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1. Introduction

This paper is about quantum computation and implicit computational complexity. More precisely, a lambda calculus is
defined and proved to capture some (polynomial time) quantum complexity classes. The language under consideration is not
built up from any notion of polynomials or from any concrete machine. To the authors’ knowledge, this is the first example
of an implicit characterization of some classes of problems coming from quantum complexity theory. A brief introduction
to these two research areas is now in order.

Quantum computation. Quantum Computation (QC)[7,10-12,18,14,23]is nowadays one of the most promising computation
paradigms between those going beyond classical computation (e.g. biological computation, nanocomputing, etc.). An
extraordinary research effort is being put on the task of proving quantum computation to be both feasible in practice
and worthwhile from a theoretical point of view. Since its very birth [13,10], in particular, one of the main motivations
for studying computational applications of quantum mechanics is the potentiality of exploiting parallelism to reduce the
computational complexity of some (classically) hard problems. Indeed, some of these hopes have materialized. For example,
factoring of natural numbers has been shown to be solvable in polynomial time by quantum hardware [27,28]. However,
quantum algorithmics is still in its early days (especially when compared with classical algorithmics), and the number of
genuinely quantum algorithmic techniques can be counted on the fingers of one hand. One obstacle against progress in
this field is the lack of a universally accepted formalism able to express quantum algorithms naturally, i.e. a programming
language fitted for quantum computation. But even more fundamentally, similar problems affect quantum complexity
theory: there is no general agreement on what should be the quantum computational model, i.e., the computational model
on top of which one define the complexity of any computational problem (classically, this role is played by random
access machines). Summing up, quantum computation is a very promising paradigm with many potentially interesting
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complexity theoretic properties; its foundations, however, have not stabilized yet. A paper by Bernstein and Vazirani [7]
can be considered as the most widely accepted reference for quantum computational complexity. There, quantum Turing
machines are the computational model over which complexity classes are defined. A quantum Turing machine is defined
similarly to a (classical) Turing machine. However, in classical Turing machines, any configuration is a pair C = (q, t),
where q is a state from a finite set and t is the content of the machine’s tape, while in the quantum case, configurations are
elements of an Hilbert space over the space of pairs we have just described. Apparently, this makes the computational power
of quantum Turing machines higher than the one of their classical counterparts, since each base vector in the superposition
can evolve independently (provided the overall evolution stays reversible). When computation stops (and defining this is
not at all easy, see [7] for possible solutions), the result of the computation is obtained by quantum measurement, applied
to the current configuration. As a consequence, the outcome of quantum computation is not uniquely determined, since
quantum measurement is inherently probabilistic. Once a computational model is fixed, defining complexity classes over it is
relatively simple. But even if we focus on problems decidable in polynomial time, one could define three distinct complexity
classes, since different constraints can be imposed on success and error probabilities:

e EQP, if we impose the success probability to be 1 on all input instances.
e BQP, if we impose the success probability to be strictly greater than 1/2 on all input instances.
e ZQP, if we impose the success probability to be strictly greater than 1/2 and the error probability to be 0.

Implicit computational complexity. The aim of implicit computational complexity (ICC) [6,16] is giving machine-free,
mathematical-logic-based characterizations of complexity classes, with particular emphasis on small complexity classes
like the one of polynomial time computable functions. Many characterizations of polynomial time functions based on model
theory, recursion theory and proof theory have appeared in the last twenty years [8,6,16,22]. Potential applications of
implicit computational complexity lie in the areas of programming language theory (because controlling resource usage
is crucial when programs are run in constrained environments) and complexity theory (since traditional, combinatorial
techniques have so far failed in solving open problems about separation between complexity classes).

Linear logic. Linear logic [15] has been introduced by Jean-Yves Girard twenty years ago. It is both a decomposition and a
refinement of intuitionistic logic. As such, it sheds some light on the dynamics of normalization. In particular, the copying
phenomenon is put in evidence by way of modalities. Linear Logic has leveraged research in many branches of programming
language theory, including functional and logic programming.

Quantum computation, ICC and linear logic. Controlling copying (and erasing) as made possible by Linear Logic is essential
in both quantum computation and implicit computational complexity, for different reasons.

Classically, copying the value of a bit is always possible (think at boolean circuits). In quantum computation, on the other
hand, copying a (quantum) bit is not possible in general: this is the so-called non-cloning property. Moreover, erasing a bit
corresponds to an implicit measurement, which is often restricted to happen at the end of the computation. One technique
enforcing these properties comes from linear logic: linearity corresponds to the impossibility of copying and erasing
arguments during reduction. Moreover, the syntax of linear logic makes it simple to keep everything under control even
if copying is permitted. Two different calculi, designed starting from the above ideas, can be found in the literature [31,26].
In both cases, only data are quantum, while control remains classical. Some developments on the same ideas can be found
in a recent paper by the authors [9], which introduces a calculus called Q.

On the other hand, the possibility of copying subproofs (in a wild way) during cut-elimination is the only reason why
cut-elimination is in general a computationally heavy process, for if copying is not allowed (like in plain, multiplicative
linear logic), normalization can be done in polynomial time for very simple reasons: every cut-elimination step makes the
underlying proof strictly smaller (and, as a consequence, cut-elimination can be performed in a linear number of steps).

Ten years ago, Jean-Yves Girard wrote [16]: “We are seeking a {(logic of polytime)). Not yet one more axiomatization, but
an intrinsically polytime system.”, where the expressive power of the system was given by the computational complexity of
the cut elimination procedure. Girard’s main breakthrough was to understand that the problem of exponential blowup (in
time and space) of cut elimination is essentially caused by structural rules (in particular contraction, responsible, during the
cut elimination process, of duplications). In order to solve the problem Girard proposed a light version of linear logic [16],
where duplication is controlled by restricting exponential rules; this way he was able to master the expressive power (in
the Curry-Howard sense) of the logical system.

