental reality at room
temperature and presents a feasibility argument for quantum systems in bio-
logical media.

Similarly, models involving macroscopic ordered states have attempted to
bridge the gulf that currently lies between abstract arguments for the indis-
pensability of quantum theory in explaining consciousness and the concrete

constitute an explanation of consciousness then since it introduces a conscious entity in the
explanation and an infinite regress thereby ensues.
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realities of biology[l, 2, 21, 22]. These models escape the destructive influ-
ence of a thermal environment by maintaining a constant supply of energy, in
much the same way that lasers maintain a state of quantum coherence at room
temperature. The quantum system is located subcellularly in the network of
microtubulin that supplies the cell with energy. Biological instantiations of
this kind have begun to speculate about the manner in which living systems
might take advantage of quantum variables to achieve an informational capac-
ity much greater than classical counterparts.

That the explanation of the complex machinery of consciousness should
find a subcellular component is independently suggested by the site of action
of general anesthetics[5]. Medical researchers have accumulated a wide array
of chemical substances that reversibly ablate consciousness. Physicochemical
similarities amongst these substances implicate non-polar globular proteins as
the site of action, specifically hydrophobic pockets in membrane lipids and
microtubulin. Since the binding of general anesthetics does not change the
membrane potential, it is hard to see, on a purely neural account, how they
might alter the functioning of the brain so profoundly as to remove conscious-
ness. This might find more natural explanation in a subcellular context.

Certainly our intuition rebels against the idea that something so seemingly
foreign to our concept of the brain should play a necessary role in the gener-
ation of consciousness. And certainly our current understanding of the brain
provides no convenient niche for the installation of a quantum connection.
But just as certainly, it is through the constructive interplay of theoretical
considerations and experimental findings that science is advanced.
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