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In this paper we solve the problem how to axiomatize a system of quantum computational gates known as the
Poincaré irreversible quantum computational system. A Hilbert-style calculus is introduced obtaining a strong
completeness theorem.
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1 Introduction

The idea of quantum computation was introduced in 1982 by Richard Feynman and remained primarily of the-
oretical interest until developments such as the invention of an algorithm to factor large numbers triggered a
vast domain of research. In a classical computer, information is encoded in a series of bits and these bits are
manipulated via Boolean logical gates like NOT, OR, AND, etc, arranged in succession to produce an end re-
sult. Standard quantum computing is based on quantum systems described by finite dimensional Hilbert spaces,
specially C?, the two-dimensional space of a gbit. A gbit (the quantum counterpart of the classical bit) is repre-
sented by a unit vector in C? and, generalizing for a positive integer n, n-gbits are represented by unit vectors in
C?" . Similarly to the classical computing case, we can introduce and study the behavior of a number of quantum
logical gates (hereafter quantum gates for short) operating on gbits. Classical computing can simulate all com-
putations which can be done by quantum systems; however, one of the main advantages of quantum computation
and quantum algorithms is that they can speed up computations [19].

In [3] and [5], a quantum gate system called Poincaré irreversible quantum computational system (IP-system
for short) was developed. The IP-system is an interesting set of quantum gates specially for two reasons: (i) it is
related to continuous t-norms [17], i.e., continuous binary operations on the interval [0, 1] that are commutative,
associative and non-decreasing with 1 is the unit element. They are naturally proposed as interpretations of the
conjunction in systems of fuzzy logic [13]. (ii) Subsequent generalizations allow to connect the [IP-system with
sequential effect algebras [10], introduced to study the sequential action of quantum effects which are unsharp
versions of quantum events [11, 12].

Our work is motivated by the IP-system, and mainly by the following question proposed by the authors in [3]
and [5]: “The axiomatizability of quantum computational logic is an open problem.”. To answer this claim, we
study an algebraic structure related to the [P-system and we provide a Hilbert-style calculus, obtaining a strong
completeness theorem with respect to the mentioned structure.

The paper is structured as follows: In Section 2, we briefly resume basic physical notions of mathematical
approaches to quantum computation. Section 3 contains generalities on universal algebra and algebraic structures
associated with Lukasiewicz infinite-valued calculus as MV-algebras and product MV-algebras. In Section 4
we introduce a set of quantum gates known as Poincaré irreversible quantum gates system. The mathematical
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2 H. Freytes and G. Domenech: Quantum computational logic with mixed states

representation of these quantum gates is closely related with the product MV-algebras structure. In Section 5,
algebraic structures associated to quantum computation are introduced. Specifically, we introduce an expansion of
the equational class known as square root quasi M'V-algebras [9], expansion that we call “square root quasi PMV-
algebra” (or /qPMV-algebra for short). In Section 6 we focus on a subvariety of the v/qPMV-algebras called
Irreversible Poincaré Algebras. In Section 7 we introduce the notion of probabilistic consequence. It provides a
generalization of a classical problem related to digital circuits which consists in knowing whether a determinate
state of the output of a set of a circuits conditions a determine state of the output of another circuit. In Section
8 we give a Hilbert-style axiomatization, called LZP, for the probabilistic consequence. A strong completeness
theorem for LZP with respect to the variety of Irreversible Poincaré Algebras is obtained. Finally, Section 9 is
devoted to the conclusions

2 Basic notions in quantum computation

In quantum computation, information is elaborated and processed by means of quantum systems. The pure state
of a quantum system is described by a unit vector in a Hilbert space, denoted by |¢) in Dirac notation. A quantum
bit or gbit, the fundamental concept of quantum computation, is a pure state in the Hilbert space C?. The standard
orthonormal basis {|0), |1)} of C? where |[0) = (1,0) and [1) = (0,1) is called the logical basis. Thus, pure
states |¢) in C? are coherent superpositions of the basis vectors with complex coefficients

1Y) = ¢o|0) + er[1),  with [eo|* + |e1]? = 1.

Recalling the Born rule, any qubit |¢)) = ¢|0) + ¢;|1) may be regarded as a piece of information, where
the number |cy|? corresponds to the probability-value of the information described by the basic state |0); while
le1|* corresponds to the probability-value of the information described by the basic state |1). The two basis-
elements |0) and |1) are usually taken as encoding the classical bit-values 0 and 1, respectively. By these means,
a probability value is assigned to a gbit as follows:

Definition 2.1 Let |¢)) = cy|0) + ¢1|1) be a gbit. Then its probability value is p(|1))) = |c1|?. [3, 5]

The quantum states of interest in quantum computation lie in the tensor product " C? = C* 9 C?* ® - - - @ C?
(n times), a 2"-dimensional complex space. A special basis, called the 2"-computational basis, is chosen for
&®" C2. More precisely, it consists of the 2" orthogonal states |¢), 0 < ¢ < 2" where ¢ is in binary representation
and |¢) can be seen as tensor product of states (Kronecker product) [¢) = |t1) ®[2) ®@- - - ®|i,,) where ¢; € {0,1}.
A pure state |1)) € ®"C? is a superposition of the basis vectors [1)) = 212;] ¢,|e) with Zfll le.)? = 1.

In the usual representation of quantum computational processes, a quantum circuit is identified with an appro-
priate composition of quantum gates, i.e., unitary operators acting on pure states of a convenient (n-fold tensor
product) Hilbert space X" C? [25]. Consequently, quantum gates represent time reversible evolutions of pure
states of the system.

In general, a quantum system is not in a pure state. This may be caused, for example, by the non complete
efficiency in the preparation procedure or by the fact that systems cannot be completely isolated from the envi-
ronment, undergoing decoherence of their states. On the other hand, there are interesting processes that cannot be
encoded in unitary evolutions, for example, at the end of the computation a non-unitary operation, a measurement,
is applied, and the state becomes a probability distribution over pure states, or what is called a mixed state. In view
of these facts, several authors [1, 10, 27] have paid attention to a more general model of quantum computational
processes, where pure states are replaced by mixed states. This model is known as quantum computation with
mixed states. In what follows we briefly describe the mentioned model.

Let H be a complex Hilbert space. We denote by £(H) the space of linear operators on H. In the model of
quantum computation with mixed states, we regard a quantum state in a Hilbert space H as a density operator
i.e., an Hermitian operator p € L(H) that is positive semidefinite (p > 0) and has unit trace (Tr(p) = 1). We
denote by D(H ) the set of all density operators in H. A quantum operation is a linear map £: L(H;) — L(H>)
that is trace-preserving and completely positive. Intuitively, completely positive means that if we embed H into
some larger system, the standard lifting of £ to the larger system preserves positive definiteness, and thus states
get mapped to states. Formally, this means that for any Hilbert space K, the linear map £ ® I : L(H; @ K) —
L(H;®K) where Zx is the identity in L(H ), satisfies that for any p € L(H; ®K), if p > Othen (£®@Zx )(p) > 0.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org



Math. Log. Quart. (2013) / www.mlqg-journal.org 3

Each quantum operation £ may be expressed as £(p) = >, A; pAZT where A; are linear operators satisfying
o A:;r A; = I (Kraus representation [18]).

In this powerful model we can extend, in a natural way, the logical base of gbits and the notion of probability
assigned to a gbit. In fact: we may relate to each vector of the logical basis of C? one of the distinguished density
operators Py = [0)(0] and P, = |1)(1] that represent the falsity-property and the truth-property respectively.

Generalizing to the framework of n dimensions, the two special operators P(;”) = m[ "~1'® P and
Pl(") = WI "=!' @ P; (where n is even and n > 2) represent, in each space D ()" C?), the falsity-
property and the truth-property respectively. By applying the Born rule, the probability to obtain the truth-property
Pl(n) for a system being in the state p is given by the following definition:

Definition 2.2 Let p € D(®" C2). Then, its probability value is p(p) = Tr(P{") p). [3, 5]

Note that, in the particular case in which p = |1)(1)| where |1)) = ¢¢|0) + ¢1|1), we obtain that p(p) = |c;|?.
This definition of probability allows to introduce a binary relation <y, on D(@n (CQ) in the following way:

o <w p < p(o) <p(p).
One can easily see that <D(®77 (CZ), <w > is a preorder and it will play an important role in the rest of the

paper.

3 MV-algebras and PMYV -algebras

We freely use all basic notions of universal algebra that can be found in [2]. Let o be a type of algebras and let
A be a class of algebras of type 0. We denote by Term 4 the absolutely free algebra of type o built from the
set of variables V' = {z1, 29, ...}. Each element of Term 4 is referred as an A-term. For ¢ € Term 4 we often

write ¢ as t(x1,x2,...,x,) to indicate that the variables occurring in ¢ are among x1, s, ..., T,. Let A € A.
If t(x1,2s,...,2,) € Termy and ay,...a, € A, by t*[a1,...,a,], we denote the result of the application
of the term operation t4 to the elements ay,...a, € A. A valuation in A is a map v: V — A. Of course,

any valuation v in A can be uniquely extended to an .4-homomorphism v: Term 4 — A in the usual way, i.e.,
if t1,...,t, € Termy then v(t(ty,...,t,)) = t*(v(t1),...,v(t,)). Thus, valuations are identified with .A-
homomorphisms from the absolutely free algebra. If ¢, s € Term 4, A |= ¢ = s means that for each valuation v
in A, v(t) = v(s) and A |= t = s means that for each A € A, A |=¢ = s. If S is a subclass of A, V(S) denotes
the variety generated by S.

