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Abstract
Using the ‘between quantum and classical’ models that have been constructed explicitly within the
hidden measurement approach of quantum mechanics we investigate the possibility to construct
a ‘between quantum and classical’ computer. In this view, the pure quantum computer and the
classical Turing machine can be seen as two special cases of our general computer. We have shown in
earlier research that the intermediate ‘between quantum and classical’ systems cannot be described
within standard quantum theory. We argue that the general categoral approach of state property
systems might provide a unified framework for the study of these ‘between quantum and classical’
models, and hence also for the study of classical and quantum computers as special cases.

1

Introduction

The theory of quantum computation (i.e., calculations performed on a computer which has a quantum
system as register [1, 2] ) has gained importance after the discovery of quantum algorithms which allow
to solve problems much faster than with the known (classical) algorithms written for a classical, digital
computer. The most famous quantum algorithm is a factorization algorithm by P. Shor [3, 4] which
allows to factorize integers in a number of steps polynomial in the size of the input. This would imply
that if quantum computers could be built in practice, then the most important of modern cryptography
systems could be broken easily, since they are based on the assumption that polynomial factorization
algorithms can not be found for classical, digital computers [4, 5]. From a more theoretical and
philosophical point of view quantum computing is also interesting since it contributes to the study of
fundamental aspects of physics and information science:e.g. by the definition of a universal quantum
Turing-machine [6, 7];e.g. by putting the many world interpretation of quantum mechanics into a new
perspective [7, 8].
In the first section we give a brief overview of how a quantum computer works. The quantum
analogue of a classical bit is a so-called qubit, which has very different properties in comparison with a
classical bit since in a sense it can be in any superposition of the two classical bit-values. The register
of the quantum computer is given by a system of N spin- 12 particles, such that the state of each
qubit is encoded with the state of the corresponding spin- 12 particle. Therefore, to study a quantum
computer is to study its register, i.e., study a system of N spin- 12 particles.
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In the second section we discuss the hidden measurement approach of quantum mechanics, which
assumes that random fluctuations in the measurement context lead to a probability distribution over
the set of outcomes, which coincides with the quantum probabilities if the random fluctuations are
uniformly distributed. Not only is it possible to show that for any quantum entity one can define a
hidden measurement model, also explicit hidden measurement models for quantum entities have been
put forward. One of these models is a macroscopical model representing the spin properties of a spin- 21
particle, such that each spin state is represented by a point on the unit sphere in three dimensions.
Using this model, one can represent (the state of) a qubit by a point on the three-dimensional unit
sphere. Two sphere models representing a spin- 12 entity were coupled to give rise to a model that
describes the situation of two coupled spin- 12 entities by introducing so-called correlations of the first
and of the second kind, and the model was realized by the concrete coupling of two -models by means
of a rigid rod connecting the states of the two spins [9]. It was shown that this type of model can
be generalized for the case of N coupled spin- 21 particles [10, 11]. Later [12, 13] a new parameter ρ
was introduced that parametrizes the coupling, in the sense that the model can evolve in a continuous
way from ‘rigid’ coupling, making it a model for the quantum coupling of spin- 12 , hence the quantum
coupling of qubits (ρ = 1), to ‘no-coupling’, making it a model for ‘separated’ spin- 12 (ρ = 0). For the
meaning of ‘separated’ and the problematic involved we refer to [14, 15]. This makes it possible to
represent a quantum register by a hidden measurement model, using the parameters  and ρ, and the
models that have been constructed.
In the hidden measurement approach quantum mechanical probabilities arise due to a lack of
knowledge about the precise interaction between the measurement equipment and the system. This
lack of knowledge about the measurement interaction is described by the parameter , that as a
consequence controls this uncertainty. The introduction of  makes it possible to describe a continuous
transition from the (quantum) sphere model towards a (classical) deterministic spin state particle
[16, 17]. The parameter ρ makes it possible to describe a continuous transition from a (quantum)
coupling to a completely decoupled situation, which means that both parameters allow a continuous
transition from a quantum register to a classical register of N bits. The structure of the intermediate
models has been studied in detail for the case of varying , and it can be proved that the model
is neither quantum nor classical, since two axioms of the representation theorem of Piron [18] for
quantum and classical physical systems are violated [19, 20, 16]. It has also been proven that the
completely uncoupled situation cannot be described by standard quantum mechanics, because the
same two axioms of traditional quantum axiomatics are not satisfied (see [14, 15] for an overview).
In forthcoming work we will study the structure of the models from an axiomatic point of view for
intermediate values of ρ.
What is certain however is that one has to use a formalism more general than the quantum
formalism to describe such entities and such transitions. Following the view that computation can be
regarded as the evolution of a physical system – such that the initial state of the register corresponds
with the input of the computation and the final state yields the output of the computation process
– we can study the process of computation as the evolution of the state of the register during the
computational process. We have developed a general approach where the ‘between quantum and
classical’ models can be studied and characterized. The basic structure is the one of a state property
system, where the physical entity is described by means of its states and properties [21, 22]. Evolution
can be described by means of the standard procedure developed in theoretical physics: i.e. the one
parameter group of time translations is represented in the group of automorphisms of the structure.
This will give rise to unitary evolution in the special case of a pure quantum computer, and allows
the description of evolution for the ‘between quantum and classical’ computers.
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Quantum Computation: Main Concepts

