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Abstract

We propose a way to unify two approaches of non-cloning in quantum lambda-
calculi: logical and algebraic linearities. The first approach is to forbid dupli-
cating variables, while the second is to consider all lambda-terms as algebraic-
linear functions. We illustrate this idea by defining a quantum extension of
first-order simply-typed lambda-calculus, where the type is linear on superposi-
tion, while allows cloning base vectors. In addition, we provide an interpretation
of the calculus where superposed types are interpreted as vector spaces and non-
superposed types as their basis.

Keywords: quantum computing, lambda-calculus, algebraic linearity, linear
logic, measurement

1. Introduction

Extending A-calculus into a programming language for quantum computing
requires to add, besides the usual abstraction and application symbols, a sum
and a product to build linear combinations of terms, and a tensor-product like
symbol to include datatypes composed of several qubits. Yet, mixing all the
constructs in a naive way leads to a too powerful calculus where non linear, that
is non physical functions, can be defined. For instance, in A-calculus, applying
the term A\x.(x ® x), that expresses a non-linear function for some convenient
definition of ®, to a term w yields the term (Az.(z ® x))u, that reduces to
u® u. But “cloning” this vector u is forbidden in quantum computing. Various
quantum A-calculi address this problem in different ways.
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One way is to forbid the construction of the term Az.(z ® z) using a typing
system inspired from linear logic |3, 4], leading to logic-linear calculi |4, 16, 7, ], 9].
Another is to define the operational semantics in such a way that every A-term
represents a linear function. The term Az.(z ® x), for instance, expresses the
linear function that maps |0) to |0)®|0) and |1) to |1>®|1>E. This leads to restrict
beta-reduction to the case where u is a base vector (in the computational basis)
and to add the linearity rule f(u+v) — (fu+ fv), leading to algebraic-linear
calculi |10, 11, [12, 13, [14].

Each solution has its advantages and drawbacks. For example, let t?7u-v be
the conditional statement on |0) and |1). Interpreting A-terms as algebraic-
linear functions permits to reduce the term (Az.xz?|0):|1))(c.|0) + 5.|1)) to
(a.(Az.2?]0)-|1))]|0)+5.(Ax 27]0)-]1))|1)) then to (a.|1)+S.|0)), instead of reduc-
ing it to the term (a.|0) + 3.|1))7|0)-|1) that would be blocked. This explains
that this linearity rule, that is systematic in the algebraic-linear languages cited
above, is also present for the condition in 5] (the so-called if° operator).

However, interpreting all A-terms as linear functions forbids to extend the
calculus with non-linear operators, such as measurement. For instance, the term
(Az.w2)(]0)+]1)), where 7 represents a measurement in the computational basis,
would reduce to ((Az.7wx)|0) + (Az.7wx) |1)), while it should reduce to |0) with
probability % and to |1) with probability %

In this paper, we propose a way to unify the two approaches, distinguishing
duplicable and non-duplicable data by their type, like in the logic-linear calculi;
and interpreting A-terms as linear functions, like in the algebraic-linear calculi,
when they expect duplicable data. We illustrate this idea with an example of
such a calculus.

In this calculus, a qubit has type B when it is in the computational basis
hence duplicable (a non-linear term in the sense of linear logic), and S(B
when it is a superposition, hence non-duplicable (a linear term in the sense of
linear logic). Hence, we can distinguish a basis term, from a term in the span
of such a basis. We could also state that the term |0) ® (|0) + |1)) has type
B ® S(B). However, giving this type to this term and the type S(B ® B) to
the term (]0) ® |0) + |0) ® |1)) would jeopardize the subject reduction property
as, using the bilinearity of the tensor product, the former should develop to
the latter. This dilemma is not specific to quantum computing as computing is
often a non-reversible process where some information is lost. For instance, if we
express, in its type, that the term (X —1)(X —2) is a product of two polynomials,
developing it to X2 — 3X + 2 does not preserve this type. Therefore, instead
of a bilinear tensor product, we will use n-ary Cartesian products, so the term
[0) x (]0) 4 |1)) has type B x S(B), and to move from this type to S(B x B) we
use an explicit cast. Notice that, if B is a set of vectors and S(A) is the span
of the set A, then S(B x B) is isomorphic to S(B) ® S(B). Hence, the term

!Where |z) is the Dirac notation for vectors, with [0) = (§) € C? and [1) = (9) € C?, so
{|0), 1)} is an orthonormal basis of C2, called here the “computational basis”.
28 for superposition and also for the Span of B.



[0) x (|0) + |1)) has type B x S(B) and it cannot be reduced. But the term
10) x (|0) + |1)), where 1} is used as a mark to allow casting, has type S(B x B)
and can be developed to (|0) x [0) + ]0) x [1)).

This language permits expressing quantum algorithms with a very precise
information about the nature of the data processed by these algorithms.

Outline of the paper. Section 2 introduces some basic notations and concepts of
quantum computing. In Section Bl we introduce the calculus, without product.
In Sectiondwe extend the language with a n-ary Cartesian product for multiple-
qubits systems. In Section Bl we state and prove the Subject Reduction property.
In Section [6] we state and prove the Strong Normalization property. Then, in
Section [[ we provide a straightforward interpretation of the calculus considering
base types as sets of vectors, and types S(:) as vector spaces. In Section [§ we
express two non-trivial example in our calculus: the Deutsch algorithm and
the Teleportation algorithm, demonstrating the expressivity of the proposed
language. Finally, in Section [3 we conclude. There are also two appendices,
[Appendix D] and [Appendix E| which have more details of the examples given
in Section [8

2. Basics notions of quantum computing

This section does not intend to introduce a full description of quantum com-
puting, the interested reader can find actual introductions to this area in many
textbooks, e.g. |15, 16]. This section only intends to introduce some basic nota-
tions and concepts.

In quantum computation, data is expressed by normalised vectors in Hilbert
spaces. For our purpose, this means that the vector spaces are defined over
complex numbers and come with a norm and a notion of orthogonality. The
smallest space usually considered is the space of qubits. This space is the two-
dimensional vector space C?, and it comes with a chosen orthonormal basis
denoted by {|0),]1)}. A qubit (or quantum bit) is a normalised vector «|0) +
B 1), where |a|*+|3]? = 1. To denote an unknown qubit ¢ it is common to write
|1). A two-qubits vector is a normalised vector in C? ® C2, that is, a normalised
vector generated by the orthonormal basis {|00),|01),]10),|11)}, where |zy)
stands for |z) ® |y). In the same way, a n-qubits vector is a normalised vector in
(C2)" (or CN with N = 2™). Also common is the notation (1| for the transposed,
conjugate of [1), e.g. if [¢) = [a1,0,...,a,]T, then (Y| = [aF,a3,..., %]
where for any a € C, o™ denotes its conjugate.

The operators on qubits that are considered in this paper are the quantum
gates, that is, unitary operators. An wunitary operator is an invertible linear
function preserving the norm and the orthogonality of vectors. The adjoint of
a given operator U is denoted by UT, and the unitary condition imposes that
UTU = Id. These functions are linear, and so it is enough to describe their
action on the base vectors. Another way to describe these functions would
be by matrices, and then the adjoint is just its conjugate transpose. A set of



universal quantum gates is the set cnot, Rz and had, which can be defined as
follows:

The cnot gate. The controlled-not is a two-qubits gate which only changes the
second qubit if the first one is |1):

cnot |0x) = |0x)
cnot |1z) = |1) @ not |z)

where not |0) = |1) and not |1) = |0).

The Rz gate. The Rz gate is a single-qubit gate that modifies the phase of
the qubit:

where 7 is the phase shift.

The H gate. The Hadamard gate is a single-qubit gate which produces a 45
degree rotation of the basis:

H|O>:%IO>+%

1 1
510 -5

To make these gates act in higher-dimension qubits, they can be put together
with the bilinear symbol ®. For example, to make the Hadamard gate act only
in the first qubit of a two-qubits register, it can be taken to H ® Id, and to
apply a Hadamard gate to both qubits, just H ® H.

An important restriction, which has to be taken into account if a calculus
pretends to encode quantum computing, is the so called no-cloning theorem |17]:

1)

HI1) =

Theorem 2.1 (No cloning). There is no linear operator such that, given any

qubit |¢) € CN, can clone it. That is, it does not exist any unitary operator U
and fized [y € CN such that U [1¢) = |p¢).

PROOF. Assume there exists such an operator U, so given any |¢) and |¢) one
has U |[¢¢) = |pp) and also U |1¢) = |¢p¢). Then

(U |Uyg) = (pplde) (1)

where (U] is the conjugate transpose of U |¢p). However, notice that the left
side of equation () can be rewritten as

(| UTU [6) = (pv|vo) = (p|o)



While the right side of equation () can be rewritten as

(l)(2ld) = (p|o)?

So (p|¢) = (¢|¢)*, which implies either (p|¢) = 0 or (¢|¢) = 1, none of
which can be assumed in the general case, since |p) and |¢) were picked as
random qubits. (Il

The implication of this theorem in the design choices of a calculus is that it
must be forbidden to allow functions duplicating arbitrary arguments. However,
notice that this does not forbid cloning some specific qubit states. Indeed, for
example the qubits |0) and |1) can be cloned without much effort by using the
cnot gate: cnot|00) = |00) and cnot |10) = |11). In this sense, the imposed
restriction is not a resources-aware restriction ¢ la linear logic [3]. It is a restric-
tion that forbids us from creating a ‘universal cloning machine’, but still allows
us to clone any given known term.

Another operation considered on qubits is the measurement. A projector is
an operator of the form |¢) (¢|. For example, in the canonical base {|0),[1)} of
C2, Py = |0) (0] is a projector and P; = |1) (1] is another projector, with respect
to such a base. Indeed,

Po(al0) +51)) = aky[0) + 5P 1)

a |0) 0[0) + 5 10) (0[1)
= a|0)

Pi(al0) +51)) = aPy[0) + 5Py (1)
= a[1) (1]0) + £ [1) (1[1)

=B11)
With these projectors we can define the measurement operators My and M as
Pl
M; ) = _ kil
(Y] P [4)

For example,

Po(a]0) + B81))
V(@ (0] + B* (1) Po(a [0) + B 1))
a|0)
V(@ (0] + 5 (1[)(« ]0))
) a o)
V1a2{0[0) + B*a(1]0)
«al0) Q

av e anil = |0y

Mo(a[0) + B 1)) =




U:=B|S(T) Qubit types (Q)
A:=T|U=A|S54) Types (T)

Table 1: First grammar of types, without product.

bi=a | Xx¥.t| |0) | 1) Base terms (B)
vi=b| (v+v) | 65(A) | v Values (V)
te=v |tt]| (t+t) | mt| 2t | ot Terms (A)

Table 2: First grammar of terms, without product.

The quantum measurement is defined in terms of sets of measurements op-
erators. For example, in the canonical base {|0),|1)}, the set {My, M1} is a
quantum measurement. When it acts on a qubit |¢), it will apply the operator
M;, with probability (| P; |¢).

3. No cloning, superpositions and measurement

The grammar of types is defined in Table [I] and the grammar of terms in
Table 2] where o € C.

Terms are variables, abstractions, applications, two constants for base qubits
(|0) and |1)), linear combinations of terms (built with addition and product by
a scalar, addition being commutative and associative), a family of constants for
the null vectors, one for each type of the form S(A), (65(,4)), and an if-then-
else construction (?¢-t) deciding on base vectors. We use the notation ¢7r-s for
(?r-s)t, so making ?r-s a function, which applied to a term ¢ produces “if ¢ then
r else s”, when t is a basis term. We also include a symbol 7 for measurement
in the computational basis.

The grammar is split into base terms (non-superposed values), general values,
and general terms. Types are also split into qubit types and general types.

The set of free variables of a term ¢ is defined as usual in the A-calculus and
denoted by FV(t). We use [a.]t as a notation to refer indistinctly to a.t and
to t. We use —t as a shorthand notation for —1.¢, and (¢ — r) as a shorthand
notation for (¢t + (—r)). The term (¢ — t) will have type S(A), and reduce to
65(,4), which is not a base term.

3The scalar ‘%‘ is known as a phase and can be ignored, so only |0) remains.




A<B B=C
A=A A=C

A=<B A=<B
A= S(A) S(S(A)) = 5(4) UV=A<¥=B S(A) =<5(B)

Table 3: First subtyping relation, without product.

S — 45 ——— A — A
x:\IJFa::\IJAX FOS(A):S(A) 0 F|0)y:B 10 F|1):B 1
T'Ht: A go I'Ht: A AFu:A o+ P'_t:S(B)S
Tkat:SA) 7 T,AF({t+u):SA) ! T-nat:B ~F
: . . A A
Lht:A@=s) . Tre:A Thr:d R$£7t 4 o,
'kt:B F'E?r:B= A FEXxVt: 0= A
Fr-t: =4 AFu:\IJ:>E FEt:S(W=A4) Ablu:S(¥) N
D,AFtu: A A Ftu: S(A)

THt: A Nx:By:BFt: A
Nz:BHt: A Dyz:BF (z/y)t: A

Table 4: First type system, without product.

An important property of this calculus is that types S(-) are linear types.
Indeed, those correspond to superpositions, and so no duplication is allowed on
them. Instead, at this tensor-free stage, a type without an S(-) on head posi-
tion is a non-linear type, such as B, which correspond to base terms, i.e. terms
that can be cloned. A non-linear function is allowed to be applied to a linear
argument, for example, Az®.(fxx) can be applied to (% [0) + % [1}), how-
ever, it distributes in the following way: (\z®.(fzx)) (% |0) + \/Li 1)) —
(5. (. (fa)) [0) + 2. (AP (faw)) 1) — (Z5.(£10)10)) + Z5.(F 11)[1))).

Hence, the beta reduction occurs only when the type of the argument is the
same as the type expected by the abstraction. Thus, the rewrite system depends
on types. For this reason, we describe first the type system, and only then the
rewrite system.

A type A will be interpreted as a set of vectors and S(A) as the vector space
generated by the span of such a set (cf. Section [[]). Hence, we naturally have
A C S(A) and S(S(A)) = S(A). Therefore, we also define a subtyping relation
on types (cf. Table B). The type system is given in Table [, where contexts I'
and A have a disjoint support.

Remarks: Rule Ax allows typing variables only with qubit types. Hence, the
system is first-order and only qubits can be passed as arguments (more when
the rewrite system is presented). Rule Axy types the null vector as a non-base




term, because the null vector cannot belong to the base of any vector space.
Rules Axg) and Ax);y type the base qubits with the base type B.

Thanks to rule < the term |0) has type B and also the more general type
S(B). Note that ((|0) +|0)) — |0)) has type S(B) and reduces to |0) which has
the same type S(B). Reducing this term to |0) of type B would not preserve
its type. Moreover, this type would contain information impossible to compute,
because the value |0) is not the result of a measurement, but of an interference.

Rule S¥ states that a term multiplied by a scalar is not a base term. Even if
the scalar is just a phase, we must type the term with an S(-) type, because our
measurement operator will remove any scalars, so having the scalar means that
it has not been measured yet. Rule S’;r is the analog for sums to the previous
rule. Rule Sg is the elimination of the superposition, which is achieved by
measuring (using the 7 operator).

Notice that ?t-r is typed as a non-linear function by rule If, and so, the
if-then-else linearly distributes over superpositions, e.g.

(. |0) + B. 1) ?t-r = (7t-r)(a.|0) + 5. [1))
—" a.(?r)|0) + B.(tr) 1)
= a.|0)?tr + B.|1)7t-r
—* a.r+ Bt

Rule =g is the elimination for superpositions, corresponding to the linear
distribution. Notice that the type of the argument is a superposition of the
argument expected by the abstraction (S(¥) vs. ¥). Also, the abstraction is
allowed to be a superposition. If, for example, we want to apply the sum of
functions (f 4 g) to the base argument |0), we would obtain the superposition
(f10) + g 0)). The typing is as follows:

7AX‘O>
Ff:B=>A Fg:B=A . F|0):B

Ftg) SBoA) L 0y S -

910 5(A) e
which reduces to
FPBoA FO B Ly Boa FOp B 0
- 710y : A o gl0): 4, F
F(f10) +g10)): S(A) !

Similarly, a linear function (- f : B = A) applied to a superposition (|0)+]1))
reduces to a superposition (f |0) + f|1)). The typing is as follows:

7AX|O> 7AX|1>
Ff:B=A = F10): B F|1>:BS+
Ff:SB=A) — F(J0) 4+ |1)) : S(B) 4
=ES

= £(10) + 1)) : S(4)



which reduces to

Cop o AXo) . = Axy
fiB=>A F0):B Y FfiB=A FL):B
Ffl0): A DA L

= (f10) + f[1)) : S(A) !

Finally, Rules W and C' correspond to weakening and contraction on vari-
ables with base types. The rationale is that base terms can be cloned.

The null vectors 65( 4) need to be interpreted as the null vector of the vector
space S(A). Therefore, since the vector space S(S(A)) is the same as S(A), their
null vectors should coincide. Then, we define a function min(A) which gives us
the smallest type in terms of the amounts of S it includes, that generates the
vector space, so the null vector can be taken from such a space.

min(B) =B
min(¥ = A) = ¥ = min(A)
min(S(A)) = min(A)

Therefore, we will identify, through reduction, the term 6S(A) with 6S(min(A)).

The rewrite system is given in Table[5l The relation — ;) is a probabilistic
relation where p is the probability of occurrence. Every rewrite rule has a
probability 1 of occurrence, except for the projection rule (proj). The rewrite
system depends on the typing, in particular an abstraction can either expect a
base term as argument (that is, a non-linear term) or a superposition, which has
to be treated linearly. However, an abstraction expecting a non-linear argument
can be given a superposition (which is linear), and it is typable, only that the
reduction distributes before beta-reduction.

There are two beta rules. Rule (fp) acts only when the argument is a base
term, and the type expected by the abstraction is a base type. Hence, rule (8p)
is “call-by-base” (base terms coincides with values of A-calculus, while values
on this calculus also includes superpositions of base terms and the null vector).
Instead, (/3,) is the usual call-by-name beta rule. They are distinguished by the
type of the argument. Rule (8p) acts on non-linear functions while (3,) is for
linear functions. The test on the type of the argument is due to the type system
that allows an argument with a type not matching with the type expected by
the abstraction (in such a case, one of the linear distribution rules applies).