Now we introduce some basic notions in algebraic structures associated to fuzzy logic. An MV-algebra [4] is
an algebra (A, &, -, 0) of type (2,2, 0) such that (A, &, 0) is an abelian monoid with

—r = 1‘7
@ -0 = -0,

(r@y)@y=-(yoOr) O
In agreement with the usual M'V-algebraic operations we define:

Oy = (1S y),
TAy =2 (x> y),
zVy:=(z—y) —vy,
r—y:=-xTDy,
1:=-0.

On each MV-algebra A we can define an order z < y iff z — y = 1. This order turns (A, A,V,0,1) into a
distributive bounded lattice with 1 the greatest element and O the smallest element.

A very important example of MV-algebra is [0, 1]pv = ([0, 1], @&, —, 0) such that [0, 1] is the real unit segment
and @ and — are defined as follows:

r@y=min(l,z+y), -z=1-uz.

www.mlq-journal.org (© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



4 H. Freytes and G. Domenech: Quantum computational logic with mixed states

The derivate operations in [0, 1]y are given by z © y = max(0,z + y — 1) (called Lukasiewicz t-norm) and
x — y =min(1,1 — x + y). Finally the MV-lattice structure is the natural order in [0, 1].

A product MV -algebra [22, 23, 24] (for short: PMV-algebra) is an algebra (A, &, e, -, 0) of type (2,2,1,0)
satisfying the following:

(1) (A, ®,-,0) is an MV-algebra,

(2) (A, e, 1) is an abelian monoid,

B)ze(yo—z)=(xey)®(zez).

An important example of PMV-algebra is [0, 1]py equipped with the usual multiplication (called product t-

norm). This algebra is denoted by [0, 1]ppy . The following are almost immediate consequences of the definition
of PMV-algebras:

Lemma 3.1 In each PMV-algebra we have Qe x = 0andx Oy < zey <z Ay.Ifa < b, thenaex < berz,
and

Proposition 3.2 Each PMV-algebra is isomorphic to a subdirect product of linearly ordered PMV -algebras.
[23, Lemma 2.3]

Definition 3.3 A PMV . -algebra is an algebra <A, ®,e,,0, %, 1> of type (2,2,1,0,0,0) such that
(A, ®,,-,0,1) is a PMV-algebra, with =3 = 1 and 3+ @® 5+ = 5 where ;- means the term 5+ o }
(n>2).

It is well known that a PMV-algebra has at most a fix point of the negation [15, Lemma 2.10]. An example
of PMV _-algebra is [0, 1]pmv where the fix point of the negation is % We denote by PMV 1 the variety of

2° 2°

PMV ._-algebras. This variety plays a crucial role in Sections 6 and 8.
L

4 The Poincaré irreversible quantum gates system

The Poincaré irreversible quantum computational system is framed in the model of quantum computation with
mixed states. It takes into account a set of quantum gates —represented by quantum operations— acting on quantum
mixed states —represented by density operators of D((CQ). We first describe some basic properties of density
operators in D ((C2 ) Due to the fact that the Pauli matrices:

/(01 (0 —i (1 0
9@=\1 0) %= \i o) %27 \0o -1)°

and I (where I is the 2 x 2 identity matrix) are a basis for the set of operators over C?, an arbitrary density
operator p € D(C?) may be represented as

1
p= 5([ + 110, + 190, +1302)

where 71, 79, 3 are real numbers such that 72 +73 +r2 < 1. When a density operator p € D ((CQ) represents a pure
state, it can be identified with a point (77, 79, 73 ) on the sphere of radius 1 (the Bloch sphere) and each p € D((CQ)
that represents a mixed state with a point in the interior of the Bloch sphere. We denote this identifications as
p = (r1,72,73). In this way P, = (0,0 — 1) and Py, = (0,0, 1). An interesting feature of density operators in
D((CQ) is the following: any real number A € [0, 1], uniquely determines a density operator p) given by

pr =1 =XN)Py + AP;.
Lemma 4.1 Let p = (r1,75,73) € D(C?). Then we have:

(D plp) = 5=
(2) If p = p for some A € [0,1] then p = (0,0,1 — 2X) and p(p)) = A [6, Lemma 6.1]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org
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Definition 4.2 The Poincaré irreversible quantum computational system (IP-system) [3, 5] is given by the
following set of quantum gates:

DT = Pp(o)ap(r) [Lukasiewicz gate]
0T = Pys)p(r)s [TAND gate]
T = 0y, Tol, [NOT gate]
14+i 1—i 14i 1—i\ T
VT = (12_1 12H>7'(12_, 12H> . [VNOT gate]
2 2 2 2

where o and 7 belong to D(C?

~—

By the Kraus representation mentioned in Section 1, it is immediate that — and /- are quantum operations.
We refer to [8] for a representation of the IAND gate and the Lukasiewicz gate as quantum operations. The
[P-system defines a set of operations on D ((CQ) giving rise to the structure

<D((C2)7EB7.7_'7 \/; P07057P1>
known as Poincaré irreversible quantum computational algebra (shortly IQC-algebra) [3, 5]. The following

lemma gives the main properties of the IQC-algebra.
Lemma 4.3 Let 7,0 € D((CQ) and let p be the probability function over D((CQ). Then we have:

) <D((C2), 0> and <D (C2)769> are abelian monoids,
2) Te Py =P,

(3) Te P = Pp(r)»

() p(r ea) =p(r)p(o),

5) p(r & o) =p(7) & plo),

© V7 = V7,

M VT =

Moreover if o = (r1,19,73) then

8) —o = (r1,—re,—7r3) and \Jo = (r1,—r3,72), hence p(—c) = % and p(\/o ) = %,
©) p(VTeo)=p(VTd0) =1
([6, Lemma 6.1] and [7, Lemma 3.7])

Taking into account Lemma 4.3-7, — becomes a definable operation in the IQC-algebra. Recalling that in
our case the assignment of probability is done via a function p: D((CQ) — [0, 1], it is possible to establish the
following equivalence relation in D((C2) :

o =7 <= p(o) =p(r).
This equivalence is strongly related to the preorder <,, mentioned at the end of Section 1. In view of Lemma 4.1
and Lemma 4.3, we can see that = is a (&, 8, —)-congruence but not a , /--congruence.
Proposition 4.4 Let [0] be the equivalence class of o € D(C?) and n=: D(C?) — D(C?) /= be the natural
application. Then
(D) [o] =loeP]=[0& R] = [pyo)]

(2) (D(C?)/=,®,0,~, [Po], [p1],[1]) is a PMV _-algebra and the assignment [p,] L Nisa PMY

L .
2 Y

isomorphism from 7)((C2)/E onto [0, 1]pmv.

(3) The following diagram is commutative:
p
D(C?) — [0, 1]pury

m=| '/f’

D(C?)/=

www.mlq-journal.org (© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



6 H. Freytes and G. Domenech: Quantum computational logic with mixed states

Proof.

(1) Follows from Lemma 4.3.

(2) By item 1, we can consider the identification (D (C?)/=) = (pa)xefo,1]- Then it may be easily proved that
(D(C?)/2),®,0,7, [R], [p%], [P])is a PMVle-algebra and [p)] L Nisa PMVﬁ-isomorphism
from D((C?)/E onto [0, 1]ppry -

(3) Immediate. ]

Remark 4.5 By Proposition 4.4-3, we can see that the assignment of probability p : D((CQ) — [0,1] can be
identified with the natural application 7= : D(C?) — D(C?)/= where D(C?)/= is endowed with a PMV -
&
structure. This crucial fact is particularly relevant in the definition of probabilistic consequence introduced in
Section 7.

5 Quantum computational algebras

In this Section we introduce algebraic structures by means of simple equations in an attempt to capture the basic
properties of the IQC-algebra.

The first and more basic algebraic structure associated to the IP-system was introduced in [21] for the
Lukasiewicz and the NOT gates. This is the quasi MV-algebra or qMV-algebra for short. A qMV-algebra
is an algebra (A, @, —,0, 1) of type (2, 1,0, 0) satisfying the following equations:

Q) zd(ydz)=(rdy) 2,

Q2) ——z =z,

Q3) z1=1,

Q4) ~(rzdy)dy=-(ydr) D,

QS) ~(z®0) =-2®0,

Q6) (z@y)@0=a8Y,

Q7)) -0=1.