In this section we give a quick overview of how a quantum computer works (following the presentation given in the paper by Pykacz et al. [23]) and how the quantum computational process can be
interpreted as the free evolution of a physical system.

2.1

Qubits Versus Classical Bits

Let us first consider a classical computer from a more physical point of view. A classical bit of
information can physically be represented with any bi-stable classical physical system, such that the
two possible states represent the binary digits 0 and 1. The register of the computer consists of a
number N of such bi-stable physical systems. To store the input data in the register requires the
preparation of the register in a particular state. A classical N -bit register can be in 2N different
states. Any such state can be denoted by |ii where i is a number represented by a binary word of
length N . During the calculation the state of the register follows a prescribed evolution induced by
means of the processor, i.e., the processor forces the necessary state evolution in order to obtain a
final state containing the output of the computational process.
Contrary to a classical physical system, a quantum bi-stable system (e.g., the spin state of a spin1
2 particle) can be in a superposition state of the eigenstates for the 0 and 1 digits. Therefore, each
spin- 12 particle representing a bit in the register of a quantum computer is in general in a superposition
state which can be written as a linear combination of the states |0i and | 1i that encode 0 and 1 with
complex coefficients such that the sum of their squared moduli is 1:
| si = c0 | 0i + c1 | 1i, c0 , c1 ∈ C, |c0 |2 + |c1 |2 = 1.

(1)

Although any measurement of the state | si necessarily yields either 0 (with probability |c0 |2 ) or 1
(with probability |c1 |2 ), according to standard quantum mechanics | si cannot be interpreted as an
unknown state that represents either 0 or 1 with respective probabilities |c0 |2 and |c1 |2 (see the many
no-go theorems for non-contextual hidden variable theories, e.g. [24, 25]. Because the coefficients
c0 and c1 are complex, not real numbers, it does not represent a statistical mixture of |0i and | 1i.
Neither it can be interpreted as representing some value “between” 0 and 1. It is an entirely new
entity having no counterpart in classical physics and the unit of information it carries is customarily
called qubit (= quantum bit).

2.2

A Conbit: A Contextual Bit

That a qubit is more general than a classical bit can be seen as follows. A classical bit is represented
by a classical bi-stable physical device, e.g., positive or negative charge, positive or negative voltage,
light on or off. Therefore, no matter how one would measure the value of the bit, one would still
get the same outcome, i.e., a positive voltage or a negative one etc. For a qubit, the state of the
entity representing a qubit can be in a superposition state, which means that for a measurement with
the predefined eigenstates |0i and | 1i, one will only obtain a probabilistic outcome. However, if one
would make a measurement such that the superposition state of the register is an eigenstate for the
experiment, then one will get the outcome corresponding with this superposition state with certainty.
Let us clarify this by the example of a qubit encoded in the spin state of a spin- 12 particle. Let us
consider the case where the eigenstates defining the bit value 0, resp. 1, are the states
| 0iz =

0
1

!