Since there are two beta reductions, the contextual rule admitting reducing
the argument on an application is valid only when the abstraction expects an
argument of type B. If the argument is typed with a base type, then it reduces
to a term that can be cloned, and we must reduce it first to ensure that we
are cloning a term that can be cloned indeed. For example, a measure over a
superposition (e.g. m(|0)+ |1))) has a base type B, but it cannot be cloned until
it is reduced. Indeed, (Az®.(fxx))(w(]0) + |1))) can reduce either to f |0)|0) or
f£11)]1), but never to f1]0)|1) or f]1)|0), which would be possible only if the
measure happens after the cloning machine. A more physical way to state it



= | If b has type B and b € B, then (Az®.t)b — 1y (b/2)t (By)
IE If u has type S(¥), then (\z%™) )u — ) (u/2)t (Bn)
8 |1>7t7‘ —>(1) (ifl)
T |0>7t7’ —r (Ifo)
g If t has type B = A, then t(u + v) — ) (tu + tv) (lin}F)
E If ¢ has type B = A, then t(a u) — (1) a.tu (lin%)
éﬁ If ¢ has type B = A, then tOS(]B) — (1) OS(mln(A)) (Im?)
'ﬁ £ (t+u)v — () (tv + uv) (linH)
§ (at)u —q) a.tu (linf)
a OS(]B%:>A)t — (1) Os(min(4)) (lin?)
(OS(A) +t) —ayt (neutral)
8 1.t — (1) t (unit)
i If t has type A, then 0.t —y) 65(min(A)) (zeroy)
E a.0s(a)y —(1) Os(min(a)) (zero)
i a.(B.t) —r ) (af).t (prod)
g a.(t+u) —q) (.t + o.u) (adist)
g (.t + B.t) — ) (@ + ).t (fact)
2 (at4+1t) — ) (@4 1)t (fact?)
= (t+1) —q) 2t (fact?)
If A+# min( ) then OS(A) — ) OS(mm(A)) (zeros)
| (t+7r) =ac (r+1t) (comm)
((t+7)+s)=ac t+(r+s)) (assoc)
g m(Llailbi) — ) by (proj)
5 E | where p = ZJO‘ I‘a w3 Vi by = [0) or b; = [1); > @;.b; is a normal term
8 (hence 1 < n < 2); and if an ay is absent, |ag|?> = 1, and 1 < k < n.
_ t—@u —wo t—@u
é ; tv — () uv (AP 0)t — () (A2 .0)u thr-s — ) ulr-s
%ié t —(p) ¥ t —(p) U t —(p) U
S (t+v) —@ (utv) at —p) a.u Tt —(p) TU

All the terms are considered to be closed (i.e. reduction is weak).

Table 5: First rewrite system, without product.

10




is that cloning after measurement is not a problem, since we already know the
state to be cloned: It would be enough to prepare a second system in the same
state.

The group If-then-else contains the tests over the base qubits |0) and |1).

The first three of the linear distribution rules (those marked with subindex
), are the rules that are used when a non-linear abstraction is applied to a
linear argument (that is, when an abstraction expecting a base term is given a
superposition). In these cases the beta reductions cannot be used since the side
conditions on types are not met. Hence, these distributivity rules apply instead.

For example, let us give more details in the reduction sequence on the exam-
ple given at the beginning of this Section.

1 1
) 1 1
*(1) ((AZCB-(f$$))7§'|O> 7§.|1

5 (-0 (f2) 0) + = (0% (fz) 1)

® 1 1
250 (ﬁ ﬁ-f 11)[1))

Notice that in Rule (lin?), the term needs to be reduced to 6S(min(A)). Indeed,

(Aa®.(faz))(

+ (Az: B (fax)) )

£10)10) +

if we just reduce tﬁs(]g) to 65(A), there is a problem of subject reduction: ¢
having type B = A do not implies it has no other type, for example B = B,
and so, reducing to OS(A) would break subject reduction since OS(A) does not
have necesarilly type S(B). On the contrary, we can prove (cf. Lemmas 5.4 and
E.0) that if ¢ has types B = A and B = B, then min(4) < B, and so subject
reduction is preserved.

The remaining rules in this group deal with a superposition of functions. For
example, rule (Iin|+) is the sum of functions: A superposition is a sum, therefore,
if an argument is given to a sum of functions, it needs to be given to each
function in the sum. We use a weak reduction strategy (i.e. reduction occurs
only on closed terms), hence the argument v on this rule is closed, otherwise, it
could not be typed. For example z : S(B),t : B=B,u:B=BF (t+u)z: S(B)
is derivable, but x : S(B),t : B=B,u: B = BF (tz 4+ uz) : S(B) is not.

The vector space axioms rules are the directed axioms of vector spaces [10,
14]. The rule (zeros) ensures that each vector space have only one null vector.
The Modulo AC rules are not proper rewrite rules, but express that we consider
the symbol + to be associative and commutative, and hence our rewrite system
is rewrite modulo AC [18]. As a consequence the parenthesis are not needed
and we may use the notation >, ¢;. (for example, in rule (proj)).

Rule (proj) is the projection over weighted associative pairs, that is, the
projection over a generalization of multisets where the multiplicities are given
by complex numbers. This reduction rule is the only one with a probability
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different from 1, and it is given by the square of the modulus of the WeightsH,
implementing this way the quantum measurement over the computational basis.

Remark, to conclude, that this calculus can represent only pure states, and
not mixed states. For example, let Z be an encoding for the quantum Z gate
(cf. Section [), |+) = %(|O> + 1)), and |—) = \/ii(|0> —11)). The terms (A\z :
SB) (M\yB.y?(Zx)-z) (7 |+)))|+) and (A\x : S(B) 7(x))|+) may be considered
equivalent if taking into account the density matrix representation of mixed
states. Indeed, the first reduces either to |[+) or |—), with probability 1 each,
while the second reduces to [0) or to [1), with probability 1 each. The sets of
pure states {(3,|+)), (3.]-))} and {(3.]0)), (3,]1))} have both density matrix
%, and hence are indistinguishable. However, once the result of the measure is
known, the pure states can be distinguished. A different approach, using density
matrices, can be seen in [19], however such a calculus has a linear type system,
and no algebraic reduction occurs.

4. Multi-qubit systems: Tensor products

One postulate of quantum mechanics determines how to compose several
quantum systems. This way, the Hilbert space of a multi-qubit system is the ten-
sor product between single-qubit Hilbert spaces. If |¢)) € H; and |¢) € Ho rep-
resent the states of two quantum systems, the state of the full system composed
by those two is |) ®|¢) € H1 @Ho. In particular, if we chose bases B and By of
Hi and H, respectively, we can write [¢) =37, 5 o |i) and |¢) = >, 5, B85 |7),
and so |¢) ® |§) = > e, ZjeB2 a;iBj i) ® 17) = Yien, Zjegg a;Bj]ij). The
last equality can be seen as a matter of notation, but also it is clear that
i) ® |7) =~ |i) x |j), and so H1 ® Ha =~ Span(B1 x Bz). Therefore, since we
already introduced a symbol for the span of a type, and basis types, we only
need to introduce an associative Cartesian product to our calculus in order to
recover the tensor product. For example, the term |0) x (\/i5 |0) + % [1))) have
type B x S(B), while (% [0) x |0)+ % [0) x |1)) have type S(B x B). Therefore,
the distributivity of linear combinations over tensor products is not trivially
tracked in the type system, and so an explicit cast between types is also added:
The term |0) X (% |0) + % [1)) does not rewrite to (\% |0) x |0) 4+ % [0) x |1)),
but the term o |0) x (% |0) + \/iﬁ [1)) does, where ¢ casts the type S(B x S(B))
into the type S(B x B).

The grammar of types is given in Table [f] where the Cartesian product
is added to each level. The new level “base qubit types” (B) is needed since
the abstractions with variables in B are the non-linear ones. We will use the
following notation: B” = B x - -- X B (n-times). Hence, B = {B™ | n > 0}. Also,
we may use the notation A x S(B%) = A.

The grammar of terms is given in Table [7

4We speak about weights and not amplitudes, since the vector may not have norm 1. The
projection rule normalizes the vector while reducing.
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B:=B|BxB Base qubit types (B)
U:=B|S(P)|TxT Qubit types (Q)
A=T|T=A|5A) | AxA Types (T)

Table 6: Grammar of types.

bi=x | Ax¥.t]]0)][]1)|bxb Base terms (B)
v::b|(v+v)|6S(A)|a.v|vxv Values (V)
te=v|tt|({t+1)| mt|tt] et Terms (A)

|t xt| head t | tailt [t |fte t

Table 7: Grammar of terms.

Each level in the term grammar (base terms, values and general terms) is
extended with the tensor of the terms in such a level. The primitives head and
tail are added to the general terms. The projector 7 is generalized to m;, where
the subindex j stands for the number of qubits to be measured, which are those
in the first j positions. Notice that it is always possible to do a swap between
qubits and so place the qubits to be measured at the beginning. For instance,
ArB*B tail x x head z. Finally, an explicit type cast of a term ¢ (f, t and f}¢ t)
is included in the general terms. We may use just {} to refer to any of 1, or {.
As the product is associative, we also may use the notation []}_, ¢; and [T}, A4;
for associative Cartesian products.

The subtyping relation is also updated to include Cartesian products, and
it is given in Table Bl

A=B B=xC
A=< A A<C
A=<B
A=XSA)  S(SA)=x84) V=A<V =18
A=XB A=<B A=<B

S(A) = S(B) AxC=<BxC CxA<CxB

Table 8: Subtyping relation.

The updated type system, given in Table [0 includes all the typing rules
given in the previous section, plus the rules for tensor, for cast, and an updated
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i) Ax)0)

_ — _— - A
x:\IJFa::\IJAX F0ga) : S(A) F10):B Fl1): B 1
PhEt:A  go DHt:A Abu:d o L-t:S(B") S
THat:S(A) ' T,AF(t4u):SA) "7 Trkaxt:B x SB*)
I‘Ft:A(AjB)j TH¢:A FFT:AIf Fez:VEHt: A =)
I'+¢:B 'E2r:B= A

FEXa¥t: U= A
THt: U= A AFU:\I/:>E PEt: ST =A4) Aklu:S(P)
INAFtu: A A Ftu: S(A)
ThE+:A Dzx:B"y:B"Ft: A

Fx:B*"Ht: A D,x:B"F (z/y)t: A
I'tt:A AFr:B
I''Artxr:Ax B
PheB o _TEEE
't head t: B T+ tail t : B!
'Ht:S(S(A) x B) 'Ht: S(Ax S(B))
D t:S(AxB) " THet:S(AxB)

= ES

X7

XEL (n>1)

4

Table 9: Type system.

rule Sg.

Rules Ax, Axg, Ax|py, Axppy, =, ST, SI, If, =;, =g and =gg remain
unchanged. Rule Sg types the generalized projection: we force the term to be
measured to be typed with a type of the form S(B™), and then, after measuring
the first j qubits, the new type becomes B’ x S(B"~7), that is, we remove the
superposition mark S(-) from the first j types in the tensor product. Rules W
and C' are updated only to act on types B" instead of just B.

Rules xj, xg, and x g, are the standard introduction and eliminations for
lists, however, the elimination is only allowed on terms with type B™ (basis
qubits). Rules {}, and f}y type the castings. We only need to allow to cast
a superposed type into a superposed tensor product, thanks to the subtyping
relation. Indeed, for example, to cast t X (r + s) from type A x S(B) to type
S(A x B), we can use the subtyping first to assign the type S(A4 x S(B)) to

X (r+s).

To update the rewrite system, we need to update the function min to include

products, as follows.

min(B) =B
min(¥ = A) = ¥ = min(A4)
min(A x B) = min(A) x min(B)
min(S(A4)) = min(A)

The updated rewrite system is given in Table It includes all the rules
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from Table [H plus the rules for lists: (head) and (tail) and the typing casts rules,
which normalize superpositions to sums of base terms, while update the types.

The rule (proj) has been updated to account for multiple qubits systems. It
normalizes (as in norm 1) the scalars on the obtained term. The call-by-base
beta rule (fy), and the contextual rule admitting reducing the argument on an
application for the call-by-base abstraction are updated to allow for abstractions
expecting arguments of type B™ instead of just B (that is, any base qubit type).

The first six rules in the group typing casts—(dist;}"), (dist®), and (dist?),
and their analogous (dist;"), (dist®), and (dist?)—deal with the distributivity of
sums, scalar product and null vector respectively. If we ignore the type cast {}
on each rule, these rules are just distributivity rules. For example, rule (dist;")
acts on the term (r 4+ s) x u, distributing the sum with respect to the tensor
product, producing (r x u + s x u) (distribution to the right). However, the
term (r + s) x u may have type S(A4) x B, S(A) x S(B) or S(A x B), while,
among those, the term (r x w 4+ s X u) can only have type S(A x B). Hence,
we cannot reduce the first term to the second without losing subject reduction.
Instead, we need to cast the term explicitly to the valid type in order to reduce.

The next two rules, (distTT) and (distfy), distribute the cast over sums and
scalars. For example - ((a.]1)) x [0) + (5.]0)) x |1)) reduces by rule (distTT) to
(fr (. |1)) x |0) + 1 (5.]0)) x |1)), and hence, the distributivity rule can act.
The last two rules in the group, (neut!) and (neuty), remove the cast when it is
not needed anymore. For example

T (@.B.10)) x 1) <50y . iy (8.10)) x [1)
(dist®

“Fay @B e 0) x [1)
(neutjr)
—)(1) Oz.ﬂ. |0> X |1>

The measurement rule (proj) is updated to measure the first j qubits. Hence,
a n-qubits in normal form (that is, a sum of products of qubits with or without
a scalar in front), for example, the term

2.(10) > [1) x 1)) 4 10) x [1) x [0) + 3.(|1) x [1) x [1))

can be measured and will produce a n-qubits where the first j qubits are the
same and the remaining are untouched, with its scalars changed to have norm
1. In this 3-qubits example, measuring the first two can produce either

|0) > [1) x ( )+

2 1
=+ =10
1) x |1) x (1.]1))

2 2
The probability of producing the first is (|2‘2+m2+|3‘2) + (|2\2+IH2+|3\2) = %
2

the probability of producing the second is W = %.
Remark, to conclude, that since the calculus presented in this paper is call-by-

base for the functions expecting a non-linear argument, it avoids a well-known

and
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s | If b has type B" and b € B, (Az®" .£)b — 1) (b/z)t (Bb)
& If u has type S(¥), A2 H)u — ) (u/2)t (Bn)
- [1)7t-r —r ¢ (if1)
a [0Y?t-r — T (ifo)
g If ¢t has type B" = A, t(u +v) — ) (tu+ tv) (lin5)
E If ¢ has type B” = A, f(oz u) —ry a.tu (lin%)
".% If t has type B" = A tOS(Bn) ‘>(1) OS(mm(A)) (|In9)
s (t+u)v — ) (tv +uw) (lin}")
P (t)u — 1) c.tu (linf)
A OS(]B At —r OS(mm(A)) (lin?)
(OS(A) +t) —ayt (neutral)
1.t — (1) t (unit)
% If ¢ has type 4, 0.t — (1) qs(min(A)) (zeroa)
E a.0s4) —(1) O5(min(a)) (zero)
0(.8) —q1) (aB) (prod)
& a.(t+u) — ) (@t + a.u) (adist)
2 (at+Bt) —qy (a+B).t (fact)
< (t+1t) — ) (@ + 1)t (fact?)
(t+1) —q 2t (fact?)
If A # min(A), then OS(A) —>(1 OS(mln (zeros)
| (t+7) =ac (r+1t) (comm)
(t+7r)+s) =ac (t+ (r+s)) (assoc)
2 If h#uxwvand h € B, head h xt —qy h (head)
3 If h#uxwvandheB, tail h xt —q)t (tail)
fir (r4s) xu —q) (e 7 X u+1fpsxu)  (dist])
freu X (r+8) —>ay (feu X r+feuxs) (dist;")
. fir (@r) X u —>qy @ fir 7 X u (dist®)
% freux (ar) —qy o fruxr (distf)
'téﬂ If u has type B, 1 OS(A) XU —>(1) OS(mln(A)(B)) (diSt?)
S If w has type A, f¢ u X OS(B) — (1) OS(mln(AxB)) (diStP)
ftt+u) —a (Mt+fu) (dist?{)
T (a.t) —r 1) @ ft (diSt%)
fueB, fruxv—aqyuxv (neut!n)
IfveB, flruxv —quxw (neut?)
n m J m
.é ﬂ'j(i;l[ai-] l:[ bhi) — () (r_[ buk) X i;” \/ﬁ _l;[Hbm (proj)
o 2
& where k < n; P C NS"st.Vi € P,Vh < j, b; —bhk,p—léﬁ,w b; = |0)
or b; =|1); ([ ] T | bp; is a normal term; and if an oy is absent, |oy|? = 1.
g | Ift—p u, then
E ty —py uv (AzB" )t — () AP v)u (t+v) — ) (u+v)
g at —p) au Tt —>(p) TU tLXv—@p uxv
§ UXT =) VXU et —pfhr u et —>phheu
é head t — ;) head u tail t — () tail u 1278 —(p) ulrs

All the terms are considered to be closed (i.e. reduction is weak).

Table 10: Rewrite system.
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problem in others A-calculi with a linear logic type system including modalities.
To illustrate this problem, consider the following typing judgment:

y:SB)F (\®.x x 2)(ry) : S(B) x S(B)

If we allow to B-reduce this term, we would obtain (7y) X (my) which is not
typable in the context y : S(B). A standard solution to this problem is illus-
trated in |20], where the terms that can be cloned are distinguished by a mark,
and used in a let construction, while non-clonable terms are used in A abstrac-
tions. Since this term will not beta reduce in our calculus, but project first, the
problem is not present neither in our case.

5. Subject reduction

Thanks to the explicit casts, the resulting system has the Subject Reduction
property (Theorem [£.12)), that is, the typing is preserved by weak-reduction
(i.e. reduction on closed terms). The proof of this theorem is not trivial, specially
due to the complexity of the system itself.

The two main lemmas in the proof, the generation lemma (Lemma [57) and
the substitution lemma (Lemma [BE.IT]), are stated below, together with a few
paradigmatic cases of the proof.

We denote by |T'| to the multiset of types in I'. For example,

|z :B,y:B,z: SB) ={B,B,SB)}
Lemma 5.1. If A <XB", then A=DB"
Proor. By rule inspection.
Lemma 5.2. If S(A) = B, then there exists C' such that B = S(C)
ProOF. Straightforward induction on the definition of <.

Lemma 5.3. If S"(AxB) <X C, then there exist m, D, E such that C = S™(Dx
E) with A<D and B<E.

PROOF. By induction on the derivation of S™(A x B) < C.
Lemma 5.4. For any type A, we have min(A) < A.
PRrROOF. By cases over A.

Lemma 5.5. If A < B, then min(A) = min(B).

PrOOF. By induction on the derivation of A < B.

Lemma 5.6. IfT'Ft¢: A and T'F ¢ : B, then min(A) = min(B).
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PROOF. Let m be the derivation tree of ' - ¢ : A and 7’ the derivation tree of
I' -t : B, we proceed by induction on |r| + |7’|, where | - | is the size of the
derivation tree.

We only give three case.