From an intuitive point of view, a qMV-algebra can be seen as an MV-algebra which fails to satisfy the
equation x @ 0 = x. We define the binary operations ©, V, A, — in the same way as we did for M'V-algebras.

Lemma 5.1 The following equations are satisfied in each qMV-algebra: xt Dy = y S x, x & ~x = 1,
O =0080=02x00=xAx,cANy=yAx,andxVy=yVz [2], Lemma 6]

Another algebraic structure associated to the IP-system was introduced in [9] for the Lukasiewicz, the NOT
and the vVINOT gates. These algebras are known as square root quasi MV -algebras or /qMV -algebras for short.
A /qMV-algebra is an algebra <A, D,/ 0, %, 1> of type (2, 1,0, 0,0) such that, upon defining ~x = /+/z for
all z € A, the following conditions are satisfied:

(SQ1) (A,®,-,0,1,1)isaqMV-algebra,

(SQ2) vz = /7,

(5Q3) VETy®0=/} =1}

In what follows, we shall extend the /qMV-algebra structure taking into account the basic properties of the
TAND gate given in Lemma 4.3.

Definition 5.2 A \/qPMV-algebra is an algebra <A, @0,/ 0, %, 1> of type (2,2,1,0,0,0) such that
(1) (A, ®, V40, 3. 1) is a \/qMV-algebra with
Q) zey=yeu,

(3) zo(yez)=(xey) ez
4) rel=ax®0,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org
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5) zey=(zey)®O,

6) o (y®—z)=(zey)®(zez),and

(7) JToy®0=3.

We denote by /qPMYV the variety of \/qPMV-algebras. It is not very hard to see that the IQC-algebra

(D(C?),®, 0, N N2 Py ) is a \/qPMV-algebra.
Let A be a v/qPMV-algebra. Then we define two binary relations < and = on A as follows:

a<b <<= 1l=a—0b,
a=b <= a<b and b<a.

Clearly, (A, <) is a preorder and one can also easily prove thata < biffaAb=a®0iffaVb =bP 0.
Moreovera = a @ 0.

Proposition 5.3 Let A be a \/qPMV-algebra and a,b € A. Then:

(1) ae0 =0,

) Ifaeb=1thena®0=0b080=1,
B) Ifa<bthenaex <becz,

4) zey<u,

5) ze(y®0) = (rey)®0,

6) 3 =%
M to0=14,

®) VidyeVzow=1

Proof. (1)ae0=ae(0® —0) = (ae0)®—(ae0)=0.(2) Suppose that « ¢ b = 1. Then =(a & 0) =
1©-(ael)=(aeb)®—-(ael)=ae(b®—1)=0.Thus =(a®0) =0, hence a 0 = 1. 3) If & < b then
l1=a—b=-(a®-b)and 0 = a®—b. Using item 1. we have that 0 = ze0 = ze(a®—b) = (zea) ®—~(z eb).
Thus, 1 = —((z ea) ® ~(zeb)) = (x ea) — (x eb) resulting (x @ a) < (x eb). (4) Since x < 1 by item 3. we
havethatzey <zel=2®00<z. (5)ze(y®0)=ze(yel)=(zey)el = (xey)dO.Items (6), (7) and
(8) can be easily proved. O

Definition 5.4 Let A be a /qPMV-algebra. An element a € A is regular iff a®0 = a. We denote by Reg(A)
the set of regular elements.

Proposition 5.5 Let A be a /qPMV-algebra. Then

(1) (Reg(A),®,,—,0,1) is a PMV-algebra.
(2) =isa (®,e,)-congruence on A and (A/=,®,e,—,[0],[1]) is a PMV-algebra.
(3) A/= is PMV-isomorphic to Reg(A). This isomorphism is given by the assignment p([z]) = x ® 0.

Proof. (1) From [21, Lemma 9], (Reg(A), ®, —,0,1) is an MV-algebra. Using Proposition 5.3-5, the op-
eration e is closed in Reg(A). Now from the axioms of the v/qPMV-algebras, (Reg(A), ®, e, ,0,1) results a
PMV-algebra.

(2) Tt is easy to see that = is a (d, —)-congruence and (A/=,®,—,[0]) is an MV-algebra. For technical
details, cf. [21]. By Proposition 5.3-3, = is compatible with e. Note that [1] is the identity in (A/=, e, [1]) since
[] @ [1] = [x @ 1] = [x & 0] = [z]. Hence, by definition of \/qPMV-algebra, (A/=, ®, e, —,[0], [1]) is a PMV-
algebra.

(3) Since [z] = [z ® 0] for each xz € A, then ¢ is injective. If © € Reg(A) then z = z & 0. Therefore
o([z]) = x ® 0 = z and ¢ is surjective. Using Proposition 5.3-5 we have that p([z] e [y]) = ¢([z e y]) =
(zoy)®0 = (z©0)e(y®0) = ¢([z]) e¢([y]). In the same way we can prove that ¢([z] & [y]) = ¢([z]) B ¢([y]).
By axiom QS, ¢(—[z]) = —¢([z]) and ¢([c]) = ¢ for ¢ € {0, },1} since they are regular elements in A. Thus
[z] — z & 0 is a PMV-isomorphism. O

www.mlq-journal.org (© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



8 H. Freytes and G. Domenech: Quantum computational logic with mixed states

Definition 5.6 Let (A, ©, e, —, 0, 1) be a PMV-algebra with fix point of the negation % The pair algebra over
A is the algebra

Sy = <A><A,@7O,\ﬂ 0,;,1>

where:

Proposition 5.7 Let A be a PMV-algebra with fix point of the negation % Then

(1) The pair algebra Sy is a /qPMV-algebra.
2) (a,b) < (¢,d)inSaiffa<cinA.
(3) R(S4) is PMV-isomorphic to A.

Proof. (1) It is not very hard to see that <A X A, P, Vo 0,1 1>, where —x = \/+/z, is a /qMV-algebra.

)9
We only have to prove that S4 satisfies axioms 6 and 7 of v/qPMV-algebras.

Let us show axiom 6, i.e., z @ (y © —z) = (z o y) ® —(x @ 2). In fact, (a,b) ® ((¢,d) ® —=(z,w)) = (a,b) ®
((e,d) © (=2, ~w) = (CLO (c®=2), %) = ((a.c) ©-(aez), %) Moreover ((a,b) ¢ (c,d)) ©—((a,b) e (z,w)) =
(aec, %) © (—(aez), %) = ((aec)®—(ae2), %)

Let us now show axiom 7, i.e., ,/z ey @ 0 = 1. In fact: \/(a,b) ® (c,d) ® (0,1) = y/(a®c,3) @ (0,1) =
(as) e (0.) = (1) = b
Hence Sy is a /qPMV-algebra.

(2) (a,b) < (c,d)iff (1,%) = (a,b) = (¢,d) = (~a®b, 1) iff 1 = —a® bin Aiffa < bin A

(3) If we consider S4 ©0 = {(z,1)®(0,1) : (z,y) € Ax A} then we have that S, ©0 = {(z, 1) : z € A}.
Therefore, Sy @ 0 is PMV-isomorphic to A. Then, by Proposition 5.5, R(S4) is PMV-isomorphic to A. [

Definition 5.8 A \/qPMV-algebra is called flat iff it satisfies the equation 0 = 1.

Note that if A is flat /qPMV-algebra then Reg(A) = {0} and x ® y = x ey = 0 for each z,y € A. There is
a standard technique for extracting a flat /qPMV-algebra out of an arbitrary /qPMV -algebra:

Let (A, @, e, V0, %.1) be \/qPMV-algebra. Define the structure F1(A) = <A, @0,/ 0%, %F, 1F> where

(1) 0F =15 =17,
2 zay=xzey=0",
G V==
Such an algebra is easily seen to be a flat /qPMV-algebra.

Proposition 5.9 Let A be a PMV-algebra with fix point of the negation % and F' be a flat \/qPMV-algebra
that satisfies \/x = x. Consider the algebra D = F x S where S is a sub \/qPMV -algebra of the pair algebra
S4. Then
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(1) {(0,(ra,73)) : (0, (r2,73)) € D} defines a sub /qPMV-algebra of D, \/qP MV-isomorphic to S.

(2) The projection ts: D — S is a /qP MV-homomorphism.

(3) If t contains an occurrence of x € {@, e} then only one of the following possibilities holds: for each
D-valuation v, v(t) = (0, T, %) or for each D-valuation v, v(t) = (07 %, r).

(4) Ift contains an occurrence of x € {®, e} then, for each D-valuation v, there exists a S-valuation v’ such
that v(t) = V' (¢).

5) DEt=siffSE=t=s.

Proof. (1), (2) are straightforward.

In what follows we identify (z, (y, z)) with (z,y, z) for each (z, (y, z)) € D.