This idea has been subsequently simplified and extended into one of the most promising branches of ICC. Many distinct
lambda calculi and logical systems characterizing complexity classes being inspired by linear logic have appeared since then.
Some of them descend from Asperti’s light affine logic [1,2,4], others from Lafont’s soft linear logic [17]. Indeed, this is one
of the more fertile and vital areas of implicit computational complexity. Linear lambda-calculi corresponding (in the Curry-
Howard sense) to light affine logic [30] or to soft linear logic [3] both enjoy the following remarkable property: polynomial
bounds on normalization time hold in the absence of types, too. In other words, types are not necessary to get polytime
soundness.

One of the main motivations for studying QC is the potential speed-up in execution time induced by quantum
superposition. Shor [27,28] surprised the scientific community, by showing (roughly speaking) that an ideal quantum
computer could factorize an integer in polytime. The hope is that quantum machines could properly go beyond (from a
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computational complexity point of view!) classical computing machines. In this perspective the research area of quantum
abstract complexity theory has been recently developed (see, e.g., [7,19]), with a particular emphasis on polynomial time.

A quite natural question could be: is it possible to investigate quantum complexity by means of ICC? This paper is the very
first answer to the question.

This paper. In this paper, we give an implicit characterization of polytime quantum complexity classes by way of a calculus
called SQ. SQ is a quantum lambda calculus based on Lafont’s soft linear logic. Like in many other proposals for quantum
calculi and programming languages [9,23-26], control is classical and only data live in a quantum world. The correspondence
with quantum complexity classes is an extensional correspondence, proved by showing that:

e on one side, any term in the language can be evaluated in polynomial time (where the underlying polynomial depends
on the box depth of the considered term);

o on the other side, any problem P decidable in polynomial time (in a quantum sense) can be represented in the language,
i.e., there exists a term M which decides P.

This is much in the style of ICC, where results of this kind abound. To the authors’ knowledge, however, this is the first
example of an implicit characterization of quantum polytime decision problems.

Terms and configurations of SQ form proper subclasses of the ones of Q [9], an untyped lambda calculus with classical
control and quantum data previously introduced by the authors. This implies that results like standardization and confluence
do not need to be proved. Based on suggestions by the anonymous referees, however, the authors decided to keep this paper
self-contained by giving proofs for the above results in two appendices.

The results in this paper are not unexpected, since soft linear logic is sound and complete wrt polynomial time in the
classical sense [17]. This does not mean the correspondence with quantum polynomial time is straightforward. In particular,
showing polytime completeness requires a relatively non-standard technique (see Section 9).

On explicit measurements. We conclude the introduction with an important remark. The syntax of SQ does not allow to clas-
sically observe the content of the quantum register. More specifically, the language of terms does not include any measure-
ment operator which, applied to a quantum variable, had the effect of observing the value of the corresponding qubit (this in
contrast to, e.g., Selinger and Valiron's proposal [26]). We agree with researchers that put in foreground the need of a mea-
surement operator in any respectable quantum programming language, but the concern in our proposal is quantum compu-
tation theory, not programming languages; SQ is a quantum lambda calculus that morally lives in the same world as the one
of quantum Turing machines and quantum circuit families. Our choice is not a novelty, it is fully motivated by some relevant
literature on quantum computing [7,18], where measurements are assumed to take place only at the end of computation.

2. Preliminaries

Before introducing the syntax of SQ, some preliminary concepts are necessary. As always when talking about quantum
computation, we cannot be exhaustive. We refer the reader to [18] for a comprehensive survey on the topic; see also
Appendix A for further notions about Hilbert spaces.

A quantum variable set (qvs) is any finite set 'V of quantum variables? (ranged over by variables like p, r and q).

Given a set 4§, the Hilbert space with computational basis 8(8) = {|s) | s € 8} will be denoted as #(§) (see Appendix A
for the relevant definitions). We will here work with slightly nonstandard Hilbert spaces. In particular, their computational
basis consists of the set of all |f) where f is a map from a fixed qvs V to {0, 1}; this Hilbert space is denoted as # ({0, 1}*)
or, with a slight abuse of notation, simply as #(V). If V is a qvs, a quantum register is a normalized vector in # (V).

Usually, the computational basis of a (finite dimensional) Hilbert space is rather {|v) | v € {0, 1}"}; this way we obtain
the 2"-dimensional Hilbert space # ({0, 1}").

In this paper we will show that SQ is sound and complete with respect to polynomial time quantum Turing machines as
defined by Bernstein and Vazirani [7]. In particular, in order to show the “perfect” equivalence of the proposed calculus with
polynomial time quantum Turing machines, we need to restrict our attention to a subclass of unitary operators, the so-called
computable operators (see, e.g., the paper of Nishimura and Ozawa [20] on the perfect equivalence between quantum circuit
families and quantum Turing machines).

In the following, we will write 1" for the sequence 11... 1 (n times).

Definition 1. A real number x € R is polytime computable (x is in PR) iff there is a deterministic Turing machine which on
input 1" computes a binary representation of an integer m € Z such that |m/2" —x| < 1/2". Acomplex number z = x+iy is
polytime computable (z is in PC) iff x, y € PR. A normalized vector ¢ in any Hilbert space #¢ () is computable if the range of ¢
(a function from 4 to complex numbers) is PC. A unitary operator U : #(8) — # (&) is computable if for every computable
normalized vector ¢ of #(8), U(¢) is computable.

1 The expectation is that the class of quantum feasible problems strictly contains the class of classical feasible problems.
2 we point out that a quantum variable is not a quantum object, quantum variables will be used to give names to qubits.
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Let u € #({0, 1}") be the quantum register u = «]0...0) + --- + ayn|1...1) and let (g4, ..., g») be a sequence of
names; u‘d1--9 is the quantum register in #({q1, ..., g.}) defined by u‘@-~% = o|q; — 0,...,q, — 0) + --- +
am|qr = 1,...,q, = 1).