If t = (r + s) and both derivations end with rule S;, then A = S(4’),
B=SB),I1kr: A, Tobs: A, T1kr:B,and ok s: B where I'
is defined only on FV(r) and I's on FV(s). By the induction hypothesis,
min(A’) = min(B’), hence, min(A4) = min(B).

If t = rs, m ends with =g and 7’ with =gg, then I'y - r : ¥ = A,
Iobs: U, I Er:S(W = A, and 'y - s: S(U'), with B = S(4"). By
the induction hypothesis, ¥ = min(A4) = ¥’ = min(4’), hence min(A4) =
min(A’) = min(B).

If 7 ends with rule <, then I' - ¢ : A’ with A’ < A. By the induction
hypothesis, we have min(A’) = min(B), and by Lemma [E5 min(A4’) =
min(A). Hence, min(A) = min(B). O

Lemma 5.7 (Generation lemmas).

IfThx: A, thenz: U el, T|\{V}CB, and ¥ < A.

IfT'+0Og(py : A, then S(B) < A and || C B.

IfTH|0): A, thenB < A and |T'| C B.

IfTH|1): A, then B <X A and |T'| C B.

IfTFat: A, thenT'Ft: B, withT' CT, [T\I'| C B and S(B) < A.

IfTF(t4u): A thenTy Ft:Band Ty F u: B, with S(B) < A and
[UL, CT, [T\ (T UTY)| C B.

IFT b omt: A then T/ -t : S(B"), with T/ C T, T\ T'| C B and
B x S(B"7) < A.

IfTE?%r: A thenTHt: B, Tkr:B, withB= B=<A and |T'| C B.
Moreover, the derivation trees of ' -t : B and I' = r : B are strictly
smaller than the derivation tree of I' - 7t-r : A.

IfTF XYt : A thenT" 2 : U t:B, withl/ CT, V= B <A and
[T\ T| C B. Moreover, the derivation tree of T, x : Ukt : B is strictly
smaller than the derivation tree of T = Ax¥.t : A.

IfT'F tu: A, then one of the following possibilities happens:

— I Ht: UV =BandTotu: V¥, with B=< A, or
-1 Ft:S(P=B)and Ty - u:S(V), with S(B) < A.

In both cases, T1 UTy CT and [T\ |T; UTy| C B.
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e [fTHFtxwu: A thenTh Ft:BandToF u: C, withl; Uy CT,
T\ (T1Ul)| €B and B x C < A.

o [fT'Fheadt: A, thenT'F¢:B", withI" CT, T'\T'|C B and B < A.
o [fT+tailt: A, then T/t :B", withT' CT, |T\T'|C B and B"~! < A.

o IfTFyt: A, then T F¢:S(S(B)xC), withTVCT, |T'\I'| C B and
S(BxC)=A.

o IfTFfyt: A, thenTV Ft:S(BxS((C)), withTCT, |T'\I'| C B and
S(BxC)=A.

PrOOF. First notice that if I' - ¢ : A is derivable, then A F ¢ : B is derivable,
with I' € A and |A\T'| C B (because of rule W) and A < B, (because of rule <).
Notice also that those are the only typing rules changing the sequent without
changing the term on the sequent. Rules =g and =pgg and are straightfor-
ward to check. All the other rules are syntax directed: one rule for each term.
Therefore, the lemma is proven by a straightforward rule by rule analysis.
With an analogous reasoning, the condition on the derivation trees stated in
cases ' 7t-r: A and I' - \z¥.t : A are also straightforward. O

Corollary 5.8 (Simplification).

1. IfE(t4wu): A, thentt: A andt u: A.
2. If - (t+u): A, then A= S(B).

3. IfFat: A, thentt: A.

4. IfF at: A, thent B.t: A.

5. IfFat: A, then A= S(B).

Proor. Cf. O
Corollary 5.9. Ifbe B andFb: S(A), thentb: A.
PROOF. By cases analysis on b. Cf. O

Lemma 5.10. IfT'Ft: A and FV(t) =0, then |T| C B.

PrOOF. If FV(t) = () then ¢ : A. If T # (), the only way to derive T' ¢ : A is
by using rule W to form T', hence |T'| C B. O

Lemma 5.11 (Substitution lemma). Let FV(u) = 0, then if T,z : ¥ I ¢ :
A, AFu: U, where if ¥ =B" then u € B, we have ', A+ (u/x)t : A.

PRrROOF. Notice that due to Lemma 510, |A| C B, hence, it suffices to consider
A = . By structural induction on ¢. Cf. O

Since the strategy is weak, subject reduction is proven for closed terms.

Theorem 5.12 (Subject reduction on closed terms). For any closed terms
t and u and type A, ift — @y uw and =t : A, then Fu: A.

PROOF. By induction on the rewrite relation. Cf. O
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6. Strong normalization

In this section we adapt Tait’s proof of strong normalization of the simply
typed lambda calculus to show the same property in our calculus.

Let [t| be the size of the longest reduction sequence started in ¢ and SN =
{t | |t| < oo}. Also, let t of type A, then Red(t) = {r : A |t —,) r}. Notice
that Theorem proves the Subject Reduction only for closed terms that is
why the definition of Red(¢) requires a condition on types.

Definition 6.1. We define the following measure ||¢|| on terms:

=l =0 [[tul| = GlI]] +2)(3][ul[ +2)
105l = 0 [t ull = {[t]] + [ull

IHO)[| = 0 ||head | = [¢]| + 1

HO | =0 [tail t|| = [|¢]| +1
Azt =[]l [lmitl] = |J¢]]
@&+ = (Il + [r]] + 2 7Er|l =[] + [|7]]

laet]] = 2|[¢][ +1 el = Il

Lemma 6.2. If t — ) 7 by any of the rules in the groups linear distribu-
tion, vector space axioms or lists, or their contextual closure, then ||r|| > ||t|].
Moreover, ||r|| = ||t|| if and only if the rule is (zeros).

PROOF. By induction and rule by rule analysis. Cf. O

Lemma 6.3. If for every i € {1,...,n} we have r; € SN, then Y. [a.]r; €
SN.

PROOF. By induction on the lexicographic order of ("7, |7, || >oiy [a]ri]])-
]

i

Lemma 6.4. Ift € SN, then m;t € SN.

PROOF. By induction on |¢|. Cf. O

From now on, Z?:l t; = 65( 4) where A can be determined by the context.

As usual, we associate to each type A a set of strongly normalising terms
(A). However, since reduction depends on types, these sets must be sets of
typed terms, otherwise we would need to consider ill-typed reductions, which
would make the proof more complex.

Definition 6.5. For each type A we define a set of strongly normalising terms
as follows:

) ={t:S(B)[tecSN}
(Ax B) ={t:5(S(A) x S(B)) | t € SN}
(O =A)={t:S(T=A4)|Vre(P),tre (A}
) ={t:S(A) |t €SN}
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We define a set of neutral terms (Definition [6.6]), in order to prove that for
every type, its interpretation have the so-called CR3 property (Lemma [BG.7),
that is, the closure by anti-reduction of neutral terms. Such a property will be
useful to prove the adequacy lemma (Lemma [6.9]).

Definition 6.6. The set of neutral terms (N) is defined by the following gram-
mar:
n:=tt | head t | tail t

where t is any term produced by the grammar from Table [7
Lemma 6.7. For all A, the following properties hold:
(CR1) Ift e (A), then t € SN.

(CR2) Ift e (A), then Red(t) C (A).

(CR3) Ift € N, t has the same type as all the terms in (A)), and Red(t) C (A)
then t € (A).

(HAB) For all x4, x € (A).

(LIN1) Ift e (A) and r € (A4), then t +r € (A).

(LIN2) Ift e (A) then a.t € (A).

(NULL) 0s(4) € (4)

PROOF. By induction over A. Cf. O
Lemma 6.8. If A < B then (A) C (B).

PROOF. By induction on the relation <. Cf. O

Let 6 be a substitution of variables by terms. We write 6 F I if for every
z:AeTl, 0(z) € (A).

Lemma 6.9 (Adequacy). IfT'F¢: A and 0 ET then 6(t) € (A).
PROOF. By induction in the derivation of I' - ¢ : A. Cf. O
Theorem 6.10 (Strong normalization). If 't : A then t € SN.

PROOF. By Lemma [69 if # F T', then 6(t) € (4). By Lemma [67 (CR1),
(A) € SN. Finally, by Lemma [6.71 (HAB), Id F T, hence ¢ € SN. O
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7. Interpretation

We consider vector spaces equipped with a canonical base, and subsets of
such spaces.

Let E and F be two vector spaces with canonical bases B = {b; | i € I}
and C = {¢ | j € J}. The tensor product E ® F of E and F is the vector
space of canonical base {b; x ¢jlielandje J}, where b; X C; is the ordered
pair formed with the vector l;z and the vector ¢;. The operation ® is extended
to the vectors of E and F' by making pairs bilinear: ()", ;b)) ® (22 85.¢) =
> @By (bi X Gj).

Let F and F be two vector spaces equipped with bases B and C, and .S and
T be two subsets of E and F respectively, we define the set S x T', subset of the
vector space F ® F, as follows: S x T = {id x ¢ |t € S,0 € T}. Remark that
E x F differs from E ® F. For instance, if E and F are C? equipped with the
base {7, }, then E x F contains 7 x 7 and j x j but not i x i + j x j, that is
not a Cartesian product of two vectors of C2. Let E be a vector space equipped
with a base B, and S a subset of E. We write S(S) for the vector space over
C generated by the span of S, that is, containing all the linear combinations of
elements of S. Hence, if E and F' are two vector spaces of bases B and C' then
E®@F=8B)®S(C)=8(BxC).

Let S and T be two sets. We write S — T for the vector space of formal
linear combination of functions from S to T. The set S = T the set of the
functions from S to T is a subset—and even a basis—of this vector space. Note
that if S and T are two sets , then S - T =8(S = T).

To each type we associate the subset of some vector space

B] = {({),(9)},a subset of C?
[V = A] = [¥] = [4]
[A x B] = [A] x [B]
[S(A)] = S[A]
Remark that [S(B x B)] = S([B] x [B]) ~ [B] ® [B] = C* ® C* = C*.
IfT = : Vy,...,2, : ¥, is a context, then a I'-valuation is a function
mapping each z; to [¥;].
We now would associate to each term ¢ of type A an element [¢] of [A]. But
as our calculus is probabilistic, due to the presence of a measurement operator,
we must associate to each term a set of elements of [A].

Let t be a term of type A in I and ¢ a I'-valuation. We define the interpre-
tation of ¢, [t], as follows.

[z]y = ¢=
¥ tly = {f | Ya € [¥], fa € [t]4mpup}
[I0)le = {(5)}
[I10e ={(1)}
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[t x uls = [ty x [uls
[t+uw)]e={a+b]|ac[t]p and be Juls}
[at]y ={aa]act]s}
[[65(3)]]¢ = {0}, the null vector of the vector space [S(B)]
{%:Iai.gi(a) | %:Iozi.gi € [tlg,a € [[uﬂ¢}IfF Ft: 0= A
[tul, = {% ;}ai-ﬂj-gi(cj) | ;ai-gi € [t]s, ;}ﬂj-cj € [[U]]¢}
TS0 = A)

i€EP h=j+1

[[w]t]]¢—{H bk X Y m I1 wi | Vi € PR, bpi=bi}

where [t]y = {Z H bpi} with b = () or ()

1=1 h=1

[[?t-r]}¢—{f|V@€[[Bﬂ’fa_{ %f“]]]ﬁ ﬁzzg%g }

[head t] = {a1 | Hai € [tls,a1 € [B]}

[[tail t]]¢ = {H a; | Hai S [[tﬂ¢,a1 S [[B]]}

i=2 i=1
[t tle = s
Lemma 7.1. If A < B, then [A] C [B].
PROOF. By induction on the relation <. Cf. O

Lemma 7.2. IfT'Ft: Aand ¢,z — S,y — S is aT-valuation, then [t]4 zssyss =
[(z/y)tlg,arss-

PRroor. By induction on t. Cf. O
Theorem 7.3. IfT'Ft¢: A, and ¢ is a T-valuation. Then [t]4 C [A].
PROOF. By induction on the typing derivation. Cf. O

Theorem 7.4. IfT'-t: A, ¢ is a'-valuation, andt — .y ri, with ), p; =1,
then [ty = U;[rils-

Proor. We proceed by induction on the rewrite relation.

(Bp) and (3,) Let - (Ax¥.t)u: A, with - u : ¥, where, if ¥ = B", then u € B.
Then by Lemma [5.7] one of the following possibilities happens:
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L.FXxYt: ¥ = Band Fu: ¥, with B < A. Thus, [(AzY.t)u], =

{f(a) | a € [u]s} € [tlp.ars oy
2. F AVt . S(V = B) and F u : S(¥), with S(B) < A. Thus,

[ tyuly = {35 85-F(e) | Xjes Bi-ci € [ulo} C [tlg wmspa-
In any case, by Lemma [T2] [t]y »spoy = [(u/x)t]s.

Other cases All the remaining cases are straightforward by the algebraic na-
ture of the interpretation. ([

8. Examples

In this section we show that our language is expressive enough to express the
Deutsch algorithm (Section B1)) and the Teleportation algorithm. (Section [B2).

8.1. Deutsch algorithm

The Deutsch algorithm tests whether the binary function f implemented
by the oracle U is constant (f(0) = f(1)) or balanced (f(0) # f(1)). The
algorithm is as follows: it starts with a qubit in state |0) and another in state |1),
and applies Hadamard gates to both. Then it applies the Uy operator, followed
by a Hadamard and a measurement to the first qubit. When the function is
constant, the first qubit ends in |0), when it is balanced, it ends in |1).

The Hadamard gate (H) produces %(|O> + |1)) when applied to |0) and

%(|0> — |1)) when applied to |1). Hence, it can be implemented with the
if-then-else construction: H = )\xB.%.UO) + (2?(—|1))-]1))). Notice that the
abstracted variable has a base type (i.e. non-linear). Hence, if H is applied to a
superposition, say (a.|0) + 8. |1)), it reduces, as expected, in the following way:

H(n [0) + B.11)) <%y (Ha 0) + HB.[1)) 55 (a.H [0) + BHL))

and then is applied to the base terms. We define H; as the function taking a two-
qubits system and applying H to the first. H; = AzB*E.((H (head x)) x (tail z)).
Similarly, Hpotn applies H to both qubits.

Hpoth = A2 B.((H (head x)) x (H (tail z)))

The gate Uy is called oracle, and it is defined by Uy |zy) = |z,y @ f(z)) where
@ is the addition modulo 2. In order to implement it, we need the not gate,
which can be implemented similarly to the Hadamard gate:

not = Az®.(2?]0)-]1))
Then, the U; gate is implemented by:
Uy = A\2®*® ((head x) x ((tail 2)?(not (f (head x)))-(f (head z))))

where f is a given term of type B = B.
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Figure 1: Teleportation circuit

Finally, the Deutsch algorithm combines all the previous definitions:

Deutschy = m1 (ft, Hi (Up freftr Hiomn (10) X [1))))

The casts after the Hadamards are needed to fully develop the qubits and
then be able to use it as an argument of a non-linear abstraction (i.e. an ab-
straction expecting for base terms and so linear-distributing over superpositions).
The Deutsch; term is typed, as expected, by - Deutschy : B x S(B).

This term, on the identity function, reduces as follows:

. 1 1 1 1
Deutschig — ;) m1(—=.[1) x [0)——=.[1) x [1)) =51y [1)x(—=.|0)——=.
V2 V2 V2 V2

The trace on this reduction and the type derivation are given in[Appendix D]

1)

8.2. Teleportation algorithm

The circuit for this algorithm is given in Figure [1I
The cnot gate, which applies not to the second qubit only when the first
qubit is |1}, can be implemented with an if-then-else construction as follows:

cnot = \z®*® ((head z) x ((head x)?(not (tail x))-(tail x)))
We define H$ to apply H to the first qubit of a three-qubit system.
H3 = Ae®*BXB ((H (head x)) x (tail x))

Remark that the only difference with H; is the type of the abstracted variable.
In addition, we need to apply cnot to the two first qubits, so we define cnot?,
as
cnotd, = Ar®*B*B ((cnot (head = x (head tail x))) x (tail tail )

The Z gate returns |0) when it receives |0), and —|1) when it receives |1).
Hence, it can be implemented by:

Z =z (27(=[1))]0))

The Bob side of the algorithm will apply Z and/or not according to the bits
it receives from Alice. Hence, for any - U : B = S(B) or - U : B = B, we define
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U® to be the function which depending on the value of a base qubit b applies
the U gate or not:
U® = (\z® AyB.(z?Uy-y)) b

Alice and Bob parts of the algorithm are defined separately:
Alice = Az : S(B) x S(B x B)(ma(f}, H} (cnotdy fieftr 7))

Notice that before passing to cnot}, the parameter of type S(B) x S(B x B),
we need to fully develop the term using the two casts, and again, after the
Hadamard gate. Bob side is implemented by

Bob = \z®*BxE (Z(head @) (notlhead tail ) (4] tajl x)))

The teleportation is applied to an arbitrary qubit and to the following Bell
state

10} % J0) + —=. [1) x 1))

Boo = (— 7

V2

and it is defined by:
Teleportation = A\¢°®.(Bob(fy, Alice (¢ x £00)))

This term is typed, as expected, by: F Teleportation : S(B) = S(B) and
applying the teleportation to any superposition (a.|0) + S.]1)) will reduce, as
expected, to (a.]0)4 8. ]1)). The trace on this reduction and the type derivation
are given in

9. Conclusion

In this paper we have proposed a way to unify logic-linear and algebraic-
linear quantum A-calculi, by interpreting A-terms as linear functions when they
expect duplicable data and as non-linear ones when they do not, and illustrated
this idea with the definition of a calculus.

This calculus is first-order in the sense that variables do not have functional
types. In a higher-order version we should expect abstractions to be clonable.
But, allowing cloning abstractions allows cloning superpositions, by hiding them
inside. For example, )\xB:”B.(%. |0) + \/iﬁ [1)). It has been argued |10, |13]
that what is cloned is not the superposition but a function that creates the
superposition, because we had no way there to create such an abstraction from
an arbitrary superposition. The situation is different in the calculus presented
in this paper as the term Az°® \y®.x precisely takes any term t of type S(B)
and returns the term Ay®.t. So, a cloning machine could be constructed by
encapsulating any superposition ¢ under a lambda, which transform it into a
basis term, so a clonable term. Extending this calculus to the higher-order will
require characterizing precisely the abstractions that can be taken as arguments,
not allowing to duplicate functions creating superpositions.
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Appendix A. Detailed proofs of Section [Bl (Subject reduction)

Corollary [5.8| (Simplification).

1. IfF(t+wu): A thentt: Aandbu: A
If- (t +u): A, then A= S(B).
IfFat: A, thent1t: A.

IfFat: A, thent B.t: A.

Ift- .t : A, then A= S(B).

CUk LN

PROOF.

