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SUNTO. — Viene formulata una simulazione della percezione dinamica del cubo Necker
in termini di un sistema quantistico a due livelli — ad esempio un qubit realizzato da una
giunzione Josephson o da un elettrone (spin %) controllato da campi magnetici —. L'a-
nalogia cosi stabilita indica che la trasformazione neurofisiologica che conduce, me-
diante una riduzione simmetria, all’'inversione percettiva delle due facce del cubo ¢ con-
trollata dai principi della meccanica quantistica. Un valore dell’ordine di 0,32 72] s & sti-
mato per I’azione neuro-fisiologica elementare che simula la costante di Planck a livello
mesoscopico. In questo studio interdisciplinare sono utilizzati concetti chiave: la sim-
metria, la riduzione simmetria, 1’auto-organizzazione, il principio di sovrapposizione e
Pambiguita.

ABSTRACT. — A simulation of the dynamic perception of the Necker cube in terms of a
two level quantum system — e.g. a qubit realized by a Josephson junction or by an elec-
tron of spin % controlled by magnetic fields — indicates that the neuro-physiological
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transformation leading, through a symmetry reduction, to perceptual reversal is con-
trolled by the principles of quantum mechanics. A value of the order of 0,32 2] -s is es-
timated for the elementary neuro-physiological action simulating the Planck constant at
a mesoscopic level. In this interdisciplinary study key concepts are utilized: symmetry,
symmetry reduction, self-organization, superposition principle and ambiguity.

Igitur tmpossibile est de aligua re cognoscere
quod fit natura, non cognoscendo motum

Toannes Duns Scotus
Physicorum Aristotelis Quaestiones,
Tom. II, Lib. ITI - 4 (ed. L. Durand, Lyon 1639)

1. INTRODUCTION

It is through dynamics that we can learn about the nature of any-
thing. The visual perception of ambiguous images, apparently endowed
with some form of oscillatory dynamics, may represent vividly similar
physical processes occurring in brain neural networks [Mai05].
Actually an image which induces a dynamical process can be consid-
ered as a graphical representation of that process, and may help eluci-
dating the physiology (physics + logic) at the base of perception. The
most intelligent living organisms rely on visual perception in order to
map and to memorize the objects and movements within their habitat.
Information is carried to the vision organs by electromagnetic waves
emitted or diffused by the surrounding bodies. Our visual system is
based on a combination of (optical) projection and (intelligent) cogri-
tion. The cognitive need of extracting the maximum of information
from whatever is around us is an existential feature of our nature
[CC14]. This need is challenged by ambiguous figures which have two
or more possibilities of being interpreted as 3D objects. In this case the
perception can enter a loop, ze., an oscillatory state with some charac-
teristic frequency. It is argued that these oscillations correspond to a
similar dynamic state of the brain neural system involved, and therefore
are suitable to shed light on the logic of perception.

Classical paintings of the kinetic art such as those by Franco
Grignani and Victor Vasarely stimulate the process of three-dimension-
alization via binocular vision. After the pioneering experimental works
by the team of A. Borsellino [B72,B77,B82] and the contributions by
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G. Caglioti since the eighties [C83,C86,C94,C95a-c,C02,C14,C15],
these processes have been elucidated by numerous experiments on a
wide variety of ambiguous two-dimensional (2D) figures. For instance
we refer to the illuminating works by Kleinschmidt ez a/. [Kle98],
Vetter et al. [Vet00], Hesselmann ez a/. [He08], Kornmeier and Bach
[Kor12], Conte, Khrennikov, et al. [Con09,Khr10], just to mention a
few. We quote in particular H. Atmanspacher ez a/. [Atm08] who ded-
icated special attention to the dynamic perception of the Necker cube
(NC) [N1832]. In what follows it is shown, with a sequence of elemen-
tary examples based on the Necker cube, that the perception of
ambiguous graphs can be represented with the tools of quantum logic,
which leads to the suggestion that neural networks, in their response to
external stimuli, follow as well — though at a mesoscopic level — a quan-
tum logic.