LetU : #({q1,...,q2})) — #{q1,...,qs}) be an computable operator and let (qy, ..., g,) be any sequence of dis-
tinguished names in V. Considering the bijection between {0, 1}" and {0, 1}{91~%} Uand (g1, . .., q,) induce an operator
Ugygn - HAd1, ., @n)) = HU4q1, ..., qq)) defined as follows: if |f) = |q;, = bj,, ..., q;, = bj,) is an element of the
orthonormal basis of #({q1, . .., qn}), then

def
Ulgy,anlf) = (Ulby, ..., by)) v
where g;, — bj, means that we associate the element b, of the basis to the qubit named g;,.
Let W = {q1, ..., qx} € V.We naturally extend (by suitable standard isomorphisms) the unitary operator U<qj1 ) -

H (W) — FH (W) to the unitary operator U, ... g : F(V) — H(V) that acts as the identity on variables not in ‘W and as
qu onvariables in ‘W.

,,,,,

3. Syntax

The syntax of SQ is very similar to the one of Q, itself introduced by the authors [9]. Here, we aim at giving a self-contained
introduction to the calculus.

3.1. The language of terms

Let us associate to each computable unitary operator U on the Hilbert space # ({0, 1}"), a symbol U. The set of the term
expressions, or terms for short, is defined by the following grammar:

X =2Xg, X1, ... classical variables
ron=rg, I, ... quantum variables
T u=X | (X1,...,Xn) linear patterns (wheren > 2)
Yoo=m|lx patterns
B =011 boolean constants
U:=Uy,Uy,. .. unitary operators
C =B |U constants
M:=x|r |IN |C]|new(N) | MM, |

(Myq, ..., M) | AY.N terms (wheren > 2)

In the following, capital letters such as M, N and P (possibly indexed), denote terms. Observe that, by definition, only classical
variables can be bound, i.e., abstractions can be made on patterns including classical variables. We work modulo variable
renaming; in other words, terms are equivalence classes modulo «-conversion. With M; = M, we denote that the terms
(equivalence classes) M, and M, are a-equivalent. Substitution up to «-equivalence is defined in the usual way.

Since we are working modulo «-conversion, we are authorized to use the so called Barendregt Convention on Variables
(shortly, BCV) [5]: in each mathematical context (a term, a definition, a proof...) the names chosen for bound variables will
always differ from those of the free ones.

Let us denote with Q(My, ..., M) the set of quantum variables occurring in My, .. ., M. For every term M and for every
classical variable x the number of free occurrences NFO(x, M) of x in M is defined as follows, by induction on M:
NFO(x,x) =1

NFO(x,y) = NFO(x,r) = NFO(x,C) =0
NFO(x, IM) = NFO(x, new(M)) = NFO(x, M)
NFO(x, Ay.M) = NFO(x, Aly.M) = NFO(x, M)
NFO(x, A(x1, ..., X,).M) = NFO(x, M)
NFO(x, MN) = NFO(x, M) + NFO(x, N)

NFO(X, (My, ..., My)) = > NFO(x, My)
1

3.2. Judgements and well-formed terms

Judgements are defined from various notions of environments, taking into account the way the variables are used:

e A classical environment is a (possibly empty) set (denoted by A, possibly indexed) of classical variables. With !A we
denote the set !xq, ..., !x, whenever A is X1, ..., X,. Analogously, with #A, we denote the environment #xq, ..., #x,
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const ———— gvar — cvar
IAFC A, T T 1A, x - x

—den —den
1A, #x Fx A, X x

U, #A1 My Wy, #A, = M,

app
Wy, Uy, #A; U#A, - MM,

U, #A =My - W, # A E M

tens
Uy W, #A UH#A, U U#AE (My, ..., M)

All_M M F,X],...,an_M
——————— prom ————— new abs;
145, 1A1 FIM I' - new(M) ' A(xq, ..., x5).M

' x+M ' #x+M ', 'x—M
bs, bss ——— absy

—a —a
I = .M = Ax.M I = Ax.M

Fig. 1. Well forming rules.

whenever Aisxy, ..., x,.If Aisempty, then!A and #A are empty. Notice that if A is a non-empty classical environment,
both #A and ! A are not classical environments.

e A quantum environment is a (possibly empty) set (denoted by ®, possibly indexed) of quantum variables.

e A linear environment is a (possibly empty) set (denoted by A, possibly indexed) A, ® of classic and quantum variables.

e A non-contractible environment is a (possibly empty) set (denoted by ¥, possibly indexed) A, !A where each variable
name occurs at most once.

e An environment (denoted by I', eventually indexed) is a (possibly empty) set ¥, #A where each variable name occurs at
most once.

e A judgment is an expression I" = M, where I" is an environment and M is a term.

e If I'1, ..., I}, are (not necessarily pairwise distinct) environments, I; U - - - U I, denotes the environment obtained by
means of the standard set-unionof I'y, ..., I'y.

In all the above definitions, we are implicitly assuming that the same (quantum or classical) variable name cannot appear
more than once in an environment, e.g. x, !y, #z is a correct environment, while x, !x is not. Given an environment I", var(I")
denotes the set of variable namesin I".

We say that a judgement I" + M is well formed (notation: > I" - M) if it is derivable by means of the well forming rules in
Fig. 1. If d is a derivation of the well formed judgement I = M, we writed> I' = M. If I" = M is well formed we say that M
is well formed with respect to the environment I", or, simply, that M is well formed.

The réle of the underlying context in well formed judgements can be explained as follows. If I, x = M is well formed,
then x appears free exactly once in M and, moreover, the only free occurrence of x does not lie in the scope of any ! construct.
On the other hand, if I", #x - M is well formed, then x appears free at least once in M and every free occurrence of x does
not lie in the scope of any ! construct. Finally, if I, !x = M is well formed, then x appears at most once in M.

Proposition 1. If > Q(M) = M then all the classical variables in M are bound.

Proof. The following, stronger, statement can be proved by structural induction on d: if d> I" = M then all the free variables
of M appearsin I". O

SQis a language inspired by Lafont’s soft linear logic [17]: the classical fragment of SQ is very similar (essentially equiv-
alent) to the language of terms of Baillot and Mogbil’s soft lambda calculus [3], where the authors show how soft lambda
terms can be typed with formulas of soft linear logic. But many interesting properties hold for soft lambda terms even in the
absence of types, i.e., the structure of untyped terms is itself sufficient to enforce those properties. This includes soundness
and completeness wrt polynomial time. This is the main reason why we decided to present SQ as an untyped language.