1. By Lemma 57 + ¢ : B and - u : B, with B < S(B) < A, then, we
conclude by rule <.

2. By Lemma5E7 F¢: C and F w : C, with C < S(C) < A, but then, by

Lemma 5.2l A = S(B) for some type B.

By Lemma 57 ¢ : B, with S(B) <X A, then, we conclude by rule <.

4. By Lemma 57 - ¢ : B, with S(B) =< A, then we conclude by rules S¢
and <.

5. By LemmalB51 - ¢ : C with S(C) < A, but then, by Lemma.2] A = S(B)
for some type B. O

@

Corollary Ifbe B andtkb:S(A), then-b: A.
Proor. We proceed by cases on b.

e Let b = \z¥.t. Then, by Lemma57 z : ¥ ¢ : B, with ¥ = B < S(A),
and so ¥ = B < A, and we conclude by rule <.

e Let b = |0). Then, by Lemma 57 B < S(A), hence B < A and we
conclude by rule <.

e Let b= |1). Analogous to previous case.

e Let b= by X by. Then, by Lemma .7 F by : By, - by : By, and By x By <
S(A). Hence, B; x By = A and we conclude by rule <. O

Lemma [5.17] (Substitution lemma). Let FV(u) =0, then if T,z : U F ¢ :
A, At w: U, where if U =B" then u € B, we have T, A F (u/x)t : A.

PROOF. Notice that due to Lemma 510, |A| C B, hence, it suffices to consider
A = (). We proceed by structural induction on .
The set of terms be divided in the following groups:

unclassified := 2 | Az¥ .t

arity” := Gg(a) | 0) | [1)
arity’ (r) := mjr | a.r | head r | tail v |f\, ¢ [ t

arity?(r)(s) :=rs | (r+s) |rxs| ?rs

Hence, we can consider the terms by groups:
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unclassified terms

t =x. By Lemma 57 |T'| € B and ¥ < A. Since (u/z)z = u, we have
F (u/x)x : U. Hence, since ¥ < A, by rule <, F (u/z)x : A. Finally,
since |I'| C B, by rule W, we have I' - (u/z)x : A.

t=y#z. By LemmaE1 y: ¢ €T, (IT|U{¥})\{¥'} CBand ¥ < A
Hence, by rule =<, y: ¥ F y : A. Since |T'| C B, by rule W, we have
'k y: A. Finally, since (u/x)y =y, we have I' F (u/z)y : A.

t= )\y‘l’/.v. Without loss of generality, assume y is does not appear free
in . By Lemma5E7 T,y : ¥+ v : B, with IV C TU{z : U},
¥’ = B < Aand (T|U{¥})\ || € B. By the induction hypothesis,
Iy : 9 F (u/x)v: B, with TV = T"\ {x : U}. Notice that if
x : ¥ € I' the induction hypothesis applies directly, in other case,
¥ € B and so by rule W the context can be enlarged to include
x : ¥, hence the induction hypothesis applies in any case. Therefore,
by rule =7, T + \y¥ .(u/z)v : ¥ = B. Since ¥ = B < A,
by rule <, T + AyY .(u/x)v : A. Hence, since ||\ [T”| C B, by
rule W, I' - /\y‘l’/.(u/:c)v : A. Since y does not appear free in u,
MY (u/x)o = (u/x)(AyY .v). Therefore, T'F (u/z)(My¥ v) : A.

arity’ terms All of these terms are typed by an axiom with a type B which, by
Lemmal57 B < A. Also, by the same Lemma, |T',z : ¥| C B. So, we can
type with the axiom, and empty context, F arity’ : B, and so, by rule W,
I' F arity’ : B. Notice that arity’ = (u/z)arity’. We conclude by rule <.

arity’ () terms By Lemma 5.7, I + r : B, such that by a derivation tree T,
I’ I arity’ (r) : C, where TV C (TU{z : ¥}), (IT|UP)\|I'| C B and C < A.
If 2: U ¢TI then ¥ = B and so we can extend IV with = : U. Hence, in
any case, by the induction hypothesis, I' \ {z : ¥} F (u/x)r : C. Then,
using the derivation tree T', TV \ {z : W} F arity'((u/x)r) : C. Notice that
arity’ ((u/z)r) = (u/x)arity’ (r). We conclude by rules W and <.

arity?(r)(s) terms By Lemma 5l Ty F 7 : C and Ty - s : D, such that by a
typing rule R, 'y, Ty F arity®(r)(s) : E, with E < A, and where (T';UT'y) C
(TU{z: ¥}) and (T|U D)\ (IT1| U |T2]) € B. Therefore, if z : ¥ ¢ T;,
i = 1,2, we can extend I'; with x : U using rule W. Hence, by the induction
hypothesis, T \ {z : U} F (u/z)r : C and Ty \ {z : ¥} F (u/x)s : D. So,
by rule R, Ty \ {z : ¥}, T9\ {2 : ¥} F arity?((u/z)r)((u/z)s) : E. Notice
that arity?((u/z)r)((u/x)s) = (u/z)arity*(r)(s). We conclude by rules W
and =. 0

Theorem [5.12] (Subject reduction on closed terms). For any closed
terms t and u and type A, if t — ) u and Ft: A, then - u : A.

PrOOF. We proceed by induction on the rewrite relation.
(Bb) and (3,) Let - (Az¥.t)u: A, with - u : ¥, where, if ¥ = B", then u € B.
Then by Lemma [5.7] one of the following possibilities happens:
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1. FXz¥t: ¥ = Band Fu: VU, with B< A, or
2. FAx¥.t: S(V = B) and - u: S(¥'), with S(B) < A.

Thus, in any case, by Lemma 5.7 again, = : ¥ ¢ : C, with, in case[I]
U=C=<9 = Bandincased] V= C < SV = B). Hence, ¥ = ¥’
and in the first case C < B < A, while in the second, C < B <X S(B) = A,
so, in general C < A. Since F w : ¥, where if ¥ = B", then u € B, by
Lemma B.TT] F (u/x)t : C, and by rule <, - (u/z)t : A.

(ify) Let F |1)?u-v : A. Then, by Lemma [5.7] one of the following possibilities
happens:

e F?uwv: ¥ = Bandt |1): ¥, with B < A. Then, by Lemma [5.7]
again, Fu:C,Fv:Cand B= C <V = B. Hence, ¥V = B and
C<B=A.

ok 7uw: S(U = B) and 1) : S(¥), with S(B) < A. Then, by
Lemma 7 again, Fu: C, Fv:C and B = C < S(¥ = B). Hence,
U =Band C < B < S(B) < A

So, by rule <, Fu : A.
(ifo) Analogous to case (if1).

(linf) Let t(u+v) : A, with ¢ : B" = B. Then, by Lemma [5.7, one of the
following cases happens:

1.Ft: ¥ = CandF (u+wv): ¥, with C < A. However, since - t :
B™ = B, we have ¥ € B, which is impossible due to Corollary 5.8

2.Ft: S = C)and F (u+wv) : S(¥), with S(C) < A. Then, by
Corollary B8 + u : S(¥) and - v : S(¥). Hence,

Ft:S(0=0C) l—u:S'(\I/)j Ft:S(T=C) Fov:S(D)

Ftu: S(C) s Fw:S(O) s
F (tu +tv) : S(S(C)) ~ I
Ftu+tv): A -

(lin®) Let F ¢(avu) : A, with - ¢ : B® = B. Then, by Lemma [5.7], one of the
following cases happens:

1. Ft: ¥ = C and F a.u: ¥, with C < A. However, since - ¢ : B" =
B, we have ¥ € B, which is impossible due to Corollary 5.8

2.Ft: 8% = C) and - a.u : S(¥), with S(C) < A. Then, by
Corollary 5.8 + u : S(¥). Hence,

Ft:5(0 =C) Fu:S(P)

Ftu: S(C)
Fatu: S(S(C))
Foatu: A -

=ES

St
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(lin%) Let F t()’s(]ﬁ,n) : A, with + ¢ : B® = B. Then, by Lemma [5.7], one of the
following cases happens:

1.Ft: ¥ = C and F 6S(Bn) : U, with C < A. Then, by Lemma [(.7]
again, S(B™) < ¥. However, since F ¢t : B" = B, ¥ € B, which is
impossible by Lemma (5.2

2. Ft:S(V = C) and F Ogggny : S(¥), with S(C) < A. By rule Axg,
= Os(min(p)) @ S(min(B)). Since - ¢ : B* = B and - ¢ : S(¥ =
C), by Lemma [.6] we have min(B” = B) = min(S(¥ = C)), so
min(B) = min(C). Then, by Lemma B4, min(B) = min(C) < C,
then S(min(B)) = S(C) < A, so we conclude by rule <.

(linf) Let - (¢t + u)v : A. Then by Lemma BT one of the following cases
happens:

1. F (t+u) : ¥ = B, which is impossible by Corollary 5.8

2.F (t+uw): S(¥ = B)and F v: S(V), with S(B) < A. Then, by
Corollary 6.8 +t: S(¥ = B) and F u : S(¥ = B). Hence,

Ft:5(¢=B) Fv:S(P) Fu:S(P=B) Fv:S(T)

= =
Ftv:S(B) s Fuv: S(B) o+ s
F (tv + uv) : S(S(B)) . I
F{tv+uv): A -

(lin®) Let F (a.t)u : A. Then, by Lemma [57] one of the following cases hap-
pens:
1. F a.t : ¥ = B, which is impossible by Corollary 5.8
2.F at: S(¥ = B)and - u : S(¥), with S(B) < A. Then, by
Corollary 5.8 + ¢ : S(¥ = B). Hence,

Ft:S(0=B) Fu:S)

Ftu: S(B)
Fadu: S(S(B))
Fatu: A -

=ES

ST

(lin) Let + 65(B$B)t : A. Then, by Lemma [£.7, one of the following cases
happens:

1. F 6S(IB$B) U= Candtt: ¥, with C < A. Then, by Lemma 5.1
again, S(B = B) < ¥ = (', which is impossible by Lemma [5.2]

2. F Oson) : S(U = C) and - ¢ : S(¥), with S(C) < A. By
Lemma B again, S(B = B) < S(¥ = C). By Lemma[5.6] min(B =
B) = min(¥ = (), so min(B) = min(C), and by Lemma (4]
min(C) =< C, hence, min(B) < C, and then S(min(B)) = S(C) =< A.
By rule Axg, 6S(min(3)) : S(min(B)), hence we conclude by rule <.
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(neutral) Let F (65(A) +1t): A. Then, by Corollary 5.8, F ¢ : A.
(unit) Let - 1.t: A. Then, by Corollary[5.8 - ¢ : A.

(zero,) Let 0.t : A, with ¢ : B. Then, we must show that - 65(m;n(3)) DA

By Lemma 57 ¢ : C and S(C) < A. By Lemma (5.6 min(B) = min(C).
By Lemma B4 min(C) < C. Therefore, S(min(B)) = S(min(C)) =<
S(C) = A. By rule Axg, - 6S(min(3)) : S(min(B)), hence we conclude
by rule <.

(zero) Let a.ﬁs(B) : A. By Lemma 5.7 + 65(3) : C with S(C) < A. Then,
by Lemma[5. 7 again, S(B) < C. In addition, by Lemma[5.4] min(B) < B.
Therefore, S(min(B)) < S(B) = C < S(C) = A. Since, by rule Axg,
H 6S(min(3)) : S(min(B)), we conclude by rule < that ﬁs(min(B)) D A

(prod) Let F a.(B8.t) : A. By Corollary 5.8 + 5.t : A. Then, by Corollary (.8
again, F (a x 8).t: A.

(adist) Let F a.(t+u) : A. By LemmalB.T1 - (¢ +w) : B, with S(B) < A. Then,
by Corollary 5.8 + ¢ : B and - w : B. Hence, by rule S¢, - .t : S(B) and
Fa.u: S(B). We conclude by rules Sj and <.

(fact) Let F (a.t+ B.t) : A. By Corollary 5.8 F a.t : A. Then, by Corollary (5.8
again, - (a+ 8).t : A.

(fact') Let - (a.t +1t) : A. By Corollary 5.8 + a.t : A. Then, by Corollary 5.8
again, - (a+1).t : A.

(fact?) Let - (t+1t) : A. By Lemmal5.7 ¢ : B, with S(B) < A. Then, by rule
S¢, F2.t:S(B). We conclude by rule <.

(zeros) Let + 65(A) : B. Then, by Lemma (57, S(A) < B. By Lemma 5.4
min(A) =< A, hence S(min(4)) =< S(A). By rule Axy, + 6S(min(A)) :
S(min(A)), and since S(min(A)) < S(A) < B, we conclude by by rule
<.

(comm) Let F (u+4v): A. By LemmaB7 F w: B and - v : B, with S(B) < A.
So,

Fv:B Fu:B

F(v+u):S(B) y

Fo+u):A —

St

(assoc) Let F ((u+wv) +w) : A. By LemmaB1 +F (u+wv) : Band - w : B
with S(B) < A. Then, by Corollary 5.8, -« : B and - v : B. Hence,

)

Fu:B ) Fv:B Fw:B
Fu:S(B) = F(v+w):S(B)
F(u+ (v+w)): S(S(B))

Flu+@w+w)):A -

St
St
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(head) Let - head (v x u) : A, with v # t; X t3. Hence, by Lemma [B.7]
Fovxu:B" with B < A. Then, by LemmalBb.again, - v : Band Fu : C,
with B x C <X B". Lemma 5.1 B x C = B", so B = B™. Since v € V,
by Lemma 5.7, B is not a product, and so B = B < A. Therefore, we
conclude by rule <.

(tail) Analogous to case (head).

(dist,”) Let Hf, ((r+s)xu) : A. By Lemmal5 S(BxC) < Aand b (r+s)xu:
S(S(B) x C). Then, by the same Lemma, b (r+s) : D and - u : E, with
D x E < S(S(B) x C), so by Lemma [5.3] there exists F,G,n such that
S(S(B)x C)=8"FxG)and D 2 F and E < G. Therefore, n = 1 and
S(B) x C = F x G. Since - (r + s) : D, by Lemma [57] there exists H
such that S(H) < D, so by transitivity S(H) < F. Then, by Lemma 5.2
F has the form S(I). Therefore, neither F' nor S(B) are products, and
hence S(B) = F and C = G. Hence, D < S(B) and F < C, and hence,
F(r+s):S(B)and F u: C. Then, by Corollary B8 + r : S(B) and
F s:S(B). Therefore,

Fr:S(B) Fu:C’>< Fs:S(B) Fu:C’><
Frxu:S(B)xC ! Fsxu:S(B)xC !
Frxu:S(SB)xC) T Fsxu:S(S(B)xC) ~

T

Hip (rxu): S(BxC) " iy (s xu): S(BxC) ot
1

E (e (rxw) + 4 (s xw) - S(S(BxC))
F (e (r xuw) + 1 (s xu)): A =

(dist,”) Analogous to case (dist;").

(dist®) Let Hfy ((.r)xu) : A. By LemmalE7 S(BxC) < A, and b ((c.r)xu) :
S(S(B) x C). Then, by the same Lemma, - o.r : D and F u : E, with
D x E < S(S(B) x C), so by Lemma [5.3] there exists F,G,n such that
S(S(B) x C) = S"(F x G) and D < F and E <X G. Therefore, n = 1
and S(B) x C = F x G. Since - a.r : D, by Lemma [5.7], there exists H
such that S(H) < D, so by transitivity S(H) < F. Then, by Lemma 5.2
F has the form S(I). Therefore, neither F' nor S(B) are products, and
hence S(B) = F and C' = G. Hence, D < S(B) and E < C, so by rule <,
Far:S(B)and Fu: C. By Corollary 5.8 + r : S(B). Therefore,

Fr:S(B) Fu:C
Frxu:S(B)xC
Frxu:S(S(B)xC)
iy (rxu): S(BxC)
Fa. e (rxu): S(S(B x C)) {f
Fa. f, (rxu):A -

Xr

(dist®*) Analogous to case (dist").

34



(dist®) Let F1,. (65(3) x u): A. By Lemma57 S(B x C) < A. By lemma[5.4]
min(B x C') = B x C, hence, S(min(B x C)) = S(B x C). By rule Axg,
F 6S(min(BXc)) : S(min(BxC)). Hence, since S(min(BxC)) = S(BxC) =<
A, we conclude by rule <.

(dist?) Analogous to case (dist?).

(dist;rr) Let H1 (t+uw) : A. Then, by LemmaB7 S(Cx D) < A, Ffi t: S(Cx D)
and 1 u : S(C x D). We conclude by rules S} and <.

dist®) Let Hf} (a.t) : A. Then, by Lemma 57, S(C x D) < A, and H1{ ¢ :
i
S(C x D). We conclude by rules S¢ and <.

(neut!) Let F,. (b x ) : A, with b € B. Then, by Lemma 7 + b x r :
S(S(B) x C) and S(B x C) <= A. Then, by Lemma [51 again, - b : D
and - r : E, with D x E < S(S(B) x C). Without lost of generality,
let b = [\, b; where each b; is not a product. Then, by Lemma [(.7]
Fb;: D; with H?:l D; =% D, and, by the same lemma, D, are not products.
Therefore, Dy x [[_, D; x E < S(S(B) x C), so by Lemma [5.3] there
exists F,G,n such that S(S(B) x C) = S"(F x G) and D; < F and
[[i_,D; x E < G. Therefore, n = 1 and S(B) x C = F x G. Since
D, is not a product, F' is not a product. Hence, since neither F' nor
S(B) are products, we have S(B) = F and C = G. D; < S(B) and
[y D; x E < C, hence, by : S(B) and - [, b; x r: [[;—y, D; x E.
Therefore, by Corollary 5.9] F by : B, and so, by rule x;, Fbx r: B x C,
and by rule <, Fbx r:S(B x C).

(neutg) Analogous to case (neut").