2. AMBIGUOUS FIGURES

The Necker cube (Fzg. 1a) is the best known example of planar
graph with an inversion symmetry centre which can be perceived as a
3D object in two different equally probable ways, depending on
whether the lower or the upper square is viewed in front and the other
in the rear. The two perceptive ways are shown in Fig. 1d and are
obtained by removing either the pair of segments or the pair (Fig. 15).
The operations transforming the NC into the new cubes providing an
axonometric representation of two 3D objects is actually a symmetry
reduction: the new graphs have lost the original inversion symmetry
and acquired an orientation. They symbolically represent the two pos-
sible ways of perceiving the NC and will be represented by two orthog-
onal quantum states |0) and 1) normalized to unity. Note that the NC
acquires one of the two possible meanings via the reduction of symme-
try. On the contrary the removal of the pairs or yields two graphs of
hard interpretation (Fig. I¢), which maintain the inversion symmetry
and are not discernible in the original NC. The symmetry reduction
brings in information.

In general terms we can say that perceptual ambiguity is equiva-
lent in the microscopic world to the superposition of quantum states. A
possible analytical description of an ambiguous image as a superposi-
tion of two graphs is illustrated in Fig. 2: the gradual fading (described
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by sine/cosine factors) of either the (8,y) or the (¢, ) pair leads to the
polarized quantum states |0) and [1).

s

d)

Fig. 1—(a) The Necker cube (NC) is a planar (2D) graph with inversion symmetry with
respect to its center. It can however be perceived as a 3D cube with two equivalent
orientations, between which a spontaneous perception oscillation occurs. The equivalent
orientations are made after removing the segment pairs (B,y) or (a,0) shown in (b):
the resulting graphs, shown in (d), have clearly lost the inversion symmetry and are very
stable. The NC is viewed as a superposition of two quantum states represented by the
two graphs of panel (d). (c) The inversion symmetry is preserved if the segment pairs
(avy) or (B,0) are removed in (b), but in this case the resulting graphs are visually quite
unstable and cannot be discerned in the original NC.

cos%lohsin%m sin%lo}ﬂ:os%l‘])
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Fig. 2 — Illustration of the superposition of two quantum states 10) and |1) (bottom),
leading to the perceptually ambiguous Necker cube (top) via the variation
of the mixing angle (co-latitude) 6.
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Another classical example of bistable image is that of vase/face pro-
files, largely diffused in 18"-19* century prints, and re-edited by the Danish
psychologist Edgar Rubin in his thesis (1915) [Rub15], shown in Fig. 3 in
the original version and its black/white complement. The image clearly
represents the superposition of two largely inequivalent quantum states.

Fig. 3 — Edgar Rubin’s vase/faces ambiguous image shown in two complementary versions
which exemplify the prevalent perception of face profiles or that of the vase [Rub15].

There is of course an infinity of ambiguous figures where a plane
symmetric figure is perceived as a tridimensional object in two or more
different ways. An example, perhaps the simplest one, is a plane repre-
sentation of a dihedron which can be perceived as either a convex or a
concave 3D figure. A sequence of such dihedra, forming, e.g., the
Schroeder staircase [Sc858], represented in Fzg. 4 in the artistic rendering
by Marcello Morandini [Mor15]. The possibility of viewing it as a stair-
case or as an undulated roof is quite transparent, although the oscillation
frequency may be considerably slower than that of a simple Necker cube.

Fig. 4 — The Schroeder staircase [Sc858] in an artistic rendering by Marcello Morandini
[Morl5].
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3. A QUANTUM REPRESENTATION

The two states, representing the alternative ways of viewing the NC
of Fig. 1 (or each of the two dihedra of Fzg. 2), and the oscillations pro-
duced by the act of observation find several analogies in the quantum
mechanics of two-level systems. The simplest case is that of a particle in a
symmetric double well (Fig. 5a), with a tunnel-induced splitting (Fig. 5b)
between the eigenvalue E; of the symmetric ground state (10) + [1))/v2
and the eigenvalue E- of the upper anti-symmetric state (10) — [1))/V2.
When the observation action puts the system in an initial state, say |0), an
oscillation of frequency proportional to E- — E; between |0) and [1) sets
up. The amount of neural energy involved in the perception provides a
meaning to the energy splitting, and the proportionality constant C (here-
after called elementary neuro-physiological action) between that physiolog-
ical energy E, and the observed oscillation frequency is considered as an

intrinsic property of the neural system. We consider the Hamiltonian
E E

r

E E,

-

(1)

with £, = (1 H| 1) =(o| H |0) the eigenvalue for a single well. The time-
dependent Schrodinger-like equation for the double well