4. Computations

Computations are defined by means of configurations. A preconfiguration is a triple [@, @V, M] where:

e M isaterm;
e @YV is a finite quantum variable set such that Q(M) C QV;
e Qe JHW@QV).
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B-reductions

[@, @V, (Ax.M)N] — 5 [Q, @V, M{N/x}]
[@, @V, (Ax1, ..., x0).M)(r1, ..., 10)] —qp (@, QV, M{ri/x1, ..., m/Xn}]
[@, @V, Ax.M)IN] =5 [@, @V, M{N/x}]

Unitary transform of quantum register
[@, @V, U, ..., 1i,)] —uq [U<<r,.1,_“,rin>>Q, QV, (riy, ..., ]
Creation of a new qubit and quantum variable
[@, QV,new(c)] = new (@R |r =), @V U {r}, 1] (r is fresh)
Commutative reductions
[@,QV, L(Ar .M)N)] = cm [@, QV, (A .LM)N]
[@,QV, (Ar.M)N)L] =, m [@Q, QV, (AT .ML)N]

Context closure
(@, @V, M;] -4 [R, RV, Ni]

4
[@7 Qv, <M1’ "'aMia . -~7Mk>] —a [:R» RV, (Ml’ -~-aNia .. -sMk>]

[@,QV,N] =4 [R, RV, L] [@, @V, M] =4 [R, RV, N]
r.a l.a
[@,QV,MN] =, [R, RV, ML] @, QYV,ML] -4 [R, RV, NL]
[Q,QV,M] =, [R, RV, N]
in.new
[@, QV,new(M)] =4 [R, RV, new(N)]
[@,QV,M] =4 [R, RV, N]
in.)\,]
[@,QV, (Ax.M)] =4 [R, RV, (AXx.N)]
[@, @V, M] =4 [R, RV, N]
in.)\‘z

[@,QV, (Ar . M)] =4 [R, RV, (Ar.N)]

Fig. 2. Reduction rules.

Letd : @V, — @V, be abijective function from a (nonempty) finite set of quantum variables @V to another set of quan-
tum variables @V,. Then we can extend 6 to any term whose quantum variables are included in @ V: 8 (M) will be identical
to M, except on quantum variables, which are changed according to 0 itself. Observe that Q(6 (M)) € @V,. Similarly, 6 can
be extended to a function from #(QV;) to #(QV,) in the obvious way.

Definition 2 (Configurations). Two preconfigurations [@1, @'V, M] and [@,, @V,, M;] are equivalent iff there is a bijec-
tiond : QV, — QV, such that @, = 6(Q@,) and M, = 6(M,). If a preconfiguration C; is equivalent to C,, then we will
write C; = C,. The relation = is an equivalence relation. A configuration is an equivalence class of preconfigurations modulo
the relation =. Let C be the set of configurations.

Remark 1. The way configurations have been defined, namely quotienting preconfigurations over =, is very reminiscent of
usual «-conversion in lambda-terms. Indeed, it is enlightening to think at quantum variables as bound variables (or, even
better, as pointers to the quantum register) rather than free variables.

Let # = {Uq, new, I.8, q.8, c.B, l.cm, r.cm}. The set . will be ranged over by «, 8. For each « € ¢, we can define a re-
duction relation —,< € x C by means of the rules in Fig. 2. Please, notice the presence of the two commutative reduction
rules l.cm and r.cm. The réle of l.cm and r.cm is related to the standardization result presented in Section 5. Roughly speak-
ing, commutative rules prevent quantum reduction to block classical reduction. For any subset .# of .#, we can construct
a relation — o~ by just taking the union over ¢ € .# of —. In particular, — will denote — . The usual notation for the

transitive and reflexive closures will be used. In particular, % will denote the transitive and reflexive closure of —. Notice
we have defined — by closing reduction rules under any context except the ones in the form !M. So — is not a strategy.
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4.1. Subject reduction

Even if SQ is not typed, we have a strong notion of well formation for terms. As we will see the well forming rules
are strong enough to guarantee termination of computations with polynomial bounds (see Section 8). It is necessary to
introduce a suitable notion of well formed configuration and, moreover, to show that well formed configurations are closed
under reduction.

Definition 3. A configuration [@, @V, M] is said to be well-formed iff there is a context I" such that I" -+ M is well-formed.

The following is the main result of this section:

Theorem 1 (Well Formation Closure). If C is a well-formed configuration and C = Dthen D is well formed.

The proof is a consequence (provable by induction) of the following stronger result that, with a little abuse of language (the
calculus is untyped), we call subject-reduction theorem.

Theorem 2 (Subject Reduction). If > A, ' A1, #A, = My and [@41, QV 1, M1] — [@,, @V,, M,] then there are environments
As, Ay such tharA1 = A3, Ay and > A, !A3, #A4 U #Az, QvV, —QV, = Mz. Moreover, QvV, —QV, = Q(Mz) — Q(Ml)

Proof. In order to prove the theorem we need a number of intermediate results (the proofs are very easy and long
inductions). We first need to show that certain rules are admissible. The following lemmas can be easily proved by induction
on the structure of derivations:

e If> 1" M and x is a fresh variable then I, Ix = M;
o If-I",x+ M, then>1I",!x - M;
o If-I",x+ M, thenws I', #x = M.

As a consequence the following rules are admissible:

r=M ', Ar-M rArM
—  weak —— ders —— dery
T AFM FAFM T #AFM
with the proviso that in rule weak, each x in A is a fresh variable. As always, proving subject reduction requires some
substitution lemmas. In this case, we need four distinct substitution lemmas, which can all be proved by long inductions:

Linear case. If >y, #A1,x - P and > Y5, #A, = N, with var(¥;) Nvar(¥;) = @, thens Wy, ¥y, #A1 U #A, F P{N/x}.

Contraction case. If > I",#xF Pand> A F N and var(I") Nvar(A) = @ thenws I', #A - P{N/x}.