(proj) Let b m;(3°1 ;[ei.] Iy bri) : A. Then, by Lemma [5.7] we have that
B/ x S(B™ ') < A. Hence, we have the derivation from Figure

Contextual rules Let { — () u. Then,

(tv —(py wv) Let - tv : A. By Lemma B.7 one of the following cases
happens:
e t:V = BandF v: V¥, with B=<A. Then, by the induction
hypothesis, - u : ¥ = B. We conclude by rules =g and <.
eHt:S( = B)and F v:S(¥), with S(B) < A. Then, by the
induction hypothesis, - u : S(U = B). We conclude by rules
=ps and <.
(AP )t — ) (AP v)u) Let = (AP )t : A, By Lemma 57 one of
the following cases happens:
o~ (MPBw): VU = BandF t: VU, with B < A. Then, by the
induction hypothesis, F u : ¥. We conclude by rules =g and <.
o - (A2Bw): S(V = B)and Ft: S(V¥), with S(B) < A. Then,
by the induction hypothesis, F u : S(¥). We conclude by rules
=ps and <.
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Figure A.2: Derivation from case (proj) on Theorem (.12l

t+v) — U+ v et t+wv): A By Lemma t: an
) Let - A. By L E1 F B and
Fwv: B, with S(B) < A. Then, by the induction hypothesis, - u : B.
We conclude by rules S;r and <.
at — ) au) Let = at: A, By Lemma t: , Wit < A.
®) Let - A. ByL B Ft¢:S(B),withS(B)< A
Then, by the induction hypothesis, - u : S(B). We conclude by rules
S¢ and <.
mit — ¢, mju) Let F mit : A, By Lemma t: , and B/ x
t —> mu) Let byt 0 A By L BT - t: S(B"), and BI
S(B"~7) <= A Then, by the induction hypothesis, - u : S(B"). We
conclude by rules Sg and <.
tTX UV —>p) U XV et Ftxwv:A By Lemma t: B an v: (O,
) Let F A. By L E7drFt:Bandkov:C
with B x C = A. Then, by the induction hypothesis, - u : B. We
conclude by rules x; and <.
v X t —>,) v X u) Analogous to previous case.
(p) Anal i
(M t — M u) Let .t A, By Lemma 57 ¢ : S(S(B) x C), and
S(BxC) =< A. Then, by the induction hypothesis, - u : S(S(B)xC),
and so, by rule f,., Hf u : S(B x C'). We conclude by rule <.
(het —(pyfheu) Let Ffg t : A, By Lemma 57 + ¢ : S(S(B) x C), and
S(BxC) =< A. Then, by the induction hypothesis, - u : S(S(B)xC),
and so, by rule fi¢, e v : S(B x C). We conclude by rule <.
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(head t —p) head u) Let b head t : A. By Lemma 57 F ¢ : B", with
B < A. Then, by the induction hypothesis, - « : B™. We conclude
by rules X g, and <.

(tail t — ;) tail u) Let - tail t : A. By Lemma BT - ¢ : B", with
B"~! < A. Then, by the induction hypothesis, - u : B*. We conclude
by rules X g, and <. O

Appendix B. Detailed proofs of Section [6] (Strong normalisation)

Lemma If t — (1) v by any of the rules in the groups linear distribu-
tion, vector space axioms or lists, or their contextual closure, then ||r|| > ||t]].
Moreover, ||r|| = ||t|| if and only if the rule is (zeros).

ProoF. By induction and rule by rule analysis:
(linf): t(u+v) — (1) tu + to.

|[t(u +v)[| = Bl[t]] +2)(3[|u+v|[ +2)
= (3|t +2)(B2 + [[ull + [Jv]]) +2)
= (3I[¢][ +2)(8 + 3wl + 3[[v]])
= 43([t]] +2) + G[t]] +2)(4 + 3[[ul| + 3]v]])
= 12{[¢]| + 8 + (3[[t]] +2)(4 + 3|[ul| + 3[|v]])
= 12[[¢][ + 8 + (3[[¢]] + 2)((3[|u]] +2) + (3[v]| +2))
= 12[[¢][ + 8 + 3[[¢]| + 2)(3([ul| 4+ 2) + B[[¢]| + 2)(3][v]| +2)
= 12([¢]| + 8 + [[tu]| + [[tv]|
= 12||¢t|| + 6 + ||tu + tv|
> |[tu + tv]

(ling): t(au) — (1) cutu

[[t(evw)l] = @B[tl] + 2)(3[|aul] +2)
= @It +2)(3(1 + 2[[ul]) +2)
= (3[I¢]] + 2)(6]|u][ + 5)
= 3[[t][ + 2+ I[¢]] + 2)(6][ul| + 4)
=3[t + 2+ 2(3t][ + 2)(3[|ul| + 2)
= 3||t]| + 2 + 2||tu]
=3||t]| + 1 + ||av-tul]
> ||a.tul|

(lin%): tﬁs(]g) — 1) 65(min(A))

1105l = (31t + 2)3[10s(@)|| +2) > 0 = |[0minay|l
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(lin"): (t+u)v — ) tv +uv
It + w)oll = Bt +ul[ + 2)(3||v]] +2)

= B+ + llull) +2)Bl[vl] +2)

= Il + 3wl + 8)B[|v]] +2)

= [l + 3[[ull +4)Bl[v]| +2) + 4(3[[v]| +2)

= (B[] + 3[lull + 4Bl +2) +2) + 12][[v|| + 6

= ||tv + wv|| + 12]|v|| + 6

> |[tv + uv|
(linf): (a.t)u — (1) autu

I(tyul| = Blle-t]] + 2)(3[ul] +2)

3(1+2[[t]]) + 2)(3full +2)
6[[¢]] + 5)(3[ul] + 2)
6[[¢]] + 4)(3[ul] + 2) + B3[lull +2)
=203l + 2)Bllull + 2) + 3||ul| + 2
= [|o.tul| + 3[|ul| + 1
> ||a.tul|

~ o~~~

(lin9): 65(B¢A)t — 1) 6S(min(A))
105@=a)tll = (3l10s@= )l + 2)B|IH] +2) = 6][]| +4 > 0 = ||Ts(min(ay||
(neutral): GS(A) +t—q)t
1054y +tll = 2+ 1050y || + ([l = 2+ [1¢l] > |]¢]

(unit): 1.t —1) t
(L2l =1+ 2] > ]|

(zeron): 0.t — (1) 6S(min(A))

10.8]] = 1+ 2[[¢]] > 0 = |[0sminca

(zero): a.ﬁs(A) — ) 6S(min(A))
lla.Osay|] = 1+ 2[[0sa)|| = 1 > 0= ||0s(min(ay |

(prod): a.(B.t) — (1) (a x B).t
llae-(B-D)I = 1+ 2][8.t]|
=1+4+2(1+2t]])
=3+ 4]|t|]
> 14 2|t
= [l(a x B).t]
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(adist): a.(t +u) — ) (.t + a.u)

[lo.(t 4+ w)|| = 1+ 2|t + ul]
=5+ 2[[t]] + 2{[ul]
=3+ ||a.t]] + ||a.ul]
=1+ ||at + a.ull
> ||a.t + a.ul|

(fact): a.t + Bt — () (@ + B).t

[la.t + B.t|| = 2 + ||a.t]| + ||B8-]|
=4+ 4]t]]
> 14 2||¢|
= [[(a+ B8).t]|

(fact'): at +t —> ) (@ + 1)t

[lat +t|| =2+ [|e.t|| + ||t]]
=3+ 3|[¢]
> 14 2||¢|
= (e +1).t]|

(fact?): ¢+t —> () 2.t
([t +¢]] = 2+ 2] > 1+ 2[[¢]] = ||2.¢]]
(zeros): 65(,4) — (1) 6S(min(A))
10s¢ayll = 0= [|0gmin(a |

(head): head t x 7 — ) t

[|head & > r[| = 1+ ([t x r[[ = 1+ [[¢]] + [|r[] > [|]]
(tail): tailt x r — gy r

[tail t x r[| = 1+ |[t x 7| = T+ [[¢]] + [I7[] > [|~]]

Contextual rules: If £ —;(q) r, then, by the induction hypothesis, |[t]| > |||,
and hence, ||C[¢t]|| > ||C[r]||, where C[] is a context with one hole. O

Lemma If for every i € {1,...,n} we have r; € SN, then Y ' |a.]r; €
SN.
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PROOF. Induction on the lexicographic order of (31, |ri,|| Yoi;[ee]ril]) to
show that Red(}_)_,[a.]r;) € SN. Let t € Red(}_;_,[a.]r;). The possibilities

are:

ol = Z?:1[a']3i where for all ¢ # k, s; = r; and 7y, —(p) Sk- Since
S Isil < 32 |ri], we conclude by the induction hypothesis.

o t =3 " s; whereforalli#k,s; =[a]r; and ag.rg —(1) Sk- Then, the
reduction ag.ry, —(1) sk, is by one of the following rules: (unit), (zero,),
(zero), (prod), or (adist). In any of these cases Y., [s;| < >0, |r;| and,
by Lemmal6.2] ||t]| < || Y7, [c.]ri||. Hence, we conclude by the induction
hypothesis.

ot = ixilari + ([ag] + [a])r;, where r; = rp, (rule (fact), (fact!), or
itk

(fact?)). In this case (2 iz |ril) + 1l < 325 Iri| and by Lemmal[6.2] [|¢]| <
|| >0 [e]ri||. Hence, we conclude by the induction hypothesis. O

Lemmal[6.4. Ift e SN, then m;t € SN.

PrOOF. We show by induction on [¢| that Red(m;t) C SN. Let r € Red(7;t).
The possibilities are:

e r =1, where t —> . Dlnce < an S we conclude e
;' where t —» ;) t'. Since [t/| < |t| and ¢’ € SN, lude by th

induction hypothesis.

o= H;z:l bhk X EieP (\/ﬁ) H;zn:jJrl bhi, t = E?:l[a'] H;?:l bhi-
Any sequence starting on r will only use vector space axioms rules, which,
by Lemmal6.2reduce the size of the term, except for (zeros), which anyway
can be used only a finite number of times. Therefore, r € SN. (]

Lemma For all A, the following properties hold:
(CR1) Ift e (A), then t € SN.
(CR2) Ift € (A), then Red(t) C (A).

(CR3) Ift € N, t has the same type as all the terms in (A)), and Red(t) C (4)
then t € (A).

(HAB) For all 24, x € (A).

(LIN1) Ift € (A) and r € (A), then t +r € (A).
(LIN2) Ift e (A) then a.t € (A).

(NULL) 0Og(a) € (4)

PROOF. We proceed by induction over A.

o Let A=D.
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CR1 Let t € (B). By definition, (B) C SN, so ¢t € SN.

CR2 Let t € (B). By definition, (B) C SN, so ¢ € SN and Red(t) C SN.
Furthermore, since t € (B, we have ¢t : S(B). Let r € Red(t), then
r: S(B). Therefore, by definition, Red(t) C (B).

CR3 Let t € N and ¢ : S(B) where Red(t) C (B). Since Red(t) C (B) C
SN, we have t € SN. Therefore, by definition, ¢ : (B).

HAB Since 2% € SN and 2% : B < S(B), we have, by definition, 2% € (B).

LIN1 Since ¢t € (B) and r € (B), we have, by definition of (B), that
t:S(B), r:S(B), ¢t SN and r € SN. Then, t 4+ : S(S(B)) < S(B)
and, by Lemma[6.3] ¢t + r € SN. Therefore, by definition, ¢ +r € (B).

LIN2 Since ¢ € (B), we have, by definition of (B) that ¢ : S(B) and ¢ € SN.
Then, a.t : S(S(B)) < S(B) and, by Lemmal[6.3] .t € SN. Therefore,
by definition, a.t € (B).

NULL Since 65(3) : S(B) and 65(3) € SN, we have by definition of (B)
that 65(]33) € (B).

Let A=BxC

CR1 Since t € (B x (), we have by definition that ¢ € SN.

CR2 Sincet € (BxC), wehavet : S(S(B)xS(C)). Let t' € Red(t). Since
t' € Red(t), we have that ¢’ : S(S(B) x S(C)). On the other hand,
since t € (B x C)), we have that ¢t € SN. Then, ¢’ € SN. Therefore,
by definition, ¢ € (B x C)), which means Red(t) C (B x C)

CR3 Let t € N and ¢t : S(S(B) x S(C)) where Red(t) C (B x (). Since
(B x C) C SN, we have t € SN. Therefore, by definition, ¢t € (B x C).

HAB Since 28X : B x C < S(S(B) x S(C)) and X% € SN, we have
by definition that 2% € (B x C).

LIN1 Since t € (B x C)), we have that ¢ : S(S(B) x S(C)) and ¢t € SN.
Similarly, we have that r : S(S(B) x S(C)) and r € SN. Then,
t+r:S(S(B)x S(C)) and, by Lemma [63] t + r € SN. Therefore,
by definition, ¢t +r € (B x C)).

LIN2 Since t € (B x C)), we have that ¢ : S(S(B) x S(C)) and ¢t € SN.
Then, a.t : S(S(S(B)xS(C))) < S(S(B)xS(C)) and, by Lemmal[63]
a.t € SN. Therefore, by definition, «.t € (B x C).

NULL Since Og(pxc) : S(B x C) < S(S(B) x S(C)) and Og(pxc) € SN,
we have by definition that 6S(B><C) € (B x Q).

Let A=V =B

CR1 Givent € (U = BJ), we want to show that ¢t € SN. Let r € (U] (note
that by induction hypothesis (HAB), such r exists). By definition,
we have that ¢r € (B). And by induction hypothesis, we have that
tr € SN, which means, |tr| is finite. And since [¢| < |¢r|, we have that
t] is finite, and therefore, t € SN.
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CR2 Given t € (¥ = B), we want to show that Red(t) C (¥ = B),
which means that given ¢’ € Red(t), ¢’ € (¥ = B). By definition of
(¥ = B), this is the same as showing that ¢ : S(¥ = B) and, for
all r € (¥), t'r € (B). Since t € (¥ = B), we have by definition
that, for all » € (U), ¢tr € (B). And by induction hypothesis, this
implies that, for all » € (¥)), Red(tr) C (B). In particular, given
t' € Red(t), we have that, for all r € (), t'r € Red(¢r) C (B]). And
since ¢ € (¥ = B], we have by definition that ¢ : S(¥ = B). Since
t' € Red(t), we have that t' : S(V = B).

CR3 Given t € N and t : S(U = B) where Red(t) C (¥ = B), we want
to show that ¢t € (¥ = BJ). By definition, this is the same than
showing that for all » € (¥), ¢tr € (B). By induction hypothesis, it
suffices to show that for all € (¥)), Red(¢r) € (B). Notice that if
r € (U), then r : S(¥), and since ¢ : S(¥ = B), we have tr : S(B).
Let r € (¥). By induction hypothesis (CR1), we have that r € SN,
which means |r| exists. Therefore, we can proceed by induction (2)
over (|r],]|r|]). We analyze the reducts of tr:

— tr — t'r where t — t’ Since ¢’ € Red(t), we have that ¢’ € (¥ =
B). And since r € (), we have by definition that ¢'r € (B].

— tr = (Puv)r — (Pwv)r’ where r — ' Since r € (¥), we have by
induction hypothesis (CR2) that ' € (¥). And since || < |r|,
we have by induction hypothesis (2) that (?u-v)r’ € (B).

— tr =t(r1 +1r2) — try + tre Since |r1]| < |r| and, by Lemma [62]
[lr1]] < ||r||, we have by induction hypothesis (2) that try € (B).
Similarly, we have that ¢tro € (B]). Therefore, by Lemma
(LIN1), we have that try + try € (B).

— tr = t(ary) — a.r; Since |r1] < |r| and, by Lemma [6.2
[lr1]| < ||r]|, we have by induction hypothesis (2) that try € (B).
Therefore, by Lemma [6.7] (LIN2), we have that a.try € (B).

—tr = tas(q;) — 65(m;n(3)) By Lemma [6.7 (NULL), we have that
6S(min(3)) € (min(B)). By Lemmal5.4l min(B) < B, and 65(min(3)) €
SN, hence, by definition, 65(min(3)) € (B).

HAB By definition of (¥ = B), and since z¥=5 : S(¥ = B), it suffices
to show that, for all t € (V), we have that Y75t € (B). Let t €
(U). Since 2¥=Bt € N, it suffices to show that Red(z¥=5t) C (B).
Since ¢t € (¥), we have by induction hypothesis (CR1) that ¢ € SN.
Therefore, we can proceed by induction (2) over (|¢|, ||¢]|). We analyze
the possible reducts of z¥=5t:

— 2V=Bt = Y= B(t) + ty) — Y7 Bt + 2Y7 Bty Since |t] < [t
and, by Lemma [62] |[t1]|] < ||t||, we have by induction hypoth-
esis (2) that Y=5¢; € (B). Similarly, we have that x¥=5¢, €
(B). Therefore, by induction hypothesis (LIN1), we have that
zV= Bt + 2= Bty € (B).
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— 2¥=Pt = 2¥=B(at)) — a.x¥7 Pt Since |t1| < |t| and, by
Lemma [62] ||t1]| < ||t||, we have by induction hypothesis (2)
that Y= B¢, € (B|). Therefore, by induction hypothesis (LIN2),
we have that a.z¥=5t; € (B).

— V=Bt = xw:>3(6s(@)) — 6S(min(3)). By induction hypothe-
sis (NULL), we have that 65(min(3)) € (min(B)). By Lemma[5.4]
min(B) =< B, and 6S(min(3)) € SN, hence, by definition, 65(min(3)) €
(B)-

LIN1 By definition of (¥ = B), it suffices to show that t +r: S(¥ = B)

and, for all s € (¥), (¢t +r)s € (B). Since t € (¢ = B) and
r € (U = B), we have that t : S(¥ = B), r : S(? = B) and, for
all s € (U), ts € (B) and rs € (B). Therefore, t +r : S(S(¥V =
B)) 2 S(¥V = B) and (t+r)s : S(B). It remains to show that,
for all s € (V), (t+7r)s € (B). Since (t +r)s € N and, by type
derivation, (t 4 r)s : S(B), we have by induction hypothesis (CR3)
that it is sufficient to show that, for all s € (), Red((t +r)s) C (B).
Since ts € (B), rs € (B), y s € (¥), we have by induction hypothesis
(CR1) that t € SN, r € SN y s € SN. Therefore, we can proceed by
induction (2) over (|t| + |r|+|s|, ||(t+7)s||). We analyze the possible
reducts of (t + r)s:

— (t+r)s = (t +r)s where t — t’' Since |¢/| < |t|, we have by
induction hypothesis that (t' +r)s € (B).

— (t+7r)s = (t+1')s where r — r' Analogous to the previous case.

— (t+7)(s1+82) = (t+7)s1 + (t 4+ r)s2 Since |s1] < |s| and
[|(t4+7)s1|| < ||(t+7)s]||, we have by induction hypothesis (2) that
(t+7r)s1 € (B). Similarly, we have that (t+r)se € (B). Therefore,
by induction hypothesis, we have that (t +r)sy + (t+7)s2 € (B).

— (t+r)(a.s1) = a.(t +1)s1 Since |s1]| < |s| and |[(t + r)s1]] <
[|(t 4+ 7)s||, we have by induction hypothesis (2) that (t 4+ r)s; €
(B). Therefore, by induction hypothesis (LIN2), we have that
a.(t+r)s; € (B).

- (t+ 7‘)65(‘1,) — 65(min(3)) By induction hypothesis (NULL), we
have that 65(min(3)) € (min(B)). By Lemma (4 min(B) < B,
and 65(min(3)) € SN, hence, by definition, 65(min(3)) € (B).

— (t+7r)s — ts+ rs Since ts € (B) and rs € (B), we have by
induction hypothesis that ts + rs € (B).