, | 1iz =

3

1
0

!

i.e., the eigenstates of the spin down, resp. spin up outcome for a spin measurement along the zdirection (i.e., the Stern-Gerlach apparatus used to measure the spin of the spin- 21 particle is placed
along the z-direction). Let us consider the case where the particle is in a superposition state such that
its state is given by s = √12 (| 0iz − | 1iz ) = | 0ix then a measurement along the direction x will yield
with certainty the outcome corresponding with the | 0ix state, i.e., ‘spin down’ or in other words ‘bit
value zero along direction x’. In other words, the superposition of two eigenstates defined by a certain
measurement direction, actually defines a pure state along some other direction. As such, one could
interpret a qubit as a bit from which the value is determined by the highly contextual nature of how its
value is measured, i.e., one can regard the superposition states present in quantum computing as due
to the possibility to define/apply different measurement contexts such that each defines a pure state
for the qubit involved. Therefore, we could not only call such entity a qubit, emphasizing its quantum
nature, but also put emphasis on its highly contextual nature by calling it a conbit (contextual bit).
Indeed, depending on which context is chosen (i.e., which direction is chosen for the Stern-Gerlach
apparatus) different values for the bit will be found. If the Stern-Gerlach apparatus is placed along
the z-direction, the superposition state
1
s = √ (| 0iz − | 1iz )
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will yield the two bit values 0z and 1z with the same probability 12 , but if we would place the SternGerlach apparatus along the x-direction, we will obtain with certainty the outcome 0x corresponding
with the spin down eigenstate | 0ix for the x-direction. As such, we see that according to the used
measurement context, the state of the system representing a bit yields different results for the bit value.
Therefore, a qubit is highly contextual and we could call it a conbit, referring to this contextuality.
Using the concept of conbit we can consider any physical system with a set of bi-stable states, such
that the outcomes of experiments are defined by the measurement context, to represent a ‘contextual’
bit. Therefore, if we could define a physical system in which the contextuality could be parametrized,
we could in principle cover with the concept of conbit on the one hand the qubits, which are the
highly contextual conbits, and on the other hand the classical bits which can be regarded as the noncontextual limit of a conbit. Hence, in the case that the entity is a quantum system, the conbit reduces
to a qubit, and in the case of a classical system, where no contextuality occurs in the measurement
situation and all experiments are deterministic, the conbit reduces to a classical bit.

2.3

Quantum Processing

Let us assume now that we have a register of N qubits. The theory of quantum computation tells how
to encode an input to a quantum computer in a number of qubits that form the quantum register,
and how to operate on them, with the aid of a quantum processor that works according to the laws of
quantum mechanics, in order to get the desired output. Let us describe this process in a more detailed
way.
The Hilbert space of a collection of quantum systems is the tensor product of the Hilbert spaces
of the respective subsystems. Thus, the Hilbert space of an N -qubit quantum register is the tensor
product of N 2-dimensional complex Hilbert spaces, each representing a single qubit. We will abbreviate the tensor product notation, e.g., |1i ⊗ |0i ⊗ |0i ⊗ |1i by the notation |1001i which encodes also
the binary expansion of the number 9 such that we can even write | 9i = | 1001i. These configurations
in which each qubit is in an eigenstate of bit value one or bit value zero, coincide with the states of
a classical register with N classical bits. However, while a classical system can be only in a classical
configuration, the corresponding quantum system can be in any linear superposition (i.e., linear combination with complex coefficients with squared moduli sum up to 1) of such configurations. Thus,
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the possible quantum states form a subset of a complex linear space (a Hilbert space) spanned by the
classical configurations. As such, the state of a quantum register of N qubits can be written in terms
of the classical configurations as:
N −1
2X

ci | ii,

ci ∈ C,

(2)