Bang case. If>I",!x Pand> A F N and var(I") Nvar(A) = @ thenws I, 1A F P{N/x}.

Quantumcase. If>I,x1,...,xa = P,o1A, 1y, ...t F (rq,...,m)yand rq, ..., 1, &€ var(I") then>1",!A,1rq,...,1m
P{ri/x1, ..., n/Xn}

Observe how the hypotheses of the four cases are different. As an example, when a term N is substituted for a variable x
appearing more once in P, the (free) variables in N must be “contractible” and, moreover, N cannot contain any quantum
variable. On the other hand, if x appears exactly once in P, no constraint must be imposed on variables appearing in N.

Let I" be an environment, a partial function m with domain I” is called an mfun (for I') if:

1. if @ (occurring in I') is either a classical variable or a quantum variable or has the shape #x, then m(a) = «;
2. if Ix occurs in I" then m(!x) is either !x or #x.

It is immediate to observe that if I' = «y, ..., o, is an environment and m is an mfun, then m[I"] = m(ay), ..., m(ay)
is an environment; We are now in a position to prove Theorem 2. We prove it in the following equivalent formulation: if
de> I' - Mand [@q, @QV1, M{] — [@,, @V, M;] then there is an mfun m for I" such that>m[I"], @V, — @V - M;. The
proof is by induction on the height of d and by cases on the last rule r of d. There are several cases, we will show only some
of them.

e risapp:
dq d,

UL #ALF P W #A, P

app
Uy, Uy, #A, U#A, - PPy

and the reduction rule is

(@, @V, P] =4 [R, RV, P3]
l.a.

(@, @V, PiP;] = [R, RV, P3P;]
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Applying the induction hypothesis to d; there is an mfun m and a derivation d3 such that:
d3 dZ

Mm@, ], #A,, RV —QV - Py Wy, #A, - P,

app
m[lI/1], v, RV —QV,#A, U #A, [ PP,

Please note that if !y occur in ¥, then #y cannot occur neither in # A nor in #A,, therefore even if m(ly) = #y, the rule
app is applied correctly.

e risapp:
dq d,
I, #x+-P Ay FN
————abs; —————— prom
' = Alx.P 1A3,1A; HIN

I','A3,'4; F (Ax.P)(IN)
and the reduction rule is:
[@, @V, (AMx.P)IN] =5 [@, QV, P{N/x}]
we have the thesis by means of the substitution lemmas above:
d3

I, #A, - P{N/x)

weak
I, \As, #A, F P{N/x}

where ds is the derivation obtained by applying the contraction case to d; and d,.
e ris new:

IAFc
——————— new
A F new(c)

and the reduction rule is:
[@, @V, new(c)] > [@® |p+— ¢), @V U {p}, p]
The thesis is obtained by means of qvar:

— qvar
1A, pkp
The other cases can be handled in the same way. O

In the rest of the paper we will restrict our attention to well-formed configurations, that we continue to call simply config-
urations to ease reading. We conclude this Section with the notions of computation and normal form.

Definition 4 (Normal Forms). A configurationC = [@, @'V, M] is said to be in normal form iff there is no D such that C — D.
Let us denote with NF the set of configurations in normal form.

We define a computation as a suitable finite sequence of configurations:

Definition 5 (Computations). If C; is any configuration, a computation of length m € N starting with C; is a sequence of
configurations {Ci}1<i<m such thatforall 1 <i <m, GG — Gy and G, € NF.

As we will see, the limitation to finite sequences of computations is perfectly reasonable. Indeed, we will prove (as a
byproduct of polytime soundness, Section 8) that SQ is strongly normalizing.

In the concrete realization of quantum algorithms, the initial quantum register is empty (it will be created during the
computation). With this hypothesis, configurations in a computation can be proved to have a certain regular shape:

Proposition 2. Let {[Q;, QV;, Mil}1<i<m be a computation, such that @V, = . Then for every i < m we have QV; = Q(M;).
Proof. The statement can be proved by induction on m, using in particular Theorem 2. Indeed, if m > 1 (the base case is
trivial):
QVn = (@QVyn — QVi—1) UQVy_1 = (QMp) — Q(Mi—1)) U @ Vg
= (QMm) — QMp—-1)) U Q(Mp—1) = Q(Mp)
This concludes the proof. O
In the rest of the paper, [@, M] denotes the configuration [@, Q(M), M].
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4.2. Confluence

In [9] we have shown that Q enjoys confluence. It is immediate to observe that SQ is a subcalculus of Q (each well-formed
configuration of SQ is also a well-formed configuration of Q, and moreover SQ and Q have the same reduction rules). The
just stated subject reduction theorem is therefore sufficient to ensure that confluence still holds for SQ (as for simply typed
A-calculus, where confluence is a direct consequence of confluence of pure A-calculus).

Theorem 3 (Confluence). Let C, D, E be configurations with C 5 Dand C - E. Then, there is a configuration F with
D> FandE —> F.

Moreover, as a consequence of having adopted the so-called surface reduction, (i.e. it is not possible to reduce inside a subterm
in the form !M) it is not possible to erase a diverging term (see also [29]). Therefore it is possible to show that:

Theorem 4. A configuration C is strongly normalizing iff C is weakly normalizing.

In any case such a result will be superseded by Theorem 6: in Section 8, we prove that any configuration is in fact strongly
normalizing.
The proofs of Theorems 3 and 4 can be found in Appendix B.

5. Standardizing computations

Another interesting property, that SQ inherits from Q [9] is quantum standardization. In this section we will recall its
definition and the main ingredients needed to prove it (a detailed proof can be found in Appendix C). The idea underlying
quantum standardization is simple: for each computation there is an equivalent standard computation that:

o first performs classical reductions (namely reductions not involving neither the quantum register nor quantum
variables). We could think that this phase is responsible for the construction of a A-term (abstractly) representing a
quantum circuit;

e secondly, builds the quantum register (by means of the new reductions);

e and finally, execute quantum reductions (as if the quantum circuit abstractly built in the first phase were applied to the
quantum register built in phase two).