LIN2 By definition of (¥ = B)), it suffices to show that a.t : S(¥ = B)
and, for all s € (¥), (a.t)s € (B). Since t € (I = B), we have
that ¢ : S(¥ = B) and, for all s € (U), ts € (B). Therefore,
at: S(S(¥ = B)) =2 S(V = B) and (a.t)s : S(B). It remains
to show that, for all s € (¥), (a.t)s € (B). Since (a.t)s € N, we
have by induction hypothesis (CR3) that it is sufficient to show that,
for all s € (¥), Red((a.t)s) C (B). Since ts € (B) and s € (¥),
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we have by induction hypothesis (CR1) that ¢ € SN and s € SN.
Therefore, we can proceed by induction (2) over (|¢| + |s|, ||(c.t)s]]).
We analyze the possible reducts of (a.t)s:

— (a.t)s — (a.t')s where t — ¢’ Since || < [¢], we have by induc-
tion hypothesis (2) that (a.t’)s € (B).

— (at)s = (a.t)(s1+82) = (a.t)s1+(a.t)s2 Since |t|+]s1] < [t]+]s]
and ||(a.t)s1]| < ||(e.t)s]|, we have by induction hypothesis that
(at)sy € (B). Similarly, (a.t)sy € (B). Therefore, by induction
hypothesis (LIN1), (a.t)s1 + (a.t)s2 € (B).

— (at)s = (a.t)(B.s1) — B.(a.t)sy Since [t| + |s1] < |t| + |s| and
[|(a.t)s1]| < ||(a.t)s]|, we have by induction hypothesis (2) that
(aet)sy € (B). Therefore, by induction hypothesis, 8.(a.t)s1 €
(B)-

— (aut)s = (Oé.t)ﬁs(q;) — 65(min(3)) By induction hypothesis (NULL),
we have that 6S(min(3)) € (min(B)). By Lemma[54 min(B) < B,
and 65(min(3)) € SN, hence, by definition, 65(min(3)) € (B).

— (a.t)s — a.ts Since ts € (B)), we have by induction hypothesis
that a.ts € (B).

NULL We want to show that 65(\1,:>B) € (I = B). By definition
of (I = B), this is equivalent to showing that, for all ¢ € (¥),
Os(yéB)t S (]BI) Since Os(yéB)t S N and Os(yéB)t : S(B), we
have by induc‘gion hypothesis (CR3) that this is equivalent to show-
ing that Red(Og(y—pyt) € (B). Since the only possible reduct of
(_)’S(g;éB)t is 6S(min(B))7 it suffices to show that 6S(min(B)) S (]BI)
By induction hypothesis, we have that 6S(min(3)) € (min(B)). By
Lemma [54] min(B) < B, and 65(min(3)) € SN, hence, by definition,
Os(min(5)) € (B).

e Let A=S(B)

CR1 Since t € (S(B)), we have by definition that ¢ € SN.

CR2 Given t € (S(B)), we want to show that Red(¢) C (S(B)). By
definition, ¢ € SN, and so, Red(t) C SN. Therefore, Red(t) C (S(B)).

CR3 Given t € N where ¢ : S(B) and Red(t) C (S(B))), we want to
show that t € (S(B)). By definition, Red(¢) C (S(B)) C SN, and so,
t € SN. Therefore, by definition, ¢ € (S(B)).

HAB Since 258 : §(B) and 2% € SN, we have by definition that
257 € (S(B))

LIN1 Since ¢t € (S(B)) and r € (S(B)), we have by definition of (S(B))
that ¢t : S(B), r : S(B), t € SN and r € SN. Therefore, t + r :
S(S(B)) = S(B) and, by Lemma [63] ¢t + r € SN. Therefore, by
definition, ¢ + r € (S(B)).
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LIN2 Since t € (S(B)), we have by definition of (S(B)) that ¢ : S(B)
and t € SN. Then, a.t : S(S(B)) = S(B) and a.t € SN. Therefore,
by definition, a.t € (S(B)).

NULL We want to show 65(5(3)) € (S(B)). Since 65(5(3)) : S(S(B)) <
S(B) and 65(5(3)) € SN, we have by definition that 65(5(3)) €
(S(B)D- O

Lemma 6.8 If A < B then (A) C (B).
ProOOF. We proceed by induction on the relation <.

® A < A Trivial by the reflexivity of set inclusion.

AXB BXC _ .. e . .

° —i=<c Trivial by the transitivity of set inclusion.

* A=< S(A)- Let t € (A). By definition, ¢ : S(A) = S(S(4)). And by
Lemma [67] (CR1), t € SN. Therefore, by definition, ¢ € (S(A4)).

® S(S(A)) < S(A). Let t € (S(S(A))). By definition, ¢ : S(S(4)) = S(4)
and t € SN. Therefore, by definition, ¢ € (S(A)).
A=<B

‘IS AT E Let t € (T = A). By definition, ¢ : S(¥ = A) and,

for all r € (¥), tr € (A). By induction hypothesis, tr € (A) C (B). And
since A < B, ¢t : S(T = A) X S(¥ = B). Therefore, by definition,
te (¥ = B).
_AZB et e (S(4). By definition, ¢ : S(A) and ¢ € SN
S(A) jS(B)' € € . y dennition, : an S .
And since A <X B, we have t : S(A) =< S(B). Therefore, by definition,
t € (S(B)).

A<B

* IXC<BXC Let t € (A x C). By definition, ¢t € SN and ¢ : S(S(A) x

S(C)). And since A < B, we have that S(A4) < S(B), and so, t : S(S(B) x
S(C)). Therefore, by definition, t € (B x C).

A=<B .
° AXC<Bx0 Analogous to the previous case. (]

Lemma (Adequacy). IfT+t: A and 0 ET then 6(t) € (A).

PrOOF. By induction in the derivation of I' - ¢ : A. We proceed by cases.
* Vi .. v AX_ Since 0 E 2%, we have 0(z) € (U).

Ax~ "
* F s : S(A) %0, By Lemma 67 (NULL) and Lemma B8, 6(0(a) =

05(4) € (S(A)).
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F0):B Axqo) By definition, §(]0)) = |0) € SN. And since |0) : S(B), we
have by definition that |0) € (B).

F1):B Ax) Analogous to the previous case.

% S7. By the induction hypothesis, 6(t) € (A), and by
Lemma 6.7 (LIN2), a.0(t) = 6(a.t) € (A). Finally, by Lemma (.8
f(a.t) € (S(A)).

11:, I_Atk é +ﬁ)l_ g’(/ﬁ Sr+. By the induction hypothesis, 6;(t) € (A) and
02 (u) € (A), with §; E T and 62 E A. Then, since T" and A are disjoint,
91U92(t+u) = 6‘1 (t)+6‘2(u) And by Lemma(LINl), 91 (t)+6‘2(u) S (]AI)
Therefore, by Lemma [68] 0;(t) + 02(u) € (S(A)).

I'kt¢:S(B") .
. — Sp. We want to show that if 6 =T', then 0(7;t) =
Tkt B x S(B")

m;0(t) € (BY x S(B"7)). By definition, it suffices to show that m;0(t) :
S(S(B7) x S(S(B"7)) and 7;0(t) € SN. By induction hypothesis, 6(t) €
(S(B")), which implies that 6(¢) : S(S(B™)) =< S(B"). Therefore, m;6(t) :
B/ x S(B"7) < S(S(B/) x S(S(B"7))). On the other hand, since 6(t) €
(S(B™)) C SN, we have by Lemma that 7;60(t) € SN. Therefore,
m;0(t) € (BY x S(B"7)).

I'tt:A A<B

T <. By the induction hypothesis 0(t) € (4), and by
Lemma 68, (A4) C (B).

I'Ht:A TkHr: A ] oy
TE7tr B= A If. We want to show that if § = T, then 6(?t-r) =

70(t)-0(r) € (B = A). By definition, this is equivalent to showing that

?0(t)-0(r) : S(B = A) and, for all s € (B), s?0(¢)-0(r) € (4).

By induction hypothesis, we have that 6(t) € (A4) and 0(r) € (A), which

implies that 6(¢) : S(A) and 6(r) : S(A). Therefore, 70(t)-0(r) : B =

S(A) 2 S(B = A) and s70(t)-0(r) : S(A).

And since s?6(t)-0(r) € N (because such a term is actually an application),

we have by Lemmal[6.7] (CR3) that it suffices to show that Red(s?6(t)-6(r)) C
(A).

We proceed by induction (2) over (|s|, ||s?0(¢)-0(r)||). We analyze each of

the reducts of s76(¢)-0(r):

— s70(t)-0(r) — u?60(¢t)-0(r) where s — u
Since |u| < |s|, we have by induction hypothesis (2) that u?6(¢)-0(r) €

— s70(t)-6(r) — 6(t) where s = |1)
By induction hypothesis, 0(t) € (A).
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— s70(t)-0(r) — 0(r) where s = |0)
By induction hypothesis, 8(r) € (A4).

— s70(t)-0(r) = (51 + 52)70(t)-0(r) — s170(t)-0(r) + $2760(¢)-0(r)
Since |s1| < |s| and ||s170(¢)-0(r)|| < ||s?0(t)-0(r)]||, we have by induc-
tion hypothesis (2) that s1760(¢)-0(r) € (A4). Similarly, s270(¢)-0(r) €
(A). Therefore, by Lemma [6.7] (LIN1), s1760(¢)-0(r) + s276(¢)-0(r) €
(A4).

— s70(t)-0(r) = (a.s1)?0(t)-0(r) = a.s170(¢)-0(r)
Since |s1| < |s| and ||s1?6(¢)-0(r)|| < ||s?6(t)-0(r)]||, we have by induc-
tion hypothesis (2) that s170(t)-0(r) € (A). Therefore, by Lemmal6.7]
(LIN2), «.5170(t)-0(r) € (A).

— s70(t)-0(r) = 65(13 20(t)- 9( ) = Os(a)
By Lemma [6.7 (NULL), Og(4) € (4).

) Lz:0hi:4 =1. We want to show that if ¢’ |= T, then §'(A\z¥.t) =
T xx¥t: U= A

(Ax¥.0'(t)) € (¥ = A), which is equivalent to showing that (AzY.¢'(¢)) :

S(¥ = A) and, for all r € (¥)), (Az¥.¢'(t))r € (A).

By induction hypothesis, 6(t) € (A), which implies that 0(t) : S(A).

Therefore, (Az¥.0'(t )) U = S(4) < S(¥ = A) and (\zV.0'(t))r

S(A). And since (A\z¥.¢'(t))r € N, Lemma 67 (CR3) tells us that if

Red((AzY.0'(t))r) C (A), then (A\z¥.0'(t))r € (A). We are going to show

that in fact Red((Az¥.¢'(t))r) C (A).

Since r € (¥), we have by Lemma [6.7 (CR2) that » € SN. Therefore, we

can proceed by induction (2) over (||, ||(Az¥.0'(t))r||. We analyze each

of the reducts of (A\z¥.0'(t))r:

— (A2 0 (t)r — 0'(t)[r/x]

We want to show that 6'(t)[r/z] € (A). By definition, 6'(t)[r/z] =
0(t), and by induction hypothesis, 0(t) € (A). Therefore, ¢’ (t)[r/x] €
(A).

— (A0 (t))r — (\xY.0'(t))r where r — 1/

By induction hypothesis (2), (Az¥.8'(t))r" € (A).

— A2V 0 (t)r = (Mz¥. 0 (t))(r1 +12) = AV 6"(t))7°1 +(AzY. 0 (t))r2
Since |ri| < |r| y [|[(Ax¥.0'(¢ ))r1|| < ||(Ax¥.0'(t))r||, we have by
induction hypothesis (2) that (Az¥.0'(t))r1 € (A). Similarly, we
have that (Az¥.0'(t))ry € (A). Therefore, by Lemma [6.7] (LIN1), w
have that (Az¥.0'(t))r1 + (Az¥. 0/ (t))r2 € (A).

— (A0 () = (MY 0 (1) () = a.(AxY. 0/ ()7
Since |ri| < |r| y [|AxY.0'())r1]] < ||(AzY.0'(t))r||, we have by
induction hypothesis (2) that (Az¥.60'(t))r1 € (A). Therefore, by
Lemma 6.7 (LIN2), we have that a.(Az¥.¢'(t))r1 € (A).

= Qa¥. 0/ (1)r = (Aa™.0'(t))0san) — Os(a)
By Lemma [6.7 (NULL), we have that 0g¢a) € (A).
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FFt:I:IJ,z:lw:AAFu:\IJ =E We must show that if 6 = T, A, then

O(tu) € (A). Since I' and A are disjoint, we have that 0(tu) = (61 U
02)(tu) = 01(t)02(u), where 0 =T and 63 |= A. Therefore, it suffices
to show that 61 (t)02(u) € (A4). By induction hypothesis and definition of
(¥ = A), we have that 01 (t)02(u) € (A).

Lre: SIEK,IJA:T_IX ; ?(;)u $S5() =ps. We want to show that if 6 =T, A,
then O(tu) € (S(A)). Since I' y A are disjoint, we have that 0(tu) =
(01 U b)) (tu) = 01(t)02(u), where 61 =Ty 03 = A. Therefore, it suffices
to show that 61 (¢)02(u) € (S(A)).

Since 01(t) € (S(¥ = A)) and 62(u) € (S(T)), we have by definition that
01(t) : S(¥ = A) y O2(u) : S(¥). Therefore, 0;(t)02(u) : S(A).

On the other hand, we need to show that 6;(t)f2(u) € SN. To do that,
it is sufficient to show that Red(6;(t)f2(u)) C SN. Since 04 (t) € (S(¥ =
A)) € SN and 62(u) € (S(¥)) € SN, we can proceed by induction (2)
over (|01(t)] + |02(u)l,||01(¢)f2(un)||. We analyze the possible reducts of
6‘1 (t)@z(u):

— 01(t)02(u) — t'02(u) where 0, (t) — ¢
Since [t'| < |0(t)], we have by induction hypothesis (2) that t'6(u) €
SN.

— 01(t)02(u) — 61(t)u’ where O2(u) — v’
Analogous to the previous case.

— b6 (t)92(u) = (Axmn .ntl)Hg(u) — 1 [92(’11,)/,@]
Since 61(t) = (\z®".#1) : S(¥ = A), we have by Lemma [5.7 that
t1 : A with a smaller derivation tree. Then, by induction hypothesis

(Adequacy), we have that t; € (A), and therefore, by Lemma [G.1]
(CR1), we have that ¢; € SN.

— 91 (t)92(u) = (Axs(‘p).tl)é‘g(u) — 1 [Hg(u)/x]
Analogous to the previous case.

— 91 (t)92(u) = |1>?t1't2 — 11
Since 61(t) = (?t1-t2) : S(T = A), we have by Lemma [.7] that
t1 : A with a smaller derivation tree. Then, by induction hypothesis
(Adequacy), we have that t; € (A), and therefore, by Lemma
(CR1), we have that ¢; € SN.

- 91(t)92(u) = |O>?t1t2 — 1o
Analogous to the previous case.

- 0 (t)@g(u) =60 (t)(u1 + UQ) — 01 (t)ur + 61 (t)u2
Since |u1| < |02(w)| and, by Lemma 62 ||61(t)u1]| < [|61(¢)02(w)]],
we have by induction hypothesis (2) that 6;(¢)u; € SN. Similarly,
we have that 61 (¢)us € SN. Therefore, by Lemma [6.3] we have that
01 (t)u1 + 601(t)us € SN.
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— 91 (t)92(u) = (tl + t2)92(u) — tlﬁg(u) + t292(u)
Analogous to the previous case.

— 91 (t)92(u) = 91 (t)(a.ul) — a.6‘1 (t)ul
Since |u1| < |f2(u)| and, by Lemma 6.2 ||01tuq]| < ||61t02(u)]|, we
have by induction hypothesis (2) that 6;(t)u; € SN. Therefore, by
Lemma [6.3] we have that «.6;(t)u; € SN.

— 91(t)92(u) = (a.t1)92(u) — a.t192(u)
Analogous to the previous case..

— 01(t)02(u) = 61(t)0s(s) — Os(a)
By definition, Og(a) € (S(A)) € SN.

— 6 (t)@g (u) = 65(]371:>A)92 (u) — 6S(A)
Analogous to the previous case.

I'Ht: A n
A f : B
° TP ¢ W. By definition of 6, we have that if § = T',z" , then

6 =T. And by induction hypothesis, 0(t) € (A).

Tz:B"y:B"+t: A .. , _ .
T2 B F (o/y)t: A C'. By definition, ¢’ (t[z/y]) = 6(t). And by induc-

tion hypothesis, 6(t) € (A). Therefore, 6'(t[x/y]) € (A).

ll—"‘f_Atli?x fl_Auxg X71. Since I and A are disjoint, §(t x u) = (6, U

02)(t xu) = 01(t) x O2(u), where 61 =T and 03 |= A. Therefore, it suffices
to show that 6 (t) x 6a(u) € (A x B).

Since 04 (t) € (A), we have by definition that 61 (¢t) : S(A) and, by Lemmal6.7]
(CR1), 61(t) € SN. Similarly, 02(u) : S(B) and 62(u) € SN.

Then, 61 (t) x02(u) : S(A)xS(B) = S(S(A)xS(B)) and 0;(t) xH2(u) € SN.
Therefore, by definition of (A x B), 01(t) x 62(u) € (A x B).

re¢:B"
T headt:B ~°"
Since head t : B, we have by Lemma [B.T1] that 6(head t) = head 6(t) :

B < S(B). And by induction hypothesis, 6(t) € (B") C SN. Then,
head 0(t) € SN. Therefore, by definition, head 6(t) € (B).

'-¢:B"

PR E———" Y o/ B
'l tailt:B"
Since tail ¢t : B", we have by Lemma 511l that 0(tail ¢t) = tail 6(t) : B" =

B x B" ! < S(S(B) x S(B"!)). Furthermore, by induction hypothesis,
6(t) € (B"), and by Lemma [6.7 (CR1), 6(¢t) € SN. Then, tail 6(t) € SN.
Therefore, by definition, tail 6(t) € (B).

F'kt:S(S(A) x B)

LHyt:S(Ax B) '

Por definicin de (S(S(A)x B))), tenemos que 6(¢) : S(S(A)x B) y 0(t) € SN.
Entonces, fi, 0(t) : S(A x B) y 1 6(t) € SN. Por lo tanto, 1, 6(¢) €
(S(A x B)), que es lo que queramos mostrar.
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Tkt:S(Ax S(B))
*THiet:S(AxB)

¢. Analogous to the previous case. O

Appendix C. Detailed proofs of Section [T (Interpretation)
Lemma [T1l If A < B, then [A] C [B].

Proor. We proceed by induction on the relation <.

[A] C [A] by the reflexivity of set inclusion.

Let A X B and B <X C. By the induction hypothesis, [A] C [B] and
[B] C [C]. Then [A] C [C] by the transitivity of set inclusion.