i=0

where |ii denotes the state of the register that encodes the binary expansion of the number i, and
P
|ci |2 = 1. These 2N pure states of the form | σ1 , . . . , σN i with σk = 0, 1, k ∈ {1, . . . , N } form a
basis of the register’s state space which is called ‘computational basis’.
The running of the quantum computer requires the application of various state manipulations
according to some quantum algorithm. These manipulations are called ‘quantum logic gates’ and are
given by unitary transformations. During these unitary transformations induced by the logic gates,
the state of the quantum register evolves continuously in time. In the case of quantum computations
usually one considers unitary transformations acting only on a few (1, 2 or 3) qubits at a time, called
quantum gates. It can be shown (see, e.g., [26]) that this does not restrict the variety of arithmetic
operations which can be performed, i.e., the set of logical gates acting on few qubits at a time is a socalled universal set of gates. This means that any logic circuit can be implemented using a number of
these gates. This allows us to make numerical estimations of the time it would take on a computer to
run a certain algorithm. Indeed, if we could estimate the number of logic gates used in the calculation
and combine this with the time it takes to apply a certain logic gate to the register, we could estimate
the time it will take the physical computational device to run a certain algorithm.
Let us conclude this section by giving some examples of elementary quantum gates, and construct
the unitary matrices which represent the respective state transformation induced by each quantum
logic gate.
One of the frequently used quantum gates is the controlled-NOT gate that operates on two qubits
and changes the second bit iff the first bit is 1:
Ccnot : |00i → |00i
|01i → |01i
|10i → |11i
|11i → |10i

(3)

The Ccnot gate is usually represented graphically by a following circuit:
d

×
Fig. 1. Graphical representation of the controlled-NOT gate
where the circle represents the first (control) bit and the cross represents the conditional negation of
the second bit. If we represent the involved bits in C4 , i.e.,
 

 

 

 

1
0
0
0
0
1
0
0
 
 
 
 
|00i =   , |01i =   , |10i =   , |11i =  
0
0
1
0
0
0
0
1
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then the unitary matrix UCcnot representing the operation Ccnot is given by


UCcnot



1000
0 1 0 0


=

0 0 0 1
0010

The controlled-controlled-NOT gate, also called Toffoli gate, which operates on three qubits and
negates the third bit iff the first two bits are 1 is represented by a circuit of the form:
d
d

×
Fig. 2. Graphical representation of the Toffoli gate
This operation on the triple of qubits can be represented with the unitary matrix UCcc−not




UCcc−not

10000000
0 1 0 0 0 0 0 0




0 0 1 0 0 0 0 0


0 0 0 1 0 0 0 0

=
0 0 0 0 1 0 0 0




0 0 0 0 0 1 0 0


0 0 0 0 0 0 0 1
00000010

such that indeed e.g. UCcc−not · |110i = |111i etcetera.
To conclude, a quantum computer is constructed as follows. For the register one uses an N spin- 12
particle system, such that the spin up state of a qubit corresponds with bit value +1 and spin down
with bit value 0. The computation process can be regarded as the free evolution of the state of the
register by running the quantum processor, i.e., by applying various unitary state transformations
induced by the (quantum) logic gates. However, during this unitary evolution the state of the register
does not necessarily have to stay a product state of spin up and spin down eigenstates of the individual
spin- 12 entities, in general the register will be in a superposition state of such product states.
Therefore, during a quantum computation, the processor induces an evolution of the state of the
quantum register along a path in Hilbert space which is not accessible for a classical device. One could
expect that this larger set of available states allows a quantum computer to solve some problems faster
than any classical algorithm can. And indeed, Shor’s factorizing algorithm for a quantum computer
allows to factorize an integer in a time polynomial in the size of the input. Despite all efforts, the best
known classical algorithm still needs a time exponential in the size of the input. Whether it is actually
impossible to find a classical polynomial time factorization algorithm, remains an open question.

3

Intermediate Models Between Quantum and Classical

In the hidden measurement approach to quantum mechanics the quantum probability is interpreted as
due to a lack of knowledge about the precise measurement interaction which leads to indeterministic
6

outcomes (see, e.g., [16, 17, 19, 20, 27, 28, 29, 22, 30, 31]). In this approach, an experiment is
identified with a family of deterministic sub-measurements with a lack of knowledge about which submeasurement actually takes place during a measurement. A concrete model has been put forward,
which allows to visualize the concept of hidden measurement on a macroscopic model for a spin- 21
measurement. Depending on the amount of uncertainty about which sub-measurement actually takes
place, one obtains a continuous transition from a classical, deterministic system towards a quantum-like
system in the sense that it has quantum-like state transitions induced by the measurement procedure
with a quantum probability distribution over the set of outcomes. This uncertainty was modelled by
a continuous real parameter, as we will discuss now in some more detail in next sections.