First of all, we define precisely what we mean by standard computation. We distinguish three subsets of .#, namely
2 = {Uq,q.8},n¢ = 2U {new},and ¥ = .¥ — n¥.Let C —, D and let M be the relevant redex in C; if « € 2 the
redex M is called quantum, if o € % the redex M is called classical.

Definition 6. A configuration C is called non-classical if « € n¢ whenever C —, D. Let NCL be the set of non classical
configurations. A configuration C is called essentially quantum if « € 2 whenever C —, D. Let EQT be the set of essentially
quantum configurations.

We define the notion of standard computation, that we call CNQ. A CNQ computation is a computation such that any new
reduction is always performed after any classical reduction and any quantum reduction is always performed after any new
reduction:

Definition 7. A CNQ computation is a computation {C};<j<m such that

1. forevery 1 <i < m,if G_1 —p¢ G then GG =, Ciy1;
2.forevery1 <i < m,ifC_q; — o G then G — o Cit1.

Quantum standardization takes the form of the following theorem, which guarantees the existence of an equivalent CNQ
computation for every computation:

Theorem 5 (Quantum Standardization). For every computation {Ci}1<i<m there is a CNQ computation {D;}1<i<n such that
Ci =D, and Cn = Dy,

The proof of Theorem 5 proceeds by first showing that NCL is closed under — o and that EQT is closed under — .. Detailed
proofs of Theorem 5 and related lemmas can be found in Appendix C.

6. Encoding classical data structures

Classically, SQ has the expressive power of soft linear logic. The aim of this Section is to illustrate some encodings of
usual data structures (natural numbers, binary strings and lists). Notice that some of the encodings we are going to present
are non-standard: they are not the usual Church-style encodings, which are not necessarily available in a restricted setting
like the one we are considering here. The results in this section will be essential in Section 9.

In order to simplify the treatment we will consider reduction between terms rather than between configurations. If
@, QV,M] —, [R, RV, N], then we will simply write M —, N. This is sensible, since N only depends on M (and does
not depend on @ nor on QV).
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6.1. Natural numbers
We need to stay as abstract as possible here: there will be many distinct terms representing the same natural number.
Given a natural number n € N and a term M, the class of n-banged forms of M is defined by induction on n:
e The only 0-banged form of M is M itself;
e If N is a n-banged form of M, any term !L where L —>*JV N is an n + 1-banged form of M.
Let "M denotes !(!... (! M)...). Please notice that I"M is an n-banged form of M for every n € N and for every term M.
——

n times
Given natural numbers n, m € N, aterm M is said to n-represent the natural number m iff for every n-banged form L of N

ML — 4 Az.N(N(N(...(N2)...)).
N—
m times

A term M is said to (n, k)-represent a function f : N — N iff for every natural number m € N, for every term N which
1-represents m, and for every n-banged form L of N

ML —", P

where P k-represents f (m).
For every natural number m € N, let [m] be the term

A Ay x(x(x(... (xy)...))).
~—————
m times

For every m, [m] 1-represents the natural number m.
For every natural number m € N and every positive natural number n € N, let [m]" be the term defined by induction on
n:

m)° = [mf;
[m]™! = Alx.[m]"x.
For every n, m, [m]" can be proved to n 4+ 1-represent the natural number m.

Lemma 1. Letid : N — N be the identity function. For every natural number n, there is a term M, which (n, 1)-represents id.
Moreover, for every m € N and for every term N, MJ}!"t™N —>*JV IMN.

Proof. By induction on n:
° Ml% = Ax.x. Indeed, for every N 1-representing m € N and for every 0-banged form L of N:
ML = MN = (lx.x)N — _, N.
° Mi"d+1 = A!x.MJ;x. Indeed, for every N 1-representing m € N and for every n 4+ 1-banged form L of N:

MM = MMIP = WX MIX)IP — o MEP = MI\Q = R
where Q is an n-banged form of N and R 1-represents m.

This concludes the proof. O
SQ can compute any polynomial, in a strong sense:

Proposition 3. For any polynomial with natural coefficients p : N — N of degree n, there is a term M, that (2n + 1, 2n + 1)-
represents p.

Proof. Any polynomial can be written as an Horner’s polynomial, which is either:

e The constant polynomial x — k, where k € N does not depend on x.
e Or the polynomial x — k + x - p(x), where k € N does not depend on x and p : N — N is itself an Horner’s polynomial.

So, proving that the thesis holds for Horner’s polynomials suffices. We go by induction, following the above recursion
schema:

e Any constant polynomial p : N — Nin the form x — kis (1, 1)-representable. Just take. M, = A!x.[k]. Indeed:

M,IN — [k].
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e Supposer : N — N is a polynomial of degree n which can be (2n + 1, 2n + 1)-represented by M,. Suppose k € N and let
p : N — N be the polynomial x — k + x - r(x). Consider the term

M, = AxAly Az (K12 F2y) (M%) (Mw Alu (M w))xy)z)

Let now N be a term 1-representing a natural number i, L be any term, !P be any (2n + 3)-banged form of N and !Q be
any (2n + 3)-banged form of L. Then

M,'PIQ =y Az.(TK12"™2Q) (M22P) (Alw .2\ (M, wu))PQ)z)
=" Az.([K17"72Q) (MA™F2P) (Mw.Alu. ! (M, wu)) IR'S)z)
=" Az.([K1"1S) ((MZ™21R) (M, RS)z)
="y Az.0z. LILL(. .. (L2) .. .)))