[A] < S[A] = [S(A)]-
[S(S(A)] = S(S[A]) = S[A] = [S(A)]-
Let A < B and [A] C [B]. Then,

— [T= A]=[¥v] = [4]
={f | Va € [¥], fa € [A]}
C{f|VYae[¥], fac[B]}
= [¥] = [B]
= [¥ = B]

— [AxC]=[4] x [C]
={axc|ae[A],ce[C]}
C{bxc|be[B],ce[C]}

— [B] % [C]

=[B x (]
— [C x A] C [C x B] by an analogous reasoning to the previous one.
= [5(A)] = S[A] € s[B] = [S(B)] O

Lemma IfT Ft: Aand ¢,z — S,y — S is a I'-valuation, then
[t]s.2s55 = [(x/y)t]g,2rs5-

ProOOF. We proceed by induction on t.

Independent cases. The cases where t does not includes x nor y and the
denotation does not depends on the valuation, are trivial. Those cases
are: [0), |1), Og(a) and 7-.

Let t = 2. Then, [[xﬂ¢7mH51yHS =5= [[I]]¢11H5.
Let t = Y. Then, [[y]]qb,w—)S,yHS =5= [[I]]¢11H5.

Let t = z. Then, [[Z]]qb,w—)S,yHS = gf)Z = [[Z]]¢11H5.
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Let t = A\z¥.r. Then,
[[AZ‘I}'T]]@EHS,yHS ={f | Va € [¥], fa € [r]msy—sszs]o]}
(by IH) = {f | Va € [¥], fa € [(x/y)7],0rs5,202 w1}
= [ (@ /y)rlsamss
= [[(fﬂ/y))\ZW-TM,mHS
Let t =r x s. Then,
[r x Sﬂ¢,mr—>5,yHS = [[THQB,IHS,yHS X [[ﬂ]d),z}—)S,yHS
(by IH) = [(z/y)r]sss x [(z/y)s] 6,25
= [(z/y)r x (z/y)s]pams
= [(@/y)(r x 5)]¢,zs
Let t = (r + s). Then,
[(r+ 8)]pzssyss ={a+b|a€rlpmssyss b€ [s]lpzssyss}
(by IH) ={a+b|ac€ [(z/y)r]pess,b€ [(z/y)s]pzss}

= [((z/y)r + (x/y)8)]p,0>5

=[(@/y)(r + 5)]p,2s
Let t = a.r. Then,

la.r]g zss.yss = {a | a € [r]g.emssyss)
(by IH) ={a.a|ac€ [(z/y)r]sams}
= [a.(z/y)r]p,oss
= [(z/y)a.r]samss

Let t = rs. Then,

[[TSH¢,xr—>S,y>—>S
{Zlai.gi(a) | Zlozi-gi € [r]s.ems5,y5:a € [8]p,ams5,ys5}
1€ S
IfA=V=2R
B {Z Z Oéz'ﬂj-gi(cj) | Z @;.g; € [[Tﬂqb,zHS,st, Z Bj.cj € [[Sﬂqb,zHS,st}
i€l jEJ i€l jeJ
If A=5S(V = B)

(by IH)
{iEZI a;.gi(a) | EEII a;.gi € [(2/y)r]pwss:a € [(x/y)s]g.amss}
_ fA=Vv=10B
B {%% ;.35.9i(c;) | Z_GZIai-gi € [[(:v/y)rﬂ@msa% Bj-c; € [(@/y)s]samss}
If A= S(¥ = B)
= [(@/y)r(z/y)s]pzms
= [(@/y)(rs)]s.omss
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Let t = m;r. Then,

Qs . .
—_—— b | Vi € P,Yh,bp; = b}
( ZTGP |aT|2> h:lgFl
— 1)'

with [1]gwss.ss = {D012 ) [a] [The bai} where by; = (9) or (§
By the induction hypothesis, [(x/y)r]s.e—ss = [7]¢,55,y—5, hence,

J
[[erﬂ¢7w'—>s,yHS = { H bn XZ

h=1 icP

[(/y)(mi)]s,2008 = [mi((2/y)r)]p.0mss = [T 6,005,505

Let t = head r. Then,

[head 1]y 2545 = {a1 | Hai € [t]g.zs5.y—s,01 € [B]}

i=1

(by TH) = {a1 | [] € [(&/9)t]6.0s5, 01 € [B]}

i=1
= [head (x/y)r]s zmss
= [(z/y)(head 7)] 3,25

Let t = tail r. Then,

[tail ] g ars s yss = {H a; | Hai € [tl¢,zs8,y5,a1 € [B]}

=2 =1
(by IH) = {H ai | Hai € [(z/y)t]p,zss,01 € [B]}
=2 =1

= [tail (x/y)r]p.ws
= [(=/y)(tail )]s

Let t =f) r Then,

[t g2 5908 = [r]g,05,y8
(by IH) = [(z/y)r],ess
= [ (x/y)r]s,es
= [[(x/y) i Tﬂ¢,m»—>s

Theorem IfT'Ft: A, and ¢ is a T-valuation. Then [t]4 C [A].
PrOOF. We proceed by induction on the typing derivation.

® L UFz. T A% Then, [z]4 = ¢z = [¥].
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o Thoon 50 5. Then, [sculs = {0) € SIAT = [S(A)]
FOTTE . Then, [0, = {(3)} < {().(3)} = [B.

F B A Then, [N = (D)} € {(5).(9)) = [BL.

I't:A A<B
I'-t:B -

Then, by the induction hypothesis, [t]s C [A] and by Lemma [.T] [A] C
[B], hence, [t]4 < [B]-

F '7 t: A o
Tkat:S(A)
Then, by the induction hypothesis, [t]4 C [A]. Hence, [a.t]s = {a.a|a €
[to} € {eva | ae[A]} € S[A] = [S(A)]-
I'Ht:A TkEr: A It

F=?tr:B=A '
Then, since by the induction hypothesis, [t]s € [A] and [r]s € [A], we
have

[[?t-r]]¢={f|Va€[[B]]’f“:{ %ﬂ]}}i gzzggg }

C [B] = [A] = [B = A].
Fz:vHt: A
FFX¥t: 0= A
Then, by the induction hypothesis, [t]4 »pe] € [A]. Hence,
Me¥t]g = {f | Va € [¥], fa € [t]¢,zspw7}

C {f|Vae[¥], fae [A]}
=[] = [A] = [¥ = A].

=1I.

T'Ft: V=4 Abu:¥
T AFtu: A

Then, by the induction hypothesis [t]4. C [¥] = [A] and [u]e. < [¥],
where ¢ = ¢r, pa. Then,

[tu]s = {Z a;.gi(a) | Zai.gi € [t]ly and a € [u]s}

i€l icl

=E.

C {Z a;.gi(a) | Zai.gi € [¥] = [A] and a € [¥]}.

i€l icl

Since [¥] = [A] is a set of functions (and not a linear combination of
them), I is a singleton and so this set is equal to {fa | f € [¥] =
[A] and a € [T]} C [A].
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FEt:S(T=A4) Akru:S(P)
A Ftu: S(A)

Then, by the induction hypothesis [t]s. € S([¥] = [A]) and [u]gs, <

S[¥]. Then,

=ES.

tuly = {5° Y Bgi(es) | S g € Mo and 3 e € [ulo)
iel jeJ iel j€J
- {ZZai.ﬁj.gi(cj) | Zai.gi S S([[\I/ﬂ = [[A]D and Zﬁj.cj S S[[\I/ﬂ}
iel jeJ icl jeJ
= (XY i dailer) | g € [¥] = [4] and ¢; < [¥])
iel jeJ
c S[A] = [5(A)]
'Ht:A AFu:A
AR (t+u): S(A)
Then, by the induction hypothesis [t]4. € [A] and [u]g, C [A], with
¢ = ¢r,pa. Then, [(t+u)]s = {a+b | a € [t]p and b € [u]s} C
{a+b]|abe[A]} CS[A] =[S(A)].
F'kt:S(B")
It mt: B x S(B"Y)
Then, by the induction hypothesis, [t], C [S(B")] = C*". By definition,

St

E.

J n
Q; .
[mitls = { ] bar x> <72> I1 o | Vi € PR, bui = bui}
h=1 ieP 2 rep lar| h=j+1
where [t], = {> -1 [ I1i_; bni}, with by; € [B], and Vi € P,Vh, by, =
bnk. Then, [r;t]s C [B]™ x [B*~7] = [B" x B"~/].

I'H¢: A
Tx:B"FHt: A w.
Then, by the induction hypothesis, [t]s C [A], where ¢ is a I'-valuation.
Notice that any ¢’ that is a (I',z : B™)-valuation is also a I'-valuation.
Then, [[t]]¢/ - [[A]]
Tx:B"y:B"Ft: A
Lox:B"F (z/y)t: A
Then, by the induction hypothesis, [t]4 C [A], where ¢ is a (I, z : B, y
B")-valuation. Let ¢’ be a (I',z : B™)-valuation, then, by Lemma [[2]
[(z/y)t]e < [A].
I't:A AFwu:B
I''Artxu:AxB
Then, by the induction hypothesis, [t]s. C [A] and [u]p, C [B]. Then,
[[tvu]]cbn(ﬁA = [[tﬂ¢F7¢A X [[u]]¢F7¢A = [[tﬂqh“ X [[u]]ch - [[Aﬂ X [[Bﬂ = [[A X B]]

XT.
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o L F1:B" X g
I'-headt:B
Then, by the induction hypothesis, [t]s C [B"] = [B] x [B"~!] = {a x
b|ac[B],be [B"']}. So, [head t]y = {a | ax b € [t]s,a € [B]} =
{alaxbe{d xV |d €[B],b € [B"]}} ={a|ac[B]} =[B].

. '-¢:B" X 1.
It tail t: B!
Then, by the induction hypothesis, [t]s C [B"] = [B] x [B"~'] = {a x
b|ae [B],be [B*']}. So [tail t]y = {[[i-gai | =, ai € [t]g,a1 €
[B]} = {Ili—pai | [Ty ai € {a' x ¥ | o' € [B],0 € [B"'J}} ={b|be
1) = B
I'tt:S(S(A) x B)
T, t:S(AxB) '™
Then, by the induction hypothesis, [t t]s = [t]¢ € [S(S(A) x B)] =
S(S[A] x [B]) = S([A] x [B]) = [S(A x B)].

Tk t:S(Ax S(B))
*THiet:S(AxB)

ft¢. This case is analogous to the previous one. I

Appendix D. Trace and typing of the Deutsch algorithm

We may use |q1 - - - gn) as a shorthand notation for |¢1) X -+ X |gn).
The full trace of Deutsch;q is given below.

Deutsch;g
= m (tr Hi (Us feftr (Hpom 01))))

%ty m (1 Hi (Uia et ((H(head [01))) x (H(tail [01))))))

(
(U
0 w1 (e Hi (Ui et ((H]0)) x (H(tail [01))))))
Humml(ﬂmWW)WMD

(U; (-

250y m1 (e Hi (Uia et 5-(10) 4 (10)2(= [1))[1))) x —=.(10) + (1) 7(= [1))-1)))

7

- %l

By (e Hi (Uig freftr (—=-(10) + (1)) x —=-(10) + (|1)2(= [1))-]1))))))

7 7
) 71 (e Hr Use Befhe (5-00) + 1)) x —=.(00) = 1))
555 m e M U s (000 [1) x —=.00) = (1)
ﬂ%mmmmﬂ7mm>fm4»wmw%www»
Lo (e Hy (Usa %(|O>x\/i_(|0> 1)) + 1) x 7(|0> 1))
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S w1 (e Hy Uia . e (10) x 7 (0) = 1)+ 11y x 7=.(10) = 1)

5y w1 (Wi (Uia 75 (10) x 75.000) = 1)1+ e (1) x —=.(00) = 1)
et (e Hr (Uig %.(%.m (10) x (J0) — [1))) + % fre (1) x (10) = [1))))))
Lo (e Hr (Usg (%% fre (10) x (]0) = [1))) + %% fre (11) > (|0) = [1))))))
o500 w1 (e Hy (Usg (%. fhe (J0) x ([0) — 1)) + % fre (11) x (10) = [1))))))

W% (e Hy (Ui (%_(m 100) + fre [0) x (_|1>))+%.(m [10) + fre 1) x (= [1)))))
05 w1 (Mo (U (300 100) — fh 102)) + 5. (e [10) — e 1))

0w (e Hr (Uia (5-(00) — [01) + 2. (|1o> L))

0w (e Hy (Usg %(|00> 01)) + Uia (|10> [11))))

(ling)?

55 (e Hr (5 Uia((00) — o) + 5.uid<|1o> ~ 1))

(ling)?

—>(1) T1 (ﬂr H1 (%(

5 10100) + Usa(—[01))) + 3.(Uia 10) + Usa(~ [11)))))
2 71 (fhr H1 (1
(

C (Uit [00) — Usa [01)) + 2.(Usa 110) — Uz [11))))

—Hy ™ (e Ha (%.((head|00>) x ((tail [00))?(not(id(head [00))))-(id(head |00))))
~Uia 01)) + 5.(Uia [10) = Uia [11)))
S5 (e Hr (5-0) x ((cail J00))(not(id [0))))-(id 0)))
~Uia 01)) + (5.(Uia [10) = Ui [11)))
Sy 1 (e H (5.(00) x (0)2(not(id [0))))-(id 0))
~Uia 01)) + (5.(Uia [10) = Ui [11)))

8y 1 (e Hr (5.00) X (6 ]0) — Vg 01)) + 5.(Usa 110) = Usa [11)))

%y 1 (e H <§<|oo> Uia 101) + 5.(Uia 110) = Usa [11))))
—stym (i i (-(000) = [01)) + 5. 043~ 19))
55y 71 (e (Hy 5.(00) —[01)) + Hy 5.(11) = [10))))
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50 7 b (00 < 00) + 3 # (1D ~ 1)

(ling")2

B 1 (e (5 (H100) + Hy (= 01) + 3.(Hy [11) + Ha (= [10}))))

R (e (5 (H100) — Hy 01)) + 5. (Ha [11) — i [10))))
) 1 (1 (5 ((H(head [00))) x (il 00)) — Hy [01)) + .(Hy [11) — Hy [10))))
5 1 (e (5 ((H10)) x (il 00)) — Hy [01)) 4 .(Hy [11) — Hy 10))))
Sty 1 (e (G- ((H10))  [0) = Hy 01)) + 5.(H1 [11) — Hy [10))))
) T (B <§<<7 (10) +10Y2(~ [1)-13)) x [0) — H [01)) + . (Hy [12) — Hy [10))))
8y 71 (e (GA(75-000)+ 1)) x [0) = i [01)) + 5.(Hs [11) = Hi [10)))
500 71 (550 10) + 5. 1)  [0) = Hy 01) + 1 5.(Hy 1) = H [10))
S0 m e (510 + % 1)  0) — Hy 01)) + 5. e (Hi [11) — Hy 10)))
500 w0 (5100 . 11) 5 10)+ 1 (H fo1))
1

+3- fhr (HL[11) = Hy [10))

S5 Gl (5. 10)+ 5. 11)) % [0) =, Ha D)

%, fir (Hy [11) — Hy [10)))

“5th, (A (75100 %10} (. [1) x 10) = s HOD)

%, fir (Hy [11) — Hy [10)))

S w5 e 100) + 4 10) = 1 Ha o)
+s tr G2~ Ha 10
e m (5 & 00) + f-|10>) ~ M OD) + 5. 1 (1 12) = o [10)))
—tym5(( f 00) + ﬁ. [10) + (= . 101) = —=.[11))
1 1
(5001 = 5. 1) + (=7 00) + —=.[10)))
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1
=ac Wl(g-(((ﬁ-mm 73 |OO>)+(—E-|01>+E-|01>))
1 1 1 1
(=5 1) = = 1))+ (. [10) + = [10)))
fact) 4 1 1 1
55 7 (575 = 5)-100) + (~— +—=).0n)
1 1 1 1
H(=75 = 251+ (G5 + =) 10)
= W (5:(0.100) + 0.[01) + (~— 1) + == [10)))
50 w15 (Osiox) + Oscam) + (. 1) + = [10)))
nnnnnn n? 1 2
) m(5-— s 11 + = 10))
adist 1 2 1 2
LS5 m(5 (s 1) + 5 1)
5 w10 + % 10))
1 1
=40 m (5. 110) = =5 11)
5y 1) (7= 10) = 5. 11)

The typing of Deutschy, for any - f : B = B, is given below:

_FIB T P Y
|1> SB) ' F[1):SMB)
F|O>:IB%AjO> F2 =) () B = S(B) ! x:mx;]ﬁa“";
F10): S(B) — e BFal(—[)}1):5B) ,
+BE 0+ D sem) o
v : B Z5.(10) +2?(—[1))]1)) : S(S(S(B))) ;
T T 0) + 22— [)11): SB)
=7
FH:B= S(B)
(D.1)
(D.0) z:B?F g B2 AXE A
FH:B—S(B) z:B?Fheada:B [ y: B Fy: B>
x:B? + H (head z) : S(B) " y: B2 tail y : B :
2B,y B2 - (H (head 7)) x (tail y) : S(B) x B _ "
2 :B?F (H (head x)) x (tail z) : S(B) x B N
FHy :B? = S(B) x B ! (D.2)

o8



"0 B 0 F o
F70) ) BB Y  Z Braz:B A;jfE
x:BF2?0)1): B
Fnot:B=B (D.3)
y:B?Fy:B? Ax
O3) F7/-B=B y:IB%zl—heady:B;Z WAXX
Fnot:B=DB y:IB%zl—f(heady):IB%éE Ff:B=B y;]BaQFheady:B:}ET
y:B%Fnot (f (head y)) : B y:B?+ f (head y) : B mAX
y: B2+ ?(not (f (head y)))-(f (head y)) : B = B It 7 B2F failz B
2 B2,y : B2 (tail 2)?(not (f (head y)))-(f (head y)) : B o
y: B2 F (tail y)?(not (f (head y)))-(f (head y)) : B
(D.4)
z:B2Fz:B? AXX ([D.4)
z:B%2F head x : B "y :B?F (tail y)?(not (f (head y)))-(f (head y)): B
x: B2 y: B2 (head x) x (tail y)?(not (f (head y)))-f (head y) : B?
x : B2+ (head x) x (tail )?(not (f (head x)))-f (head z) : B? .
FU;: B2 = B2
(D.5)
———— Ax T e AX
(D.1) z:B2F B2 % (D.1)) ?JZBQF?J:IB32 X
FH:B=SMB) z:B*Fheadz:B _ FH:B=SB) y:B2Ftaily:B
2 :B2F H (head ) : S(B) s y B2F H (tail y) : S(B) o
2B,y B2t (H (head 7)) x (H (tail y)) : S(B) x S(B) 8
z: B (H (head 2)) x (H (tail 2)) : S(B) x S(B) _ Sy B Y L L
F Hpomn : B2 = S(B) x S(B) - |o1) : B? !
 Hyom01) : S(B) x S(B) "
(D.6)
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©.9)

F Hpom [01) : S(B) x S(B)
([D.5) F Hpotn [01) : S(S(B) x S(B)) —
[02) F Uy : B2 = B2 by Heow, |01) : S(B x S(B)) "
FHy:B2= S(B) x B PRRUE S(B*=B*) =~ Fefy Hpom [01) : S(B?) :Eés
FH;: S(B2 = S(B) x B) — FUs (et Hpown [01)) : S(B?) e

F Hl (Uf ﬂfﬂr Hboth |01>) : S(S(B) X B)
Fte Hi (Us frefte Hoorn [01)) - S(B2) "
- Deutschy : B x S(B) g

Appendix E. Trace and typing of the Teleportation algorithm

The full trace of Teleportation (. |0) 4+ 5.]1)) is given below.