(3) Induction on the complexity of ¢. Since ¢ contains at least an occurrence of x € {@, e}, it cannot be
an atomic term. Its minimum possible complexity is therefore represented by the case in which ¢ is ¢; % to
where each ¢; is either a variable or constant. Thus for each D-valuation v, v(t) = v(t; *t2) = (0,7, 3) for
some r € A. Now let our claim hold whenever the complexity of a term is less that n and ¢ has complexity
n. Suppose that ¢ is \/s. If v(s) = (0,7, 3) then v(v/t) = 1/(0,7,3) = (0,%,-r). If v(s) = (0,3,7) then
v(Vt) = (0, %, r) = (0, T, %) The case in which ¢ is s; x s» is immediate.

(4) Let v be a D-valuation. By item 2, the composition v/ = wgv is an S-valuation. Let ¢ be a \/qP MV -term
containing an occurrence of x € {@, e}. By item 3, for each D-valuation v, v(t) = (0,7r9,73) = 75(0,72,73) =
msv(t) = v'(t).

(5) We shall consider the non trivial direction. Suppose that D [~ ¢ = s. If neither ¢ nor s contain any
occurrence of @, then ¢ is /%1 " and s is NG ", where n, m > 1 are indexes of the successive application of the
operation. If ¢; is a constant symbol then trivially S [= t = s since s is a variable or constant symbol. If ¢; and
sy are both variables then D | ¢ = s implies that 1 and ¢, are different. Hence evaluate ¢; to (0,0, 1) and s to
(0,3, 3) to get the required counterexample.

Suppose that ¢ contains an occurrence of x € {®, e} but s does not. We have to consider the following three
subcases:

(i) If s is a constant symbol then D = s = s@® 0 and D = t = s @ 0. Let v be a D-valuation such that
v(t) # v(s @ 0). By item 4, there exists an S-valuation v’ such that v(¢) = v/(¢) and v(s @ 0) = v'(s ® 0). Thus
v'(t) £V (s®0)=0v'(s)and S £t = s.

(ii) Suppose that s is a variable. By item 3, we first assume that v(¢) has the form (0, 7, %) for each S-valuation
v. Then evaluate s to (0, 1,0) to get the required counterexample. If we assume that v(t) has the form (0, £, 7)
for each D-valuation v, evaluate s to (0,0, 1) to get the required counterexample. Hence S [~ ¢ = s.

(iii) With the same argument used in ii, we can prove that S [~ t = s when s is \/s1".

Suppose that ¢ and s contain an occurrence of x € {@®, o}. Since D [~ t = s then there exists a D-valuation v
such that v(t) # v(s). By item 4, there exists an S-valuation v’ such that v(¢) = v'(t) and v(s) = v'(s). Hence
v'(t) £ v'(s)and S £t = s.

Proposition 5.10 Let A be a \/qPMV-algebra. Consider the \/qPMV-algebra A* = F1(A) X Speg(4) and
the application f: A — A* such that

fa)= { @ @O0VEO0) if z € Reg(d),
(z,(x @0,z ®0)) if = ¢Reg(A).

Then f is an injective /qP MY -homomorphism.

Proof. By definition f is an injective function. We need to prove that f is a v/qP.M)V-homomorphism. In
what follows we identify (z, (y, z)) with (z,y, z) for each (z, (y,z)) € A*. For each x € A, we define t, as
follows:

. 0 if x € Reg(A4),
" 1z if ¢ Reg(A).
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Leta € {0,%,1}. Inthis case a € Reg(A) and /a®0 = }. Therefore f(a) = (0,a®0, /a®0) = (0,a,1).

Let x € {®, o}
flxxy)=(0,(x*xy)®0,\/rxy D0)
= (O,(x*y)@(),é)

= (ty, 2 D0,z D 0) * (t,,y ®0,/y D 0)
= f(z)x f(y).

FWz)=(tm V@ 0,/ Vza0) =tz V2@ 0,~(z60) = \/(tﬁ,xeaom/f@o) =/ f().
Thus f is a v/qPMV-homomorphism. O

Theorem 5.11 Let SU be the subclass of pair algebras S, where A is a PMV-chain with fix point of the
negation. Then

VaPMY =V (S5).

Proof. We shall prove that v/qPMV =t = s iff S |= t = s. As regards the non-trivial direction, assume
that SP = ¢ = s. Suppose that there exists a /P MV-algebra A such that A - t = s. By Proposition 5.10, A
can be embedded in F1(A) x Sgeg(4). Therefore F1(A) X Sgey(4) [~ t = s and by Proposition 5.9-5, Sgeg(4)
t = 5. By Proposition 3.2 we can consider a subdirect representation 3 : Reg(A) — [],.; A; such that (4;);c;
is a family of PMV-chains. For each ¢ € I, let p; be the ith-projection in A; and consider the following function:

Bit SReg(a) = Sa, st (z,y) = Bi((x,y)) = (piB(x), piB(Y))ier-

We shall prove that (3; is a \/qPMV-homomorphism. The preservation of (0, 3), (3, 3) and (1, ) is imme-
diate. Let x € {&,0}. B;((z1,51) * (22,2)) = Bi(x1 * 22, 5) = (21, x 221, 5,) = (@1,515) * (@25, 925) =
Bi((z1,y1)) * Bi((z2,2))-

B’i( V (.’I}, y)) = ﬁz((y; _‘x)) = (yia _'.’I}i) = \/(l‘u yt) = \/ﬁt (.’L‘, ZU)
Thus g; is a v/qP.MV-homomorphism for each i € I. Now we define the function

B Skega) — [[Sa, by (2,9) = B (2, 9) = (Bi(2,v))ier-

iel

Note that 5* is injective since ( is a subdirect embedding. Moreover (5* is a v/qP . MV-homomorphism since j3;
is a /qPMV-homomorphism for each i € I. Thus Spee(4) [~ t = s implies that there exists m € I such that
S4. Wt =swhich is contradiction since S4, lies in SY. Hence \/qPMV |=t = s. 0

We have seen that the structure of the v/qPMV-algebra is a good abstraction for the IQC-algebra. However,
we do not yet know whether \/qPMYV = V(D(Cz)). In what follows, we shall show that this is not the case. In
order to do it, we need some preliminary results:

Lemma 5.12
(1) The set D(C?) L= {(0,y,2) : (0,y,2) € D(C?)} defines a sub /qPMV-algebra of D(C?).

(2) Consider the real interval [—1, 1] equipped with the following operations: t ®y = v ey =0, \/Jr =z
and 01=11) = L7V — 4210 — 0, Then B,y ) = <[—1, 1], @0,/ 011 10 1[—1711> is a flat
algebra.

(3) f:F_1 % D((CQ) — D((CQ) such that (z,(0,y, 2)) — (x,y, 2) is a /qQPMV-isomorphism.

Y. 2

Proof. Straightforward. O
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Let Sjg,1) be the pair algebra over the standard PMV-algebra [0, 1]pyry . If we consider the set

1\’ 1\’ 1
D[O,l] = {(a:,y) S 5[0,1] : (z— 2) + <y— 2) < 4}

it is not very hard to see that (Dg 1, @, e, VAl 3. 1)isasub \/qPMV-algebra of S| ;). Moreover Reg (Do 1]) =
Reg(So,1)) and it is PMV-isomorphic to [0, 1]parv .

Proposition 5.13

1) ¢: D((CQ)%Z — Dy 1) such that p(y, z) = (152, lgy) is a \/qP MV-isomorphism.

(2) D(C?) =t=siff D1 Et=s.

Proof. (1) Let o = (0,b,¢) € D((CQ)W. Then ¢(0) = (15¢,452) and (5¢ — %)2 + (52 - %)2 =
1(c2+b?) < 1. Thus the image of ¢ is contained in Djg 1. It is clear that ¢ is injective. Let (a, b) € Dy 1. If we
consider 0 = (0,1—2b,1—2a) then (1—2b)? 4+ (1 —2a)* = 4(% fa)Q +4(3 - b)2 < 1.Henceo € D((CQ);W’
(o) = (a,b) and ¢ is a surjective map. Now we prove that ¢ is a v/qPMV-homomorphism. Let 0 = (0,72, 73)
and 7 = (0, sg, s3). Let x € {@, o}. Using Lemma 4.1 and Lemma 4.3 we have that:

@(0%7) = @(Ppo)sp(p))
= ©(0,0,1 =2(p(o) xp(p)))

= () *0l0).3)
_ 1—7“371—7“2 N 1—5371—32
=£(0)2*<p(7)2 AR
P3) = pl0-mom) = (152 50 ) = (52 - 150

:\/<1—2r3’1—2r2> _ Jo@
1

@(P1) = ¢(0,0,-1) = (1;) o(Py) = ¢(0,0,1) = (o, 2)

2

Thus ¢ is v/qP MV-isomorphism.
(2) By item 1 and Lemma 5.12 we can see that D((CQ) is \/qPMV-isomorphic to F|_; 1} x Djg ;). Hence, by
Proposition 5.9-5, D(C?) =t = siff Do ) =t = s. O

and p(p1) = 0(0,0,0) = (;;)

Proposition 5.14 Consider the pair algebra Sy 1) and a = (a1, az) € Sjo,1). Then the following conditions
are equivalent:

(1) a€ Dy,

(2) a satisfies the equation 1 =

(4) a satisfies the equation 1 =

(ko
(3) a satisfies the equation 1 = ( 2% @
(ko
(5) a satisfies the equation 1 = ( b

1

where 2% means the term 2%, 3 and QL means the termt e = (n>2).
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12 H. Freytes and G. Domenech: Quantum computational logic with mixed states

2 2
2 2
by <y giff(a-1) +(e-1) <liffa=(0,a)€ Doy

With the same argument we can prove (1 <= 4) and (1 <= 5). O

Theorem 5.15 /qPMV # V(D(C?)).