] -

C—|z)=H|= 2
iC=|=)=H|2) 2)
has eigenvalues [ = E, = I, and eigenfunctions

1 - .
) = 77 o)+ [ DD expl-iCEy = E)1/C] 6)

The perception act consists in reducing the symmetry by putting
the perceived image in an initial state |1, (0)) evolving like:

q;+(r)) = %0 +) + |—>) = exp(—i]:'of/C)[COS% |0> +isin%|l)] (4)
(1) = %ﬂ +)=|-))=exp(=iEt/ (‘){cos% |0) — isin E‘;f |1)] )
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Fig. 5 — (a) A double-well guantum representation of the two degenerate states 10)
and 1) in which the NC can be perceived. (b) When the two wells are communicating
through a finite barrier, the degeneration is lifted by 2E, yielding two eigenstates |+) and
l-) which are symmetric and anti-symmetric superpositions of the original states.
When the observation of the NC puts it in the state 10) or 11), an oscillation of frequency
2E,/C starts between these two states.

The perceived configuration at time # is then given by the expec-

tation value (3, (1)|z|y, (1)) , where the coordinate z has the expecta-
tion values

(0|z|0) =1 corresponding to @ , (6)
(1]z)1) = -1 corresponding to @ , (7)
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(+]z]+)=(~|]z|]-) =0 corresponding to @ ) (8)

With these definitions it is found:

010,02

Thus the oscillation between the two equivalent non-stationary
states occurs with a frequency w=2E, /C (period T'=xC/E, ). The
expectation value of the energy for this time-dependent non-stationary
state is of course constant and given by

(p,(O[H|p, (1)) = (0| H|0)cos® ];’f

(1)1 1ysin®
| ¢ (10)
- 1{off1}) - (1| jolsin 2?}-’ - F,

and the same for y_(1) .

Another quantum system providing a useful analogy with the NC
representation if a Josephson junction, where the oscillation in the ring
is set up by the application of a constant electric bias V across the junc-
tion. In the case of a Josephson junction the oscillation frequency is
equal to 2eV/h, whereas for the perception case the proportionality
constant is again C, provided the applied bias energy is interpreted as
the physiological energy, 7.e., E, = eV.

4. THE ELEMENTARY NEURO-PHYSIOLOGICAL ACTION C

The elementary neuro-physiologic action C depends of the per-
ception mechanism and, to some extent, on the observer (specifically
of the visual balance between the right eye and left eye). It can be
defined as the minimum value of the product of the switching time of
the perceptual reversal, ¢, by the physiological energy E,. This energy
is twice the energy spent for the initial transition from the initial per-
ception of the 2D symmetric graph, Fig. 1a (ground eigenstate), to the
perception of one of the two polarized states, Fig. 1d, from which the
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oscillation starts. Jiirgen Kornmeier and Michael Bach [Kor12] in their
comprehensive revue assign to the “disambiguation of ambiguous
visual information” a typical duration # of about 50 ms, although “the
decision about the perceptual outcome has taken place at least 340 ms
before the observer is able to indicate the consciously perceived rever-
sal manually”.

More demanding is the estimation of E,. We believe that, to this
end, the current research on the spatio-temporal mapping of brain
activity [Dal01], integrated by multiple imaging modalities, such as the
functional magnetic resonance imaging (fMRI), the electro-enchep-
halography (EEG), or the magneto-enchephalography (MEG)
[Hal05], could provide acceptable answers. An estimation of E, can be
obtained from measurements of the visual cortex metabolism (~7 mg
glucose/min for 100 g of tissue [Phe81]) referred to an estimated func-
tionally activated mass of the visual area V5/MT (~1 g) [Wal03]: this
gives an absorbed power of 0.02 W. When multiplied by the disam-
biguation time # = 50 ms it gives E, = 1 m]. Considering now a typical
oscillation period T between oriented graphs of the order of 2 s, the
elementary neuro-physiological action parameter turns out to have an
order of magnitude of