Teleportation (. |0) + 8. 1))
=<M®®wmwmwwmmwm+mm

- Hi(enotdy fre (e (. |0) x Booy + 1 (B-11) X Boo)))))
cnot12 (Teftr (. |0) x Boo) + frefhr (B-[1) X Boo)))))
T2 (e a. i (10) X Boo) + e B- A (1) % Boo)))))
3o (e . (|0) x Boo) + fre B-(11) x Boo)))))

To (@ e (10) X Boo) + B- e (1) % Boo)))))

L2575 Bob e (ma(f H(enotdy (o (10) x (7. [00))
+fh (0) x 1)
wmmnw%wm>
+fh (1) x D))
£ Bob i (ma(h, Hi(enotly (o-(5. A [000) +—=. e [011)
8.5 A [100) + =1 [111))))
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Bob

Bob

Bob

Bob

Bob

Bob

2
1) BOb

e (772 (ﬂr

e (772 (ﬂr

H3(cnot?, (a.(ﬁ. |000) + % |011))
+[3.(%. 1100) + % 1111))))))

H3(cnot?, ((a.%. |000) —i—a.%. |011))
+([3.%. 1100) + [3.%. 1111))))))

e (ma(fhr H3(cnot?, ((%. 1000) + % 1011))

p B
+(ﬁ-|100> 7 1111))))))
e (o (fr H3((cnot, % 000) + cnot?, f. 011))

+(cnot, 7 1100) + cno
fte (ma(fhr Hl((ﬁ.cnotu 1000) + ﬁ
+(%.cnot§2 |100) + %
fre (m2(fh HY ((ﬁ ((cnot (head |000) x
+% ((cnot (head |011)
—I—(%.((cnot (head [100)
+% ((cnot (head |111)
fre (ma (i HY ((ﬁ ((cnot (head [000) x
+% ((cnot (head 011)
—I—(%.((cnot (head [100)
—I—%.((cnot (head [111)

61

th 7 1111)))))

.cnot?, [011))

.cnot3y [111)))))

(head tail |000))))

x (head tail |011))))
x (head tail 1100))))

X (head tail |111))))
(head 100))))

X (head |11))))
x (head (00))))

x (head |11))))

x (10)))
(1))

x (10)))

X (tail tail |000)))

X (tail tail |011))))
X (tail tail [100)))

x (tail tail |111)))))))

x (1))



(head)8
7(1)

@' Bob
(1) Bob fi (m2(ftr H}

=

i

o
—~

8
1

Bob 1ty (m2(fhr

—%) Bob i (ma(1hy

(if)?
— )

Bob 1 (m2(ft, H3

H3((—

H (=

Bob e (m2(fhr HY(((

1((—5-((cnot 00)) x

((cnot |01)) x
((cnot [10)) x

((enot 1)) x
(((head [00))
(((head |01))
(((head |10)) x
(((head |11)) x
(J0)
—((10)
(1)
(1)
~((10)
~((10)

+(

5 (1) %

5 (1) x
5-((100 %
((|0>

5 (1) %
5 (1) %

+(

wmsm3|amﬂmsmsm3|wmﬂm§&m
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(10Y2(not(tail |00Y))- (tail |00Y))) x

(10Y2(not(tail |01)))- (tail |01)))) x
(not(tail [10))) x
(not(tail [11)))) x

(tail |00))) x

(not(tail |10)))) x

(not(tail |11)))) x

(10)))
(1))

(10)))
(T))

((head |00))?(not(tail |00)))-(tail |00)))) x

((head |01))?(not(tail |01)))-(tail |01)))) x
((head |10))?(not(tail |10)))-(tail |10)))) x

((head |11))?(not(tail [11)))-(tail |11)))) x

10))

(10Y?(not(tail |01)))- (tail |01)))) x |1)))
(11)?(not(tail |10)))- (tail |10)))) x [0))

(I1)?(not(tail [11)))-(tail [11)))) x [1)))))))

(10Y?(not(tail |00)))- (tail |00)))) x [0))

1))
10))

1))

10))

(tail [01))) x [1)))

10))
1))

0))
1))
0))
1))



(tail)

W

29 Bob iy (ma(fh, HI((—

(ifg)
— )

(ify)
—0)

lin)3

50

Lm0 Bob e (ma(fh ((

ing (

(Bt
—)

head)4

(_>(1)

~9%) Bob e (ma(fh ((—

Bob i (m2(fir HI((( 5-((10) < 102) x 10))
5 ((10) < 1) x 1))
+(—-((11) x (not [0))) > [0))
(1) x (not [1))) > [1)))))))
5-(10) x [0) x 10))

(|0> x (1) x 1))

(5 (1)< (10)710)-1) x 10)

5 (1) > (197]0)-[1)) < [1))))
(10) x [0) < |0))

5-(10) x 1) x [1)))

Bob e (m (11 H3((—

+
H 75 () x 1) < [1))

5 (1) (1)?10)-[1)) < 1))

A A I R

Bob. 1 (ma(f, HE(((5. 000) + 5. o1n) + %. 110) + % 1101)))))

Bob. 1 (ma(f, ((HH(T5.1000)) + (S 011)) + <H§<%. 1110)) + Hi’(%
o B 8
H? 1000) + E.H? |011)) + (E.Hﬁ |110) + E.Hf |101)))))

{((H(head [000))) x (tail |000))) + —=.((H(head [011))) x (tail |011))))

-[101))))))

(0%

Bob ¢ (m2(fhr ((

E&\

+(—=.((H(head |110))) x (tail |110))) + —=.((H(head |101))) x (tail |101)))))))

l\D

Bob e (m>(fhy ((—s-((H]0)) x (tail [000))) + 5-((H10)) x (tail |011))))

Sk

((H 1)) x (tail [101)))))))
((H]o >) 11)))

5 (HI1) > [01))))

+(—=.(H|1)) x (tail |110))) +

5-((H10)) x {00)) +

%|

H 75 (HI1) x [10)) +

Jeslrgleslgeg=5

SR
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9% Bob e (ma(fh (%(7 (10) + (10)2(=[1)):[1))) x |00))
+% (ﬁ (10) + ([0)?(= [1))-]1))) x [11))
+(% (7 (10) + (11)?(= [1))-]1))) x [10))
+% (ﬁ (10) + (|1)2(= [1))-[1))) x [01))))))
1) Bob e (ma(fhr (5. (E (10) + 1)) x 00))
+2 (% (10) + 1)) x 1))
+(% (ﬁ (10) + (11)7(= [1))-11))) x [10))
+% (ﬁ (10) + (11)2(= [1)):[1))) x [01)))))
% Bob i (maf ((%«7 (0) 1)) % 100)) + . (55.00) + |1)) x 1))
+(% (ﬁ (10) — 1) x [10Y) + % (\/% (10) = 1)) x 01))))))
{580 Bob f (ma((fhr 5. (5.0) + 1)) X 00)) + e S5 (—=.(10) +]1) x 1)
+(ﬂr%(7 (10) — [1)) x [10)) + 1 %(% (10) = [1)) x 01)))))
=5’ Bob 1 (72((%.ﬂ (7 (10) + 1)) x [00)) + %-TT (7 (10) + 1)) > [11))
+(%.ﬂ (\if (10) — (1)) x |10)) + % (\lf(|0> 1)) x 101)))))
53 Bob e (ral (S (10)+ 1) X 100) + - (0)+ 1)) 11)
(s e 100 = 1) 10) + 5. (0) = 1) x lo1)
L%y Bob e (ma((5 e (10) +11)) x 00) + 5. 4 (10) + 1) x [11))
+(§. - (10) = |1)) x [10) + g e (10) — 1)) x [01))))
sl Bob 1y (m((% (1 [000) + 11, [100)) + %(ﬂr 011) + 11, [111)))
(g (fir [010) + 1 (— |110>))+ﬁ.(ﬂr 001) + 1 (= [101))))))

64



S50 Bob e (ma((5-(fhr 1000) + i [100)) + (11, [011) + 11, [111))
+(=.(f ]010) — 11, |110)) + g.(ﬂr [001) — 11 [101)))))
o Bob Ay (ma(

.(000) + [100Y) + %.(|011> +111)))
+(

SN N

2 01y — [101)))

.1000) + 5 [100)) + (5. [011) + 5 [111)))

g.(— 1110))) + (g. 001) + g.(— 101))))))

.1000) + 5 [100)) + (5. [011) + 5 [111)))

B
2

15} «
.|000) + 3 |001)) + (5

1100) — g. 1101)) + (%. 1111) — g. 1110)))))

MIE M

.(|010) — |110)) +
.[010) +

010) — g. 1110)) + (2. oo1) — g. 1101)))))

=%
vy
o
lon
=
o~

+ ;—\:]\

IR N N[R || R

—acBob 1y (mal(( o1y + 2 jo10y))

+((5-

The next rewrite step following rule (proj), may produce one of the following

four results probablhty + each:
(00) Bob 1, |00) x (. ]0) + 5.|1)
(01) Bob 1o |01) x (a.|1) + 3.]0)
(10) Bob 1o |01) x (a.]0) — 3.|1)
) ) )
(

— ~— ~— ~—

(11) Bob fi¢ |11) x (e [1) — £.]0
So, in general, Bob 1y |zy) X (c.|z) + [<]5. |w)). Then,
Bob e |zy) x (e [2) + []B. [w))

953, Bob(fe [zy) X o [2) + fhe 1) % [~1- )
S0 Bob (a. i [zyz) + [~]B. e |ayw))
ué}a) Bob (a. |zy2) + [~]8. [zyw))
( y (Bob a. [zyz) + Bob [-]3. |zyw))
y (.Bob |zyz) + []B.Bob |zyw))
) (a.Zeadlevs) (nothead taillayz) (101 tail |zyz)))

+ [—]B.Z"eadlzyw) (nothead taillzyw) (1q4] tail |zyw))))

LQ(G) (a'zhead\zy@(nothead\yz>(|z>)) + [_]ﬂ_zheaduyw)(nothead|yw>(|w>)))

) (@2 (ot [2) + [<]8.27 (ot )

20y (@21 (|yy7not |2)+[2)) + [~]B.21) (|y)7not |uw)-|w))

Cases:

(
(By)
;‘}(
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(00) (a Z‘O>(|0>‘7not 10)-]0)) + .21 (|0)7not [1)-[1)))
) (.21 10) +5.21% |1))
1y (2-]0)7(210))-0) + 8.10)2(Z [1))-[1))
1 (- |0) + B.[1))

(01) (a.ZI9(]1)?not [1)-[1)) + B.Z1%(]1)?not [0)+]0)))
&)2 0 (.21 (not 1)) + B.Z!°) (not |0)))
200 .z (11)200)-[1) + £.219(0)?]0)-]1))
~%y (@21 10y + B.Z1” (|0)7]0)-|1)))
21> (.21 ]0) + B.21% |1))
(

_ (g
B0 (@.]0)2(Z10))-10) + B.0)2(Z |1))-[1))
~Wy (a.]0) + B.]1))

(10) ( Z‘1>(I0>‘?notl0> 10)) = 8.2V (|0)?not[1)-[1)))

><a2‘1>|0> B.Z1M 1))
1 (a[1)2(Z10))-]0) — B.|1)2(Z [1))-[1))
b (.Z]0) = B.Z|1))
1 (a]0)?(=[1))-]0) — B.[1)?(—[1))-]0))
1 (a.]0) = B.[1)?(=[1))-]0))
1 (o ]0) = B.(=[1)))

“’" ) (.]0) + B.]1))

(11) ( ‘1>(|1>?n0t|1> 1)) = 8.2V (]1)?not|0)-]0)))
a.ZM (not[1)) — 8.2V (not |0)))
zM(]1)?10)-[1)) = 8.2V (10)7]0)-|1)))

>(

1) (a
—%én (@.zV[0) — £.21M(0)?]0)-[1)))
—921> (.21 j0) — 8.2 |1))

590y (@ 1)7(Z10))-|0) — B.11)2(Z[1))-[1))
8% (@.Z[0) + B.Z]1))
9% (@]0)2(= [1))-]0) — B.J1)2(= [1))-]0))
— (. ]0) — B1)2(— [1))-]0))
S (.]0) = B.(— 1))
50 (o ]0) + B. 1))

Hence, in every case, Teleportation (a.|0) + f.[1)) —{;) (a.]0) + B.[1)) as
expected.
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The typing of Teleportation is given below:

A A
F:B Y Floyes

[e3%

i =<
F—11): S(B) - 0): S(B)

S0 B=S®) | yiBryB A
E
v By~ 1)10) - S®B) .
HZ:B= S(B) z:BFz:B ¥
x:BFZx: S(B) o
(E.1)
w:IB%Fw:IB%Ai
w:BFZw: S(B) w:B}—w:S(IB%)I_f
w:BF ?Zww: B = S(B) y:]B%I—y:BiX
E
y:B,w:BF y?Zww : S(B) N
1 _
y:BF AR .y?Zww : B = S(B) -, 2 B3 F B3 AXXE
FAYE A B y?Zww : B = B = S(B) v:B>Fheadx: B "
E
z: B3 Z(head 2) . B — S(B)
(E.2)
©.3)
Ax
Fnot:B=B z2:BFz:B
=E Ax
z:BFnotz:B z:IBH—z:IB%If A
z:BF 7not zz:B = B y:B}—y:]B%j);
y:Bz BFymotzz:B _ mAXXE
y:BFAByMot z2: B =B o 2 - B3 F tail x : B2 !
FAMBEAB Yot z22: B=B=D :10:183}—headtau'lac:IB:>
x : B? b notlhead tail @) . B — B
(E.3)
z: BB AXXE
(E.3) v:BF taila:BxB
y: B3 Fnott2ly) . B = B x:IB%3Ftajltaj1:c:IB%:>E1
(E2) x: B3y : B3 F not(tal ) (tail tail z) : B
y: B3| z(head v) . B = S(B) z : B3 F not(t@il #) (tajl taﬂx):IB%:>
E

x B3y : B3 | Z(head v) (not(head tail ) (¢aj] tail 1)) : S(B)
x : B |- Z(bead @) (notlhead tail ) (tai] tajl 1)) : S(B)
- Bob : B = S(B)
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.1 x:B3|—x:B3AXXE A
FH:B=SB) x:B'rheada:B Tyt y B *
x : B3+ H(head z) : S(B) y: B3 F tail y : B2

x: B3 y: B3 (H(head z)) x (tail y) : S(B) x B2

x: B3 (H(head z)) x (tail z) : S(B) x B> =,

X E,

Xr

- H3 :B® = S(B) x B2 (E.5)
(D:3) x:]Ba%x:B?A’;E A
Fnot: BB 2 :B’Ftailo:B | _z:Bra:B N
:B? I not(tail z) : B 2B tailz: B yiBlhy B
x : B? - Tnot(tail z)-(tail z) : B = B I y: B2+ head y : B N )
y:B2Fy:B2 Ax x: B2y : B2+ (head y)?not(tail z)-(tail z) : B "

XET

y:B%F head y: B x : B2 I (head x)?not(tail z)-(tail z) : B

X
x:B% y: B2 F (head y) x ((head x)?not(tail x)-(tail x)) : B2 !
x : B? I (head ) x ((head x)?not(tail x)-(tail z)) : B> N
I
k- cnot : B? = B?
(E.6)
—— = A
y:B3Fy: B3 x
Ax 3 Ty B
z:B3F B3 » y:B°F taily: B
z:B3Fheadz:B y:IB?’Fheadtaily:IB%XT
(E.6) x:IB?’,y:IB%?’F(heada:)x(headtaily):IB%2C ! y:B3y:B3 A};
F cnot : B? = B? x : B - (head z) x (head tail x) : B2 . y: B3+ tail y : B2 fl
x : B3 I cnot((head x) x (head tail x)) : B2 y: B3 - tail tail y : B XEL
I

x: B3y : B3 (cnot((head z) x (head tail x))) x (tail tail z) : B3
x : B3 I (cnot((head x) x (head tail z))) x (tail tail x) : B?

F cnot}, : B = B? e
(E.7)
Ax
z:S(B) x S(B?) Fz:SB) x S(B?)
ED) z:S(B) x S(B2) F 2 : S(S(B) x S(B?)) —
F cnot}, : B® = B? DL S(B) x S(B?) F, x : S(B x S(B?)) frr
Fecnotd, : S(B® = B%) —  x:S(B) x S(B2) Ffhy z: S(B?) fie
7 S(B) x S(B) - cnots, foft, = S(B?) "5 (EB8)
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(E5)
FHE B = S(B) x B2 ER)
FH$:SB = SB) xB?) ~ z:S5(B)x S(B?)Fcnotdy feftr x: S(B?) s
z: S(B) x S(B%) F H3(cnot3, el 2) : S(S(B) x B?)
z: S(B) x S(B?) Hfi,. H3(cnotdy ety ) : S(B?) Ts
21 S(B) x S(B?) - ma (1, H3(cnotd, fiefty 2)) : B2 x S(B) :f
F Alice : S(B) x S(B?) = B2 x S(B)

(E.9)
P B Y PR FmeE T FmeE
loo) B, ! Py B, !
- J5.100) : S(B2) 5. [11) : S(B?) 51+
= Boo : S(S(BQ)) ~ !
- Boo : S(B?) T (E.10)
Ax
E9) (:SB)Fq:5®) T Fhw:SE)
- Alice : S(B) x S(B?) = B? x S(B)  q: S(B) ¢ x fuo : S(B) x S(B?) _ !
(E3) ¢ S(B) F Alice (¢ x foo) : B2 x S(B) "
FBob:B'= 5(B) q: S(B) F Alice (g x Boo) : S(B2 x S(B)) —
- Bob: S(B® = S(B)) q: S(B) Fie Alice (¢ x fBoo) : S(B?) ;»E;

q: S(B) - Bob (¢ Alice (g X Boo)) : S(S(B))
q: S(B) F Bob (¢ Alice (g x Boo)) : S(B) :;
F Teleportation : S(B) = S(B)
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