3.1

The Quantum Description of a Spin- 12 Entity

In quantum theory a spin- 12 particle is described in a two-dimensional complex Hilbert space. Pure
states of the entity are represented by rays in that Hilbert space. It is well known that the unit vectors
of the 2-dimensional complex Hilbert space can be represented on the surface of a unit sphere in three
dimensions, usually called the Poincaré sphere. In this procedure we make use of the connection
between the measurement direction u of a Stern-Gerlach experiment in three-dimensional space and
the eigenstate s+
u for the spin up outcome corresponding with the spin observable Su for this direction.
The operator representing the spin observable along direction u is given by the Hermitian matrix Su :
1
Su =
2

cos θ sin θ e−iϕ
sin θ eiϕ − cos θ

!

(4)

This self-adjoint spin operator has two orthogonal eigenvectors which are a basis for the Hilbert space
C2 , namely
ϕ !
ϕ !
cos 2θ e−i 2
− sin 2θ e−i 2
+
−
ϕ
ϕ
su =
, su =
(5)
sin 2θ ei 2
cos 2θ ei 2
with eigenvalue + 21 and − 21 , respectively. The physical meaning of these eigenvectors is that if the
1
entity is in a state s+
u we will find with certainty the outcome + 2 for the spin measurement along
the direction defined by u. Therefore the property ‘the spin entity is in a state such that spin up will
be measured with certainty in a Stern-Gerlach experiment along direction u’ can be represented with
+
the eigenstate s+
u . We now associate the measurement direction u with the eigenstate su and simply
+
represent the spin state su by the point u on the Poincaré sphere. In short we let correspond a point
2
u ∈ R3 on the surface of the Poincaré sphere with a quantum state vector s+
u ∈ C , eigenvector of Su
1
with eigenvalue + 2 . This correspondence between the set of (pure) states of quantum spin- 12 particles
and the points on the surface of the Poincaré sphere is one to one.
A measurement on a quantum entity induces a state transition from the initial state towards an
eigenstate of the observed outcome. Therefore, if the eigenvalues are not degenerated (and this is the
case in spin measurements), we can identify each outcome with its eigenstate. As such, we can regard
the probability for each outcome as the probability with which a state transition from the initial state
towards an eigenstate of the observed outcome will occur. According to standard quantum mechanics,
such a state transition happens with a probability given by the squared amplitude of the inner product
of the initial and the final state. Written in spherical coordinates such that θu = 0, the probability
P (ψu | ψp ) for a state transition from initial state ψp towards final state ψu , is given by:
ϕ

2

P (ψu | ψp ) = |hψu | ψp i| =
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10 ·

cos 2θ e−i 2
ϕ
sin 2θ ei 2

!

2

= cos

3.2

θ −i ϕ
e 2
2

2

= cos2

θ
2

The -Model

Let us now describe the hidden measurement model for a spin- 12 entity which was first given by D.
Aerts [19]. The entity consists of a point particle on the sphere. Hence, its set of states is given by
the points p on the Poincaré sphere. The experiments eu are defined as follows. We put an elastic
of length 2 centered around the origin between the point u and its antipode −u, and attach the
end points of the elastic to the points u and −u with unbreakable cords. Let us denote the segment
between u and −u with the interval [−u, u] . Next, the particle falls from its position p orthogonally
onto the interval [−u, u] in the point p0 and stays attached there. Then the elastic breaks randomly
and two things can happen. If the elastic breaks between p0 and −u, the elastic will pull the point
particle towards u where it stays attached and the experiment is said to yield the outcome +1. If on
the other hand the elastic breaks between u and p0 , then the elastic will pull the particle towards −u,
where it stays attached, and the measurement is said to yield outcome −1. If the string breaks at
exactly the point where the particle is attached, then we assume that in such a case the measurement
always yields the outcome +1. However, we remark that these events are physically irrelevant since
they have measure zero, but we include these situations here anyway to make the definition of the
measurement complete.
Let us use the notation θ to denote the angle between the state p of the entity and the direction
u of the measurement device. If cos θ ≥ , then the elastic will always pull the particle towards u,
resulting in an outcome +1 with certainty. Analogously, if cos θ ≤ −, the measurement always yields
−1. If p is such that − < cos θ < , the measurement yields one of the two possible outcomes +1
or −1. According to the definition of the experiment eu , the probabilities of the respective outcomes
for this situation are as follows. The probability for outcome +1 is given by the length of the elastic
between the projection point p0 and the point −, normalized by the total length of the elastic. This
is
cos θ + 
P (u | p) =
(6)
2
Similarly we can calculate the probability for the outcome −1 as
 − cos θ
2
Let us now consider the special cases  = 1 and  = 0. If  = 1 the probabilities are given by
P (−u | p) =