Proof. By Proposition 5.13-2 and Proposition 5.14, the equation 1 = (% ® (““ &) ﬁ'ﬁ)) — (f @ g)
holds in D(C?) and fails in Sjg ;1. Hence \/qPMV # V(D(C?)). O

6 Poincaré irreversible algebras

In this section we introduce and study an algebraic structure called “Poincaré irreversible algebra” with the
following motivation. As shown by Proposition 5.13 the \/qP MV-equations which hold in the IQC-algebra
coincide with the \/qPMV-equations which hold in Dy, ;;. Moreover, the property that characterizes Djg 13,
i.e., a circle of radius § and center (3, 3) circumscribed in the square [0, 1] x [0, 1], may be captured by the
set of equations given in Proposition 5.14. Since these four equations may be formulated in the language of
VAP MYV, this allows to study a subvariety of the v/qPMV-algebras that captures in a more faithful manner the

basic properties of the IQC-algebra.

Definition 6.1 A Poincaré irreversible algebra (IP-algebra for short) is a \/qPMV-algebra satisfying the
following axioms:

@
(IP2) 1= (2% o (ﬂ”;;‘ o “"’;zﬁ)) — (;— ® 2—;”)
P3) 1= (% o (3£ 0 L5E)) - (20 %),
P4 1= (%o (e T)) o (F o 4F),
(IP5) 3 @ 5r = 5.
where ;- means the term 5+ e 1 and ;.- means the term t @ ;- (n > 2).

Remark 6.2 In the particular case of Dy ), axioms (IP1) to (IP4) are all equivalent. This is due to simple

arithmetic properties of the real numbers. In the general case, a /qPMYV -algebra that satisfies one of these axioms
does not necessarily satisfy the others. It is due to this fact that the four equations must be introduce as axioms in
the definition of IP-algebra.

We denote by ZP the subvariety of «/qP MYV given by the IP-algebras. Clearly ZP-homomorphisms are
VP MV-homomorphisms. D) 1 is an IP-algebra and constitutes the standard model for ZP. Another important
examples of IP-algebras are the flat algebras.
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Unfortunately we cannot give a completeness theorem for the ZP-equations of the form ¢ = s with respect
to Djg,1). In fact, the open problem for the axiomatization of all identities in the language of P MV which are
valid in the PMV-algebra arising from the real interval [0, 1] (cf. [22, 16]) will appear in ZP. In view of this, we
delineate a generalization of the Dy ;) algebra, whose role is analogous to the PMV-chains with respect to the
equational theory of PMV .

Let Abea PMV?;( -algebra (see Definition 2.3) and S4 be the pair algebra over A. We consider the following

subsets in S4:

o fresn= (3o (50 59) - (34 )}
o fresn= (3o (5 55 - (7 )
o fresn= (3o (50 55) - (357}
o fresn= (3o (5= ) (70)

Then we define Dy := Q1 N Q2 N Q3 N Q4.
Proposition 6.3 Letr Sy be the pair algebra over the PMV 1_-algebra A. Then:
o4

(pu (02 (42 01)

is the largest 1P-algebra contained in Sy as sub-/qPMV -algebra. Moreover (a, %) — a defines a PMV%-
isomorphism from Reg(D 4) onto A. )

Proof. We first prove that Reg(S4) € Dy. Let (a,3) € Reg(S4). We have to prove the following four
cases:

Case 1. (a,1) € Q.
L (e Y (L) e (A ) (02) e (1))
(5[ )+ ) (+3)
(hd)e (Y e (1)
(3o 5)

since A is a PMVﬁ-algebra, ie., 2% D 2% = 2% holds in the first component.

(D ) (D) (o)

Since 4% & & < & & & in the PMV;T-algebra A Lo (*2% &> ‘/E'Q'Qﬁ)“a’l,) <7 ® %ka,%)' Hence

25 = 25

(a,3) € Qq foreacha € A.

T T
2 P
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Case 2. (a, %) € Q2.

1 —r e T \/E.\/E 1 1 1 1 1 1
e (5 e = () 2 () (3)+ (3))2
11 1 1
5505 ] ® a, - ]e a, —
2272 2 2
11 ® —ae-qa 1 o 1 1
2472 2 2 2172
_(rasmag 11
- 22 2379 |°
T g VT L 1 11 1 —a 11
o (B () () 00)-Goxd)
Since 2457 @ b < 3% ® o in the PMV  -algebra A, ¢ @ (2552 © Y5 )|, 1) < 57 © Y7, 3). Hence

(a,3) € Q2 foreacha € A.
Case 3. (a, %) € Q3.

_(aea ® 1 1
T\ 22 T 302
since A is a PMV 1 _-algebra, i.c., 3r @ 3r = 57 holds in the first component.
24
z Vo 11 1 11 1
o33 () (96D
Since %3 @ 35 < 4 & r in the PMV , -algebra A, 5 & (” ® ﬁ‘ﬁ)

(a,3) € Qs foreacha € A.
Case 4. (a, %) € Q.

- a@ll
S\22 2329 )"
<

(a,%)

1 - ey \/Ox e/x 1 1 1 1 1 1
o (F5 e e = (aa) o ((303) + (03) + (03))°
1 1N, A ol
2279 9 D)
1Y (zeema 1y (1L
247 9 22 9 2479
_ ﬁaoﬁaeai}
o 22 2379

-z 11 1 11 1 - 1 1
2o B (B (D)o (B 6D) - o)
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Since 2457% & 5 < 7% @ 5 in the PMV 1 -algebra 4, o ® (ﬂ ) \/TZ;ZH) 1) S F# O \/2—;7\(“’%.
Hence (a7 %) € Q4 foreach a € A. Thus (a7 %) € D, foreach a € A and Reg(S4) C Dy4. Now we prove that
D4 defines a sub /qPMV-algebra of Sy.

We show that D4 is closed under x € {®, o}: Let (z1,41), (z2,y2) in D4 and * € {®, e}. By the precedent
argument, (z1,y1) * (z2,y2) = (21 x 22, 5) € Reg(Sa) € Dy4. Hence, D is closed under & and e.

We show that D, is closed under ,/=: Let ¢ € D 4. We have to prove the following four cases:

Casel.\/iEQy(24@(7"2'2“@["[)) (22@ )\\[ ( ( ‘[@f\ﬁ)) (
(2% D (\/“[ ® ﬂt“t>> — (\2—{ o> ;—f) = lsincet € Q. Hence, vt € Q;.

Case2. Vi€ Qo (ko (Brrofpl)) » (Fof)la=(ho (Lo ff))ﬂ
(F o) = (ko (Cp o)

)
Case 3. \/t € Q3. (5r (12#@@))
(
)

i@
|

8

— (‘é?’@ 22) = 1since t € Qy.
(#05 )i = (Fro (e par)) -

24

U

(\24@\/;727) (2% (\fo\f@t-t)>H @2%):1sincet€Q1.Hence,\/ZeQ3_
cort i (o (450 5) - (3= (o (50 )

(ﬁ ® M;T) = (24 ® (F“ﬁ ® t'*)) — (‘ﬁ ® 22) = 1since t € Q3. Hence, V/f € Q.

Hence v/t € D4 and D is closed under Ve Thus Dy is a sub-/qPMV-algebra of S,. Since Reg(S4) C
D4, Reg(Dy) is PMV%—isomorphic to A. By definition of D, it is immediate that D4 is an [P-algebra. Let
24

B be an IP-algebra such that B is a sub-\/qPMV-algebra of S,4. If a € B, then a satisfies (IP1) to (IP4). Then
s € Dy and B C D4. Hence D, is the largest IP-algebra contained in .S4 as sub-/qPMV-algebra. O

Theorem 6.4 Let S° be the sub-class of IP-algebras D 4 where A is a PMV% -chain. Then:
IP =V(S8°).

Proof. We shall prove that ZP |= t = s iff S° = ¢ = s. As regards the non-trivial direction, assume that
8° E t = s. Suppose that there exists an IP-algebra A such that A [~ t = s. By Proposition refREP2, there
exists a /qPMV-embedding f: A — FI(A) X Speg(a)- Thus the image f(A) is an IP-algebra and it is a sub
VP MV-algebra of F1(A) X Sgeg(4)-

We prove that f(A) is a sub IP-algebra of F1(A) x Dreg(4). Let (a1, a2) € f(A). Then there exists a € A such
that f(a) = (a1, a9). Since a satisfies (IP1) to (IP4), f(a) also satisfies these equations. It implies that a, satisfies
(IP1) to (IP4) and by Proposition 6.3, az € Dgeg(4)- This proves that f(a) = (a1,a2) € FI(A) X Dgeg(4) and
then, f(A) is a sub IP-algebra of F1(A) x Dgeg(4). Consequently F1(A) X Dgeg(4) ~ t = s and, by Proposition
5.9-5, DReg(A) Et=s.