D ——

k times
(V!(M,RS)z)

= Az.0z. LILL(. .. (L2)...)))
———

k times
(Az. (M;RS)(...((M;RS)2)...))

i times
=y Az.0z. LILAL(. .. (LZ) .. .)))
N’

k times
(Az. M, TU)(...((M,TU) 2)...)))

i times
="y Az.0z. LAAC..(L 2)..)))z
————
k 4+ ir (i) times
— 4 (Az. L(L(L(...(L 2)...)))
———

k + ir (i) times

where V 1-represents i, IR is a (2n + 2)-banged form of N, !S is a (2n + 2)-banged form of L, T is a (2n + 1)-banged form of
N and U is a (2n + 1)-banged form of L. This concludes the proof. O

6.2. Strings

Other than natural numbers, we are interested in representing strings in an arbitrary (finite) alphabet. Given any string
s=b;...b, € ¥* (where X is a finite alphabet), the term [s]% is the following:

AMXgpooon. Mg Ay AZ.yxp, VX, WXy (- .. (VXp,2) .. .))).
where ¥ = {ay, ..., ay}. Consider the term

strtonaty = AX.Aly. Az x!1Qw.w) ... NAw.w)!(Mw.Ar.yr)z.

m times
As can be easily shown, strtonaty [b; ... b,]* rewrites to a term N 1-representing n:

strtonats [by ... by 17 IL = 4 Az.[by ... b1 NOw.w) .. NOw.w) (Mw.Ar.Lr)z

m times
—>*JV AZ. Al w Ar.Lo)!'Quw.w) (M w. Ar.Lo)!Qow.w) (M w.Ar.Lr)!(Aw.w)
G..(Mw.ArLn)!(Aw.w)z)...)))
=y Oz LA .. (LZ)...))
———

n times
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6.3. Lists

Lists are the obvious generalization of strings where an infinite number of constructors is needed. Given a sequence
My, ..., M, of terms (with no free variable in common), we can build a term [M;, ..., M,] encoding the sequence as follows,
by induction on n:

[1=AxAly.y;
[M, My, ..., My] = AxAly xM[My, ..., My].
This way we can construct and destruct lists in a principled way: the terms cons and sel can be built as follows:
cons = AZ.AwW.AIXAly.xzw;
sel = Ax.A\y.Az.xyz.
They behave as follows on lists:
consM[My, ..., Myl =%, [M, My, ..., My];
sel[]INIL =%, L;
sel[M, My, ..., Mp]INIL =%, NM[M;, ..., My].

By exploiting cons and sel, we can build more advanced constructors and destructors: for every natural number n there are
the terms append, and extract, behaving as follows:

append,[Ny, ..., NnIMy, ..., My =%, [My, ..., My, Ny, ..., Nnl;
Vm < n.extractyM[Ny, ..., Nn] =%, M[INyNp_1...Ny;
Vm > n.extractyM[Ny, ... Np] =" M[Nnpyq ... NpINaNp_q ... Ny.
Terms append,, can be built by induction on n:
appendg = AX.X;
append; 1 = AX.AYq..... AYnt1.cons ypi1(append,Xy1 ...Yn).
Similarly, terms extract, can be built inductively:

extracty = AX.AY.Xy;
extractpy1 = AX.AY.(sely!(Az.Aw.Av.extract,ywz)! (Az.z[]))X.

Indeed:
Vm.extractoM[Ny, ..., Np]l =%, M[Ny, ..., Npl;
Vn.extract,1M[] =%, M[];
Vm < n.extract,41M[N, N ... Np] =%, extract,M[Ny, ..., NpIN
—*, M[INp...NiN;
Vm > n.extractp1M[N, Ny ...Np] =%, extract,M[Ny, ..., NyIN

—* M[Npt1...NaINy ... NiN;

7. Representing decision problems

We now need to understand how to represent subsets of {0, 1}* in SQ. Some preliminary definitions are needed.
A term M outputs the binary string s € {0, 1}* with probability p on input N iff there is m > |s| such that

[1,0, MN] = [@,{d1, - -, dn}. [G1, - - Gm]]
and the probability of observing s when projecting @ into the subspace # ({qs+1, - - -, qm}) is precisely p.
Givenn € N, two binary strings s, r € {0, 1}¥ and a probability p € [0, 1], aterm M is said to (n, s, r, p)-decide a language
L C {0, 1}* iff the following two conditions hold:

e M outputs the binary string s with probability at least p on input !"[t]{%1) whenever t € L;
e M outputs the binary string r with probability at least p on input !"[t]{®" whenever t ¢ L.

With the same hypothesis, M is said to be error-free (with respect to (n, s, r)) iff for every binary string t, the following two
conditions hold:

e If M outputs s with positive probability on input !"[¢]{%} then M outputs r with null probability on the same input;
e Dually, if M outputs r with positive probability on input "[t]{®1}, then M outputs s with null probability on the same
input.
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Definition 8. Three classes of languages in the alphabet {0, 1} are defined below:

1. ESQ is the class of languages which can be (n, s, r, 1)-decided by a term M of SQ;

2. BSQ is the class of languages which can be (n, s, r, p)-decided by a term M of SQ, where p > 1;

3. ZSQ is the the class of languages which can be (n, s, r, p)-decided by an error-free (wrt (n, s, r)) term M of SQ, where
1

The purpose of the following two sections is precisely proving that ESQ, BSQ and ZSQ coincide with the quantum complexity
classes EQP, BQP ad ZQP, respectively.

8. Polytime soundness

In this Section we assume that all the involved terms are well formed.

Following the approach proposed by Girard in [16] and subsequently developed in [1,17,3] we show that SQ is intrinsi-
cally a polytime calculus. This allows to show that decision problems which can be represented in SQ lie in certain polytime
(quantum) complexity classes.

We start with some definitions. We distinguish two particular subsets of .#, namely #" = {r.cm, l.cm}and 4 = ¥ — 7.
Reduction rules in .7 are the so-called commuting rules. The size of a term is defined in a standard way as:

X =1rl=ICl =1
[IN| =|N|+1
[new(P)| = |P| + 1
[PQl =Pl + Q|+ 1
M1, ..., M| = [Mi] + -+ M| + 1
[Ax.N| = |AIX.N| = |A(x1, ..., X%).N| = |N| + 1

A term cannot contain more occurrences (of a variable) than its size:
Lemma 2. For every term M and for every variable x, NFO(x, M) < |[M]|.
Proof. By inductionon M. O

Commuting reduction steps do not alter the size of the underlying term. But on the other hand, — . is strongly normalizing:

Lemma 3. IfM > . N, then (i) [M| = IN|; (i) n < [M|2.