θ
1 + cos θ
= cos2
2
2
1 − cos θ
2 θ
P (−u | p) =
= sin
2
2
P (u | p) =

(7)

(8)
(9)

These probabilities coincide with the quantum probabilities for a spin measurement of a spin- 21 particle.
If  = 0, the experiment is deterministic, and therefore this is called the deterministic or even classical
limit of the sphere model. Hence, depending on the value of the parameter  controlling the lack
of knowledge about the fluctuations in the measurement interaction, one obtains a physical entity
varying from a quantum probabilistic spin- 12 model towards a classical deterministic entity.

3.3

Representing a Conbit with the -Model

If we would use the -model to represent a so-called ‘conbit’ (i.e., a bit for which the value can only
be measured in a contextual way), we can define a continuous family of physical systems representing
8

a conbit, from a quantum spin- 21 entity, and hence a qubit, towards a classical deterministic entity,
hence a classical bit.
It could be remarked that the deterministic limit of the sphere model is not a bi-stable state
particle, since all points on the sphere are possible states. A true classical bit only has two possible
states: either it is in a state of bit value zero or of bit value one. One way to solve this problem would
be to associate the set of eigenstates of the outcome +1 with the bit value one, and the eigenstates
of the outcome −1 with the bit value zero. As such, each bit is defined by a hemisphere containing
the eigenstates of the corresponding outcome. (The set of states lying in the intersection of the two
hemispheres has measure zero and as such is physically irrelevant.) In the deterministic limit of the
-model, the only measurements which are considered meaningful (i.e., defining a value for a bit) are
the ones with a fixed measurement direction, e.g. along the z-direction. Hence the value of a classical
bit is determined by the state of the -model entity in the deterministic limit  = 0, such that if the
state is in the upper hemisphere the value of the conbit(classical bit) is one, and zero if the state is in
the lower hemisphere.

3.4

Generalization to N Spin- 12 Entities

It is possible to show that for any quantum entity of which the set of outcomes is in a finite dimensional
space, a hidden measurement representation can be found. More specifically, in the case of an N spin entity it was shown that a hidden measurement model exists as follows. First, the Majorana
representation is used to represent the system by a system of 2N coupled spin- 12 entities. Secondly, for
this system a hidden measurement representation can be constructed using correlations between the
so-called proper states of the 2N spin- 12 entities in the system. Since for each such spin- 12 entity there
exists a concrete hidden measurement model, one can come to the conclusion that for any N -spin
system a hidden measurement model can be constructed, given by 2N sphere models with so-called
correlations of the first and the second kind. We refer to the references for a more detailed discussion
of these hidden measurement models. More importantly, as a corollary, these results show how to
construct a hidden measurement model for a system of N correlated spin- 21 quantum entities, i.e., a
register of a quantum computer.

4

Computers ‘Between Quantum and Classical’

Within the hidden measurement approach, we can represent the quantum register by N correlated
sphere models. By introducing the parameter , we can construct a continuous family of physical
entities with in one limit N correlated quantum-like spin- 12 entities, and in the other limit a system
consisting of N deterministic entities, representing N classical digital (stable) bits. For each value of
 we obtain a physical model of a computational device with a register of N conbits, such that the
set of states and properties is determined by the parameter . Depending on the structure of the set
of properties, one obtains different families of possible algorithms, since these depend on the nature
of the physical device used to perform the computation. Let us explain this in more detail in the
following subsections.