By Proposition 3.2, consider a subdirect representation 3: Reg(A) — [],c; A such that (A;);e; is a family
of PMV . -chains. For each i € I, let p; be the ith-projection in A; and consider the following function:

Bi+ Dreg(ay = Sa, st (z,y) — Bi((x,y)) = (piB(x), piB(Y))icr-

Following the same argument used in the proof of Theorem 5.11 we can prove that 3; is a /qPMV-
homomorphism. Since Dgey(4) is an IP-algebra, the image [3;(Dgeg(4)) is an IP-algebra. Then, by Proposi-
tion 6.3, 3;(DRreg(4)) is a sub IP-algebra of D4, . In other words, we can see (3; as a /qP MV-homomorphism
Bi: Dreg(a)y — Da, foreachi € I. Now we define the function

6 DReg - HDA s.t. (m y) '_)ﬁ ((‘T y)) = (6i(may>)i61'

iel

(B* is injective since [ is injective. Moreover 3* is a y/qPMV-homomorphism since [3; is a /qPMV-
homomorphism for each ¢ € I.
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Thus Dgeg(a) [~ t = s implies that there exists m € I such that D, [~ ¢ = s which is a contradiction since
Dy, € S°. Hence ZP Et =s. O

7 Probabilistic consequence

An usual problem treated in digital techniques is the following: if T" is a set of Boolean circuits and ¢ is a Boolean
circuit, we want to know if a determinate state of the outputs of the circuits of 7', represented in a string of bits
0, 1, forces a determinate state of the output of ¢ given by a bit, either 0 or 1. As a general rule, this problem can
be solved through effective procedures solving the particular case in which a set of circuits 7" with all outputs in
state 1 forces the state 1 in the output of a circuit ¢.

One may naturally extend this problem by considering circuits made from assemblies of quantum gates of the
[P-system called IIP-circuits. In fact: let T' be a set of IIP-circuits and ¢ be an IP-circuit. Suppose that the output
of the circuits of T" are labeled with density operators (o;); such that p(c;) = 1 for each i. We want to know
whether from the above, necessarily follows an output of ¢ labeled with a density operator o such that p(c) = 1.
Since each [IP-circuit can be related to a /qPMV-term we can define a relation of consequence based on the
preservation of probability values 1.

Definition 7.1 Let ¢ € Term pap and T C Term prpy. We say that ¢ is a probabilistic consequence

of T'in D(C?) (noted T' =15% t) iff for each valuation e: Term prsy — D(C?), p(e(t)) = 1 whenever
p(e(s)) = 1foreachs € T.

Taking into account Proposition 4.4 and Remark 4.5, for each valuation e: Term gprmy — D((C2) and for

each v/qPMV-term t, the probability valued p(e(t)) can be identifies with e(¢ @& 0). Thus we can establish the
following result:

Proposition 7.2 Let t € Term ,pxpy and T C Term, gpaqy. Then the following conditions are equivalent:

H T ):P’Dr%};
(2) For each valuation e: Term joprqy — D(C?), e(t & 0) = Py whenever e(s & 0) = P for each s € T.

The equivalence given in Proposition 7.2 allows to extend, in a natural way, the concepts of probability assign-
ment and probabilistic consequence with respect to each IP-algebra.

Definition 7.3 Let A be an IP-algebra, e: Term, gpxry — A be a valuation and ¢ € Term /gpr7y- Then we
define the generalized probability value associated to e as e, (t) = e(t & 0).

We introduce the following notation: Let T C Term, 4pxpp and e: Term gprmy — A be a valuation. Then
e, (T) = 1 means that for each s € T, ¢, (s) = 1.

Definition 7.4 Let ¢ € Term /gprp, T C Term, gpxpy and A be an IP-algebra. We say that ¢ is a proba-
bilistic consequence of T'in A iff for each valuation e: Term gpxmy — A, if e, (1) = 1 then e, (t) = 1.

We preserve the notation T =5°P ¢ for the probabilistic consequence in A. In particular T |:§§§b t means
that T =5eP t foreach A € IP.

A qPMV-term { is said to be a tautology iff for each A € I'P and for each e: Term prp — A,
ep(t) = 1. Note that ¢ is a tautology iff & 219" ¢. Thus we use the notation =79 ¢ in the case in which ¢ is a
tautology.

Proposition 7.5 Let D4 € S° where A is a PMV i -algebra. If e, ¢’ are two valuation over D 4 such that for
each atomic term «, e, (a) = e, () and e, (y/a) = eg(\/&) then, e = ¢’

Proof. By definition of valuation, we have to see that e and €’ coincide over atomic terms. Let o be an atomic
term. Suppose that e(a) = (a, b) and €’(ar) = (a’,b’). On the one hand, (a, 3) = (a,b) & 0 = e, (a) = €, (a) =
(a/,') &0 = (a/,3) and then, a = a’. On the other hand, (V',%) = (V/,—d') & 0 = ¢,(Va) = €, (Va) =
(/,—a’) &0 = (¥, 1) and then, b = V. Hence e(a) = ¢’ (). O

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org



Math. Log. Quart. (2013) / www.mlqg-journal.org 17

8 Hilbert system for the probabilistic consequence

Lett € Term /prry and T' C Term, paqp- One may naturally consider the following decision problem: does
there exist an effective procedure deciding whether T’ |:§;§b t? In this section we shall reformulate this problem
in purely logical terms within a Hilbert-style axiomatization (LZP) for the probabilistic consequence.

Definition 8.1 Consider the absolutely free algebra Term ;774 taking into account the following syntactic
abbreviations:

-t is a syntactic abbreviation for \/ﬁ,

t1 ® ty is a syntactic abbreviation for —(—t; @ —its),

t; — to is a syntactic abbreviation for —t; & o,

t1 « t9 is a syntactic abbreviation for (tl —19) © (t2 — t1),
is a syntactic abbreviation for 2,, T e = (n >2),

(n > 2).

217

is a syntactic abbreviation for ¢ e

211 217

An axiom of the Hilbert-style calculus LI'P is a /qP M V-term that can be written in any one of the following
ways, where a, # and «y denote arbitrary terms in Term JIPMV:

Lukasiewicz axioms:

WD a— (68— a),

W2) (=) = ((B—=7) = (@=7)),
(W3) (o — =) — (6 — a),

W4) ((a = B) = B) = ((6—a) = a),

Constant axioms:

ChH 1,

(€2) -0+ 1,
(€3) =3 < 3.
(€4 (Fr®3r) < 7

21 23

Product axioms:

(P1) (aefB) — (6004)

(P2) (lea)

(P3) (aef) —

(P4) ((ONﬂ)W) (ae(5ey)),

(B3) (ae (3O —7)) < ((aef)©=(ae)),

Square root axioms:

(sQ1) =a < =y/a,
(sQ2) VaxpB < L wherex € {,0},

(sQ3) Ve 3 wherec€{0,2,1}

0 (a0 0°555)) (10 ).
@ (o (252 0 555)) - (35 )
(Q6) (3 (@FF)) ($o5"

o (o (5 0 02 - (3.0.57),
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The deduction rule of LIP is modus ponens

(MP) {o, 0 = By bFezp B

Note that, axioms (W1) to (W4), (C1), (C2) and (MP) define the same propositional system as the infinite
valued Lukasiewicz calculus [4, Section 4]. By adding (C3), (C4) and (P1) to (P5), the propositional system
associated to the product Lukasiewicz logic [14, 22] with fix point of the negation [15] is obtained. (sQ1), (sQ2)
and (sQ3) axiomatize the basic properties of the operation /.. Finally, (sQ4) to (sQ7) allow to introduce in the
calculus the property that characterizes the subvariety of [P-algebras with respect to the variety «/qP M)V, as was
already mentioned at the beginning of Section 6 and in Remark 6.2.

A theory is any set T' C Term /qprry. A proof from T' is a sequence of terms vy, ..., «;, such that each
member is either an axiom or a member of 7" or follows from preceding members of the sequence by modus
ponens. The notation T F,7p « (to be read ‘« is provable from 7”) means that « is the last term of a proof from
T'. Thus the Hilbert-style calculus LI'P is given by

LIP = <Term\/m, }_ﬁlp >

Let T be a theory. If T = & we use the notation F,7p « and we say that « is a theorem of LIP. T is
inconsistent ifft T +,7p o for each o € Term JTPRVS otherwise it is consistent.

Lemma 8.2 Let o, 8 € Term gprpy and T C Term gprqp. Then the following items may be proved using
only (W1) to (W4), (C1), (C2), (P1) to (P5) and (MP).