C=ET/2r=032mls. (11)

4.1 Necker cubes and qubits

The analogy of ambiguous figures with quantum two-level sys-
tems suggests that the pair of degenerate states (I0), 1)) representing
the alternative ways of viewing the NC of Fzg. 1 (or each of the two
dihedra of Fzg. 2) can be chosen to define the elementary quantum of
information, ze., a qu-bit. A question consequential to this analogy is
whether the logic governing visual perception is a quantum logic
[BCS04,Niell]. A possible approach is to study the propagation of a
NC qubit (current) along an indefinite NC chain (Fig. 6), thus introduc-
ing another time scale, the one describing the run of the observation
focus from left to right along the NC chain.

Once the orientation of the starting NC on the chain extreme
left is chosen, then the NC chain can be rapidly covered with no
change in orientation due to the close entanglement of the adjacent
NCs. When the chain is closed at the extremities by NCs of opposite
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orientations (reflector, Fig. 6) and the observation focus runs forth
and back along the chain, the reflection at each extremity causes a flip
of the orientation.

chain

reflector

Fig. 6 — Attention runs forth and back along a NC chain introduce another time scale
besides that of the oscillation between two opposite perceipts. A NC chain closed by two
oriented NCs produces reflections at the extremities with an orientation flip (reflector).

The insertion into a NC chain of an oriented cube, of either 10)
and [1) polarization (Fig. 7), transforms an unpolarized current carrying
a qubit into a current of either 10) or [1) polarization. The original unde-
fined quantum state represented by one qubit precipitates in one of the
two oriented states.

10>-
polarizer

10>
115- ]
polarizer

11>

Fig. 7 — As attention, running along a chain, passes through an oriented NC (polarizer)
the polarization, originally undetermined, precipitates in one of the states 0y and |1).

The opposite transformation of a polarized current, either 10) or
1), into a current (qubit) of undefined polarization can occur at the
interface (shadowed walls in Fzg. 8) between a polarized chain (left) and
a NC chain (right). In this way a qubit is generated in the chain, which
mimics the function of a Hadamard gate.

A local misfit in the NC period (Fzg. 8, phase shift) introduced by
a compressed (or elongated) NC, can cause a polarization flip depend-
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ing on the speed of the running attention (current speed defined as the
number of NCs scanned per unit time). Ideally it may be argued that a
speed of about %2, 1+%, ... times the oscillation frequency w induces a
polarization flip.

Hadamard
gate

phase shift

Fig. 8 — The Hadamard gate (shadowed wall), located where a polarized chain turns
into a NC chain of undefined polarization, generates a qubit. A local misfit in the NC
periodicity (phase shift) can induce a polarization flip depending on the ratio
of the two time scales.

Referring to Fg. 9, consider now a given wall in a NC chain which
is made either transparent, as any other wall of the chain (labeled by 0),
or opaque so as to hide segments of the internal horizontal rails of the
chain (shadowed area in Fig. 9, labeled by 1). In the first case the cur-
rent, whatever is its polarization, goes through the wall 0 unchanged,
whereas in the second case the wall 1 produces a flip of the polariza-
tion: depending on the state of the wall, 0> or [1>, the qubit crossing
the wall is either unchanged or reversed. This corresponds to the func-
tion of a C-not gate.

C-not gate < 1

Fig. 9 — A given wall, made either transparent (0) or opaque (1) to the horizontal rails,
can work as a C-not gate, leaving unchanged or flipping the predetermined polarization
of the running attention.
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1 0
Toffoli gate < 0 1
0 0

Fig. 10 — L- or reverse L-shaped opaque elements (shadowed areas, labeled 1)
are combined with transparent L- or reverse L-shaped elements (labeled 0) to form a
two qubit gate for three qubit operations. The three combinations 10,1>, 11,0>, 10,0>
leave the qbit crossing the gate unchanged, while the combination |1,1> produces a flip
of the crossing qubit. This corresponds to the function of a Toffoli gate.