4.1

Algorithms Identified by State Transformations: Computation as Evolution
of a Physical System

We consider classical and quantum computation from a physical point of view, i.e., we interpret the
process of computation as the evolution of the state of the physical device representing the register
of the computer. Feeding the input to the computer is done by preparing the state of the computer
9

register in a certain state. Then the processor induces some state transformations following a set
of instructions encoded in a circuit of logic gates leading to a final state from which the output of
the computer can be obtained. Therefore, from a physical point of view the classical and quantum
computer can be treated within the same formalism. During a computation the state of the register
undergoes a state transformation according to the used algorithm, and therefore one can identify an
algorithm with the state transformation it induces. To get a better classification of the possible state
transitions, and hence of the possible algorithms, we propose in the next subsection a general scheme
to identify a physical system (in this case the register of the computer) with its set of states and the
structure on its set of properties.

4.2

Between Quantum and Classical Computers and Generalized Evolution

We mentioned already that the ‘between quantum and classical’ models entail a structure that cannot
be modelled by standard quantum mechanics. The reason is that two of the traditional axioms of
standard quantum mechanics (when described axiomatically within standard quantum axiomatics)
are not satisfied for the ‘between quantum and classical’ situations. We have investigated this aspect
of the ‘between quantum and classical models’ in great detail [16, 17, 20, 29, 30, 31], and developed
a general (quantum-like) categorical formalism (of state property systems) where these models can
be described [21, 22, 32]. Concretely this means that within this formalism we can describe quantum
systems, classical systems, and ‘between quantum and classical’ systems. The formalism is still in full
development, so we cannot call it a full fledged theory yet. However, since for quantum computation,
we only need finite systems (N spins), the specific models (the -model and the , ρ-model) that we
mentioned already are sufficient for our purpose, we do not in principle need the general formalism
that is under development. These specific models are on the same level of concreteness as the standard
quantum mechanical models. Where the fact that the specific models fit into the general theory that
we are developing is important is for the description of evolution of these specific models. Indeed,
the aspects of the specific models that have been studied in great details are the aspects related to
their quantum nature (measurement, state transition due to measurement, entanglement, probability,
etc...), but little has been investigated to their evolution. Since the unitary evolution is also an
intrinsic part of the quantum computation process we will have to study in detail the evolution aspect
of the ‘between quantum and classical’ models to be able to define a ‘between quantum and classical’
computer. It is in this study that we want to consider the specific models as concrete entities within
this general categorical formalism that we developed [21, 22, 32]. There is indeed a straightforward
way in theoretical physics to introduce dynamical evolution into a theory: one looks for representations
of the one parameter group of time translations into the group of automorphisms of an entity in this
theory. It is possible that we encounter unexpected and deep problems here, which may even make
it impossible to conceive of a ‘between quantum and classical’ computer. For example, it might turn
out that the type of evolution that we can derive for the ‘between quantum and classical’ models only
entails the specific aspects of the quantum computation process that makes it so powerful in the limit
case for a pure quantum system and unitary evolution. Even in this case however we will have learned
something more about the nature of the quantum computation process and what makes it so different
from the classical computation process. If, on the other hand, we can derive evolutions that allow
us to also realize a ‘between quantum and classical’ computation process, with the same (although
probably less strong) gain of power as the pure quantum computation process, we might be able to
see in which way such a process could be realized in reality.
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5

Conclusions

Using results obtained within the hidden measurement approach of quantum mechanics, we propose
a way how to construct explicit macroscopical models for the register of a quantum computer, such
that the quantum register is represented by a set of sphere models coupled by correlations of the first
and second kind.
Secondly, by varying the uncertainty about the measurement interaction  and the coupling ρ between the -models, one can construct a family of physical systems representing a register of N coupled
contextual bits (called conbits) with a continuous transition from a quantum system with quantum
entanglement (the register of the quantum computer) towards a classical system of N ‘separated’ bits
(register of a classical digital computer). This way, quantum and classical computation can be studied
in a uniform way.
Since for the intermediate sphere models, i.e., for  ∈ ]0, 1[ , no quantum nor classical description is
possible, these intermediate entities have to be described in a more general formalism, namely within
the categorical setting of the state property systems. In this formalism, state transformations are
described by automorphisms of the state property system. As such, the running of an algorithm (which
is just a continuous state transformation from the initial state (representing the input) towards the
final state (representing the output)) can be characterized, and therefore, one can study classical and
quantum computation in the same formalism, namely by the automorphisms on the set of properties.
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