(1) Fezp o — a

Q) Trezp a©Biff T brzp aand T Frzp B,

QB) Thezpa—= B iff Threzpa— BandT Frrp B — a,

@ Therzpa— BandTrezp B— ythenT Frrp a — 7,

(5) Fezp ma — o

©6) Fezp (@ — ) — (78 — —a),

(7 Fezp (@ — B) — ((a o) — (B87))

@) Frzp (0= B)© (B 7)) = (@< 7),

@) Frzp (@< B) = (@ —=7) < (B— 7))
(10) Frzp (@< B) = (v = a) < (v = B)),
(11 Fezp (@ — B) = ((voa) — (v e B)).

Proof. Items (1) to (10) follow by observing that this result are theorems and metatheorems in the infinite
valued Lukasiewicz calculus (cf. [13]). We prove item (11):

(1) Fezp ve (a® — ((a ®=p)) by axiom (P3)
2 Fezp ((yoa) © (v e )) —ye(a®p) by axiom (P5)
(3) Fezp (Yo ) ©=(ye ) — (a®—p) by (1), (2), axiom (W2)
Fezp (Yo a) ©=(v e 3)) — (a®—p))
“) = (2(a©=8) = ~((vea)©(yep))) by Ax (W3)
(5) Fezp 2(a©=8) — =((ve a) © ~(v e B)) by (MP), (3), (4)
6) Ferp (= B) = —(a® —0) by definition of @, item (1)
(N Fezp (@ — B) = ~((ye o) © = (yeB)) by (5), (6), axiom (W2)
(3) Feop ~(Yea) @ =(yeB)) — ((yea) — (yef)) by definition of ®, item (1)
© Fezp (@ — B) = ((yea) — (ve 3)) by (7), (8), axiom (W2) O
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Proposition 8.3 Let o, 5 € Term\/m andT C Term\/m. Then:

(1) Axioms of LIP are tautologies.

@ {a,a— B} ETRP
() If T brzp athen T VST a

Proof. (1) Immediate. (2) Let o, 8 € Term, gprqp and e: Term prpy — A be an IP-valuation such
that e, (0« — 3) = 1 and e, (o) = 1. We show that e, () = 1. Infact: 1 = e,(a — ) = e((a — ) ®0) =
e(a®0) — (S0) and then e, () = e(a®0) < e(BB0) = e,(B). Therefore e, (a) = 1 implies that 1 = e, (5)
since 1 <e(B®0) =e(3) ®0 € Reg(A) and Reg(A) is a PMV-algebra (cf. Proposition 5.5-1). (3) Immediate
from items (1) and (2). 0

Now we focus on a sub-calculus of LZP particularly relevant in the study of the completeness of LZP.
Consider the set V' U (y/),ev where V' is the usual set of variables in Term ,prqy. Let Term - be the

smallest set S C Term /gy such that {0, 4,1} UV U (yVZ).ey C Sandif a, 3 € S then, ~o € S and

a* 3 € S where x € {®, o}. Now we define the Hilbert-style calculus
,C\/V = <Termﬁ,|—5ﬁ >
given by the axioms (W1) to (W4), (C1) to (C4), (P1) to (P5) and (MP) as inference rule.

Remark 8.4 By definition of £ ST the results of Lemma 8.2 continue to be valid in £ ST

Let T' C Term s i.e., a theory in Term 7. Then T is said to be complete in L s iff for each pair of terms
a,Bin Term 7 T F 57 a« — Bor T+ s B — a. Moreover T is inconsistent in £ 57 iff T' = 47 « for each
« € Term SV otherwise it is consistent in £ ST

Lemma 8.5 Let T' be a theory and o be a term, both in Term 7. Suppose that T'V/ 7 a. Then there exists a
complete theory T in Term - such that, T C T' and T" i/ s c.

Proof. It follows by the same arguments used in [13, Lemma 2.4.2]. O

Let A be a PMV 1_-algebra. Term y--valuations in A are functions v: Term 5 — A satisfying v(0) = 0,
L
v(3) = 3. v(1) = 1, v(~a) = —w(a) and v(a * B) = v(a) * v(B) where x € {6, o}. Note that for a Term -
valuation, the terms in the set (1/z),cy have no restriction in the election of the value v(+/x).

Theorem 8.6 Let T be a consistent theory in Term 7. For each o € Term 7 we consider the class
[a]:{ﬁETerm\/V:Tl—EﬁaHﬁ}.
Let Ly = {[a] ta € Term W} If we define the following operations in Lt :

[a] % [B] := o x B] for € {®, o},

—la] = [-al,

then:
1) (Ly,®,e,—,0, %, 1) isa PMV;T-algebm.
2) Ifa €T then [o] = 1.
(3) If T is a complete theory then Lt is a totally ordered set.
Proof. (1) We first show that the operations are well defined on Ly . In the cases @, -, 0, %, 1 we refer to [13,

Lemma 2.3.12]. The case e follows from Lemma 8.2-11. By axioms (W1) to (W4), (C1) to (C4), (P1) to (P5), it
is not very hard to see that Ly is a PMV%—algebra. (2) Follows from axiom (W1). (3) Follows using the same
24

argument as in [13, Lemma 2.4.2]. O
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We shall refer to Ly as the Lindenbaum algebra associated to the theory T' C Term ;7. Clearly, the natural
application o +— [a] is a Term --valuation in L.

Definition 8.7 We define the \/V-translation o - oy as the application e: Term gpxmy — Term 47 such
that:

(1) z+5 zand /7 v /7 foreachz € V,

2) cn—>cand\f»—> for each ¢ € {0, 7 },
(3) —a s —(ay),

@ v7a s (v,

5) VaxpB W % for each binary connective «,
6) axp N oy * (3 for each binary connective .

If T is a theory in Term_/zry» then we define the v/V-translation over T as the set T; = {a; : a € T'}.
Proposition 8.8 Let o € Term /qprqy. Then:

Frap a < a.

Proof. We use induction on the complexity of terms. Let o be an atomic term. By definition of v/V-
translation, Lemma 8.2-1 and axiom (sQ3) of LZP it is clear that-r7p o < o; and Fozp Va — (Va);.

Suppose that Foz7p a < oy and Fyzp 6 <« ;. By Lemma 8.2-6 we have that F,.7p —a < —qy. Let
* € {®, o}. Then we have that:

(D Frrp a — oy

2) Frrp (@ — o) — (%) — (ap x 8)) by Lemma 8.2, item (7) or (11)
3) Fezp (axB) — (ot x 3) (MP), (1), (2)
4 Fezp B — B

(5) Frezp (B— 8:) — (e xB) — (cu % Bt)) by Lemma 8.2, item (7) or (11)
(6) Fezp (o x B) — (ar x ) (MP), (4), (5)
@) Frrp (axB) — (ap x B) by Lemma 8.2-4

By the same argument we can prove that Fo7p (ap x 5;) — (ax 8). Hence Frzp (a* 3) < (a* ().
If o is /7 then we have to consider two cases:

(i) v is v1 * 2 such that € {&, e}. Then oy = (\/7): = (71 *72)t = 3. By Axiom (sQ2), Fzzp (\/7) <
%. Hence Fo7p a < o4.

(ii) v is v/71. Then oy = (1/+/71)t = (—=71)¢ = —(71)¢. By inductive hypothesis ,7p v1 <> (71); and then
Fezp =1 < —(71)e- Hence Frzp /71 < —7 and F2zp o < oy O

Taking into account the axiom (sQ4) to (sQ7), we introduce, in the following definition, the theory Tp C
Term ;77 which will allow to establish a relation between proofs in LZP and proofs in £ /7.

Definition 8.9 We consider the following sets of terms in Term. 57
1 ses +/se,/s NG 1
T]—{<24@( 22 S 22 >> <22@22)S€VU{0,2,1}}
-/ -/ 1
{( (“ ))( sg) o)
e oV sevulola
— -
22 92 )7 0.3
—S @ S - 1
{( ( ) (o) e o)

Then we define Tp :=T7 UT, UT3 U Ty.
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Proposition 8.10 Let o € Term, /qprqy. Then:

O Tober (45 (39 555)) - (50 )),
@ Tore, (2 (22 55)) - (2 6),
O ot (10 (310 5565)) - (10 45)),
@ ey (0 (22 0 25)) - (0 )

Proof. Let o € Term gprpy. For the sake of simplicity we use the following notation:
1 aea Jae./a a  Ja
1
o (52 (3520 555)) - (3)
1 “aea  JJae/a o Vo
2
ot (e (500 550)) = (30 9),
B 1 A/ 1 4/ A/ 1
o means ((2463 <aoa@ ae a>) — (a@ a)> )
¢

22 22 22 22
1 - e (Y /o e/ - /o
o means ((24 2] < 2 2] 2 )) - (22 D 2 -

We use induction on the complexity of «. The case « € V' U {O, %, 1} is immediate from definition of 7.