A possible realization of a three qubit Toffoli gate is illustrated in
Fig. 10. The wanted effect on any arbitrary polarization (qubit) running
across the gate is realized with an L- and a reverse L-shaped element
forming the walls of a cube. An opaque (shadowed) element represents
a state |1>, while a transparent element represents the state [0>. In this
way the state of the gate is defined by two qubits. Fzg. 10 illustrates the
four possible states of the gate 11,1>, [1,0>, 10,1>, 10,0>: while the first
state produces a flip of the qubit crossing the gate, the other three leave
it unchanged.

The above simple realizations of logic functions which alter the
perceptual state running along the NC chain are to be considered as a
class of possible experiments. There is a virtually infinite number of
possible, more complex graphics which could eventually, and more pre-
cisely mimic the logic functions. The examples produced above should
be considered no more than suggestions, which could however stimu-
late a new research area having as a goal the demonstration that the
visual perception and therefore the related neural network are gov-
erned by a quantum logic. It should be noted that the response in the
above dynamic experiments, Figs. 6-10, may be largely subjective,
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depending on previous experience or simply on a preliminary informa-
tion/intuition of what the effect of each gate should be. In the latter
case the experiments are a form of learning, 7.e., an ad-hoc generation
of a quantum-logical software.

5. CONCLUSIONS

Under our eyes the Necker cube, internalized in the mind,
behaves like a two level quantum system, e.g., as a particle in a double
well or a superconducting Josephson ring under a dc bias. Its dynamic
perception — an outcome of the mental activity of our many-body
neuro-physiological system — culminates in a dynamic instability lead-
ing, through a symmetry reduction, to a transformation of the internal-
ized image controlled by the principles of quantum mechanics. On the
basis of experimental data obtained from functional NMRI, EEG and
MEG we attributed an order of magnitude of 320 uJ s to the elemen-
tary neurophysiologic action C. This is a mesoscopic action which has
the same meaning and physical dimensions as the Planck constant: it
depends on the individual and promotes the symmetry reduction
responsible for the perceptual unitary transformation of the two-
dimensional Necker graph into an oscillating state between two equiv-
alent 3D percepts.

Nowadays the Schrodinger’s sentence [Sch52]: “... we never
experiment with just one electron or atom or (small) molecule. In thought
experiments, we sometimes assume that we do,; this invariably entails
ridiculous consequences . . .” doesn’t hold anymore. As remarked by
David J. Wineland in his Nobel lecture, these days “we can in fact exper-
iment with individual or small numbers of quantum systems, determinis-
tically preparing superpositions and entangled superpositions” [Win12].
In the present context we tried to demonstrate that the mathematical
formalism of quantum mechanics allows to elucidate the neurophysio-
logical process of the dynamic perception of ambiguous images.
Moreover suitably organized sets of ambiguous (bistable) graphs may
be used for a perceptual simulation of some basic logic functions of the
quantum computation. In this way it is hoped that some light may be
shed on the logic governing visual perception at the neuro-physiologi-
cal level. The consequences of applying elementary quantum-mechani-
cal concepts to complex systems like those involved in visual percep-
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tion, where reduction to simplicity relies on coherence, may not be so
ridiculous as it was feared by a father of quantum mechanics.

We are aware that our proposed model of quantum-like perception
— based essentially on ambiguity and symmetry reduction — should be
taken cum grano salis. Regardless of its limits of validity, it is undeniable
that our personal mood and our behaviour in society are influenced by
our perception. Therefore, with some mzixed feeling, we dare to wonder
whether, to what extent and in what circumstances our model of a quan-
tum-like perception could be extended, nzutatis mutandis, to the way we
act and react. Leaving creatures and their communities are much more
complex than Helium atoms, photons, Cooper pairs and their boson con-
densates. However, situations evoking boson statistics and boson conden-
sation can occur in critical situations, e.g. when the survival instinct, a
tightly shared objective of vital importance and the tendency of imitation
(most likely promoted by the mirror neurons) control, re-orient and unite
individuals, damping temporarily their individualism and triggering their
solidarity. Think for instance to a shoal of fishes that, at the sudden irrup-
tion of a predator, improvise a correlated streaming, think of the shouting
of slogans in the political demonstrations or to the emergence of a syn-
chronized, rhythmic applause by an audience that wants to get an encore
at the end of an exciting concert. To deepen these topics at this time
would expose us to the risk of going beyond the purpose of this work.
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