Suppose that « is a1 * ap where x € {®, o}. By Axiom P3, Axiom C4 and Lemma 8.2-4 it follows that for
each a € Term ;7

1 e 1 o 1
®) e (24@ <22@24)> - (22@23>

We prove that T ¢ .- . By definition of v/V/-translation we have that

, << (i ((al*ag)o(al*QQ) . \/al*a2o\/a1*oz2>) - (al*% . m))

o =27 2 22 92 2
1 (1 *xan)r @ (g * )y 1 (a1 * )t 1
:<24@( 72 Ya) T %))

Since (a; x ag); € Term 57, by (8), we have - a} and Tp Fe o a}. Cases Tp Fe o, Tp Fe o}
and Tp Fr .- a; follow in a similar way.
Suppose « is v/3. We prove that T . i a}. By definition of V'V -translation we have that

(e (B2 2R0)) - (),

| _ (Cl . (w;;;(\/ﬁ)t 0 Bah)) L (W2 ;;ﬂ>

By inductive hypothesis we have Tp . W (3? and by Lemma 8.2 it is straightforward to see that

toee it o (e (500 o)) - (U200 1)),

Hence, by Lemma 8.2-3, Tp F, .- a}. Cases Tp Fe a?, Tp Fe o} and Tp Fe e o} follow in a
similar way. O
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Theorem 8.11 Let o € Termm andT C Term\/m. Then:
Ttezp o iff T,UTp br -«

Proof. Suppose that T F,-7p «. We use induction on the length of the proof of & noted by Length(«). If
Length(«) = 1 then we have the following possibilities:

(1) The term « is one of the axioms (W1) to (W4), (C1) to (C4), or (P1) to (P5). In this case a; results an
axiom of £ 57 and I—LW o

(2) The term « is one of the axioms (sQ1) to (sQ3). In this case o looks like 3 < 3 in Term 7. Then, by
Proposition 8.2-1, F, e

(3) The term « is one of the axioms (sQ4) to (sQ7). In this case, by Proposition 8.10, Tp . o

@) If o € T then oy € T;. Hence, T} l—gﬁ o7

Suppose that the theorem is valid for Length(a) < n. We consider Lengh(a)) = n. Thus we have a proof of
o from T as follows

Apyeeey Oy = Qe Oy oo, A1, O

obtaining a by (MP) from «,,, — « and «,, . Using the inductive hypothesis we have that T; UTp . S (am —
a) and T, U Tp }—EW (un )¢. Taking into account that (o, — «); = () — «, by (MP), we have
T, UTp }_‘CW o

For the converse, suppose that T; U Tp F, e Then there exist two subsets {f,...,3,} C T and
{7,--,Ym} C Tp such that

{(61)%~-'7(671)t3717"'77m} FL‘W Qi

Consequently {(81)¢, -+, (Bn)ts Y1y -« sYm } Frzp . By Lemma 8.8 we have that Frrp o <> oy and Frzp
Bi < (Bi): foreach i € {1,...,n}. Moreover, by Axiom (sQ4) to (sQ7), Fzzp ~; for each j € {1,...,m}.
Thus {f1,...,0n} bFrzp aand T Frzp a. O

Corollary 8.12 Ler o € Term oprqy- Then, brzp aiff Tp '_l:f

Let S4 be the pair algebra over the PMV 1 4 -chain A. Consider the sub- algebra Dy of Sy4 (i.e., the IP-algebra
defined in Proposition 6.4). We introduce the followmg sets: Ep, is the set of all valuations e: Term /prmp —
D4 and Vp, is the set of all Term --valuations v: Term 5 — Reg(D4) such that v(Tp) = 1.

Proposition 8.13 Ler ¢ € Ep, and the restriction ve = €, |rerm Sy Where ey (t) is the generalized
probability value. Then the assignment e — v, is a bijection Ep, — Vp such that e, () = ve (o).

Proof. We first prove that e — v, is well defined in the sense that v, € Vp. Let « € Tp. Then v, () =
ep(a) =e(a®0) =e(a) = 1since Dy € ZP. Hence v, (Ip) =

We prove the injectivity. Suppose that v., = v.,. Let ¢t be an atomic term in termgzp. Then we have
that e1,(t) = v, (t) = ve, (t) = es,(t) and €1, (V1) = v, (V) = ve,(Vt) = es,(V/1). Therefore by
Proposition 7.5, e; = e, and e — v, is injective.

Now we prove the surjectivity. Let v € Vp, . By Proposition 6.3, consider the PMV#—isomorphism g: Reg
(D4) — A given by g(a,3) = a and define the valuation e: Term ,prsy — Da such that for each atomic
term ¢ in Term opxqy e(t) = (gu(?), gv(V/1)). By induction on the complexity of terms we prove that v, = v.

Let ¢ be an atomic term in Term 7. The case ¢ € {O7 5 1} is immediate. If ¢ is a variable x then, v, (z) =
ep(z) = e(z®0) =e(z) B0 = (gv(z), gv(vV2)) &0 = (gv(z), 1) = 11( ). If ¢ is fwhere  is variable then,
0 (V) = €, (VF) = e(y/TE0) = e(yT) 80 = \/e(2) 80 = v/(gu(@), go(v/2)) &0 = (gu(v/), ~gv(x)) &
0= (gv(va), ) = v().

That constitutes the base of the induction in the language Term 7. Now let our claim hold whenever the
complexity of Term --terms is less than n and « has complexity n.
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If @ € Term /7 is aq * ap where x € {@, o} then e,(a) = e(a ®0) = e((a1 x a2) B 0) = e((a1 ®0) %
(e ®0)) =e(a1 BO)xe(aa B0) =e,(a1) xep(az) = v() xv(az) = v(og * az).

If a € Term 7 is —a; then, v () = e,(—a1) = e(ma; ©0) = e(=(a; ©0)) = —e(aq B0) = =ey() =
—v(aq) = v(—ar) = v(a).

Thus v = v, and e — v, is a bijection from Ep, onto Vp,.Lete € Ep, . By induction on the complexity of
terms we prove that for each o € Term /7y, €, (@) = ve ().

If o is an atomic term then e, (o) = e, (ow) = v, (). Now let our claim hold whenever the complexity of the
term is less than n and a have complexity n.

Suppose that « is o * ag where x € {@, o}. Then e, (a) = e, (a1 * a2) = e((aq * ) B 0) = e((a1 B 0) *
(e ®0)) =e(a1 BO)xe(aa B0) = e, (1) *ep(az) = ve () * Ve(azs) = Ve (@1 * Q2y) = Ve (vr).

Suppose that « is y/a; . Let us consider the following cases:
Case 1. oy is an atomic term. Then its follows from the fact that (\/a7); = /aq.

Ve ().

Hence e, (o) = v, (o) for each o € Term opqy- [

Theorem 8.14 Let T' be a theory and o be a term both in Term /pxry. Then

TEMXY o iff Trerpa.

Proof. We assume that T is consistent. Suppose that T' Iz%;”b abut T t/,7p a. Then, by Theorem 8.11,

T, UTp t/, o Qe By Lemma 8.5 and Theorem 8.6, there exists a complete theory 77 C Term V7 such that T} U

Tp CT, T V/r - @, Ly is atotally ordered PMV ,_-algebra. Thus [o¢] # 1. Consider the natural Term ;-
; 4

valuation v: Term 5 — Lr, ie., s — v(s) = [s]. Then [o¢] = v(ay) # 1. Moreover, by Theorem 8.6,
v(B) = 1foreach 3 € T".

By Proposition 8.13 there exits a valuation e: Term ,prry — Dr,, such that e,(3) = v(5;) for each
B € Term /prgy. One the one hand, for each v € T, e,(y) = v(;) = 1 since 7, € T". Hence ¢,(T) = 1. On
the other hand, e, (a) = v(a;) # 1 which is a contradiction since 7' =519" . Thus T'+27p . For the converse,

cf. Proposition 8.3. O

Now we can establish a compactness theorem for the probabilistic consequence:
Theorem 8.15 Let T be a theory and o be a term both in Termzp. Then:

TENSY o iff 3Ty CT finite such thar Ty =7

Proof. If T =05P « by Theorem 8.14 there exists a proof of a, ar,...a,,a from T. If we consider
Ty ={ay € T:ay € {ou,...a, }} then Ty =529P . The converse is immediate. O

9 Conclusion

In this paper we have developed a logical-algebraic study for the system of quantum computational gates known
as Poincaré irreversible quantum computational system or IP-system for short. The IP-system is interesting not
only due to its relation with the continuous ¢-norms but also because it may be possibly applicable to the study
of error-correcting codes [20] in the context of quantum computation. Several algebraic structures originated in
reducts of the [P-system, as qMV-algebras and /qMV-algebras, were introduced and studied in recent years,
remaining as an open problem that posed in [3] and [5] about the axiomatizability of the [IP-system.

The main results of this paper are the following: (i) We have introduced an algebraic structure, the IP-algebra,
that allows to give a mathematical representation of circuits made from assemblies of quantum gates of the IIP-
system. (ii) We have established a Hilbert-style calculus and a completeness theorem respect to the variety of
IP-algebras, thus providing an answer to the mentioned open problem.
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