Proof. (i) By induction on the derivation of M — . N. Observe that |[L((A7.R)S)| = |(Ax.LR)S| and |((Am.R)S)L| =
|(A.RL)S|; these are base cases in which L((A7.R)S — | ¢m (A.LR)S or ((Ar.R)S)L — . (A7r.RL)S. We have context
closures as inductive steps. For example, let M be LP and let be

P—»Q
LP — - LQ

the last rule in the derivation. By induction hypothesis we have |P| = |Q|,and |M| = |LP| = |L|+|P|+1 = |L|+|Q|+1 =
|LQ|. The other cases are very similar to the previous one.

(i) Define the abstraction size [M|; of M as the sum over all subterms of M in the form An.L, of |L|. Clearly M|, < [M|?.
Moreover, n < |M|; because

l.a

IL((A.R)S) | < |(Amr.LR)S]|;.
[((Ar.R)S)L|; < |(Am.RL)S|;

In other words, |M|;, always increases along commuting reduction.

This concludes the proof. O

In order to prove polytime soundness of the calculus it is useful to assign to each term M three quantities B(M), D(M) and
W(M). B(M) is simply the maximum nesting depth of ! operators inside M. D(M) is the maximum number of occurrences
of a bound variable in M. Finally, W(M) is the weight of M, namely a quantity that we will use to show polytime soundness.
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More formally:

Definition 9 (Box-Depth, Duplicability-Factor, Weights). 1. The box-depth B(M) of M (the maximum between the number
of !-terms nesting in M) is defined as
B(x) =B(r) =B(C) =0
B(IN) =B(N) + 1
B(new(N)) = B(N)
B(PQ) = max{B(P), B(Q)}
B({M1, ..., Mk)) = max{B(My), ..., B(My)}

B(Ax.N) = B(AIX.N) = B(A{x1,...,X;).N) = B(N);

2. the duplicability-factor D(M) of M (the maximum between the number of occurrence of variables bound by a A) is defined
as
D(x) =D(r) =D(C) =1
D(!IN) = D(N)
D(new(N)) = D(N)
D(PQ) = max{D(P), D(Q)}
D((My, ..., M) = max{D(My), ..., D(My)}
D(Ax.N) = D(A!x.N) = max{D(N), NFO(x, N)}
D(A{x1, ..., Xx).N) = max{D(N), NFO(x1, N), ..., NFO(xy, N)};
3. the n-weight W,(M) of M (the weight of a term with respect to n) is defined as
Wn(x) = Wn(r) = Wn(C) =1
W,(IN) =n-W,(N) + 1
W, (new(N)) = W,(N) + 1
Wn(PQ) = Wn(P) + Wn(Q) +1
Wn(<M1s e Mk)) = Wn(M]) + - +Wn(Mk) +1

W, (A%.N) = W, (AIX.N) = W, (A (X1, ..., xk).N) = W,(N) + 1;
4. the weight of a term M is defined as W(M) = Wpy (M).
The strategy we will use to prove polytime soundness consists in proving three intermediate results:

e First of all, by means of several intermediate results, we will show that W(M) is an upper bound of |M]|.

e Second, W(M) is shown to strictly decrease at any noncommutative reduction step and it is shown not to increase at any
commutative reduction step.

e Lastly, W(M) is shown to be bounded from above by a polynomial p(|JM|), where the exponent of p depends on B(M)
(but not on |[M|). This implies, by Lemma 3, that the number of reduction steps from M to its normal form is polynomially
related to W(M).

The three results above together imply polytime soundness.

Before formally stating and proving them, however, we need to show a few auxiliary lemmas about B(-), D(-), W(-) and
NFO(-, -) and how these quantities evolve during reduction. The duplicability-factor of a term cannot be bigger than the size
of the term itself:

Lemma 4. For every term M, D(M) < |[M|.
Proof. By induction on M:

e M is a variable or a constant or a quantum variable; then D(M) = 1 = |M|.
e M is of the form Ax.N. Then:

D(Ax.N) = max{D(N), NFO(x, N)}
< max{[N|, NFO(x, N)}

< max{|N|, N[}
= |N| < IN|+1=M|.

e M is of the form A!Xx.N or Asr.N: very similar to the previous case.
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e M is PQ.Then:

D(PQ) = max{D(P), D(Q)} < max{[P|, Q)
< max{|P| +1Q| + 1, [P + Q] + 1}
— Pl +1Q] + 1= |PQ.

e M is new(N):

D(new(N)) = D(N) < [N| < [N| + 1 = [M].

e Mis !N, then

IH
D(N) = D(N) < N| < |[N| + 1= |M].
e Mis(Ny,...,Ny)andforallN;, i=1...k wehaveD(N;) < |N;| by induction hypothesis; then

IH
D(M) = max{D(Ny), ..., D(Ny)} < max{[Ny|, ..., N[}
< INi[+ -+ Nl +1=M].

This concludes the proof. O
The number of free occurrences of a variable cannot increase too much during reduction:
Lemma 5. IfP — o Q then max{NFO(x, P), D(P)} > NFO(x, Q).

Proof. The proof proceeds by proving the following facts:

1.if>I',x = Pand P — o Q then NFO(x, P) > NFO(x, Q);
2.if > I, #xF Pand P — o Q then NFO(x, P) > NFO(x, Q);
3.if I, IxH Pand P — & Q then max{NFO(x, P), D(P)} > NFO(x, Q).

The lemma is therefore a trivial consequence of the above facts. The proofs of 1., 2. and 3. are simple inductions on the
derivation of P — o Q. We will show here only some interesting cases.

1. We distinguish two cases:

o Ifthe last rule is a base rule, we have several sub-cases. If the reduction rule is (A!ly.L)!M — . g L{M/y}, please observe
that NFO(x, IM) = 0 and conclude. If the reduction rule is (Ay.L)M — g L{M/y}, we have only two possibilities:
either NFO(x, M) = 0 and NFO(x,L) = 1 or NFO(x, M) = 1 and NFO(x, L) = 0; in both cases the conclusion is
immediate. The other sub-cases are easier.

o If the last reduction rule is a context closure rules, the result follows easily by applying the induction hypothesis. For
example, if the closure rule is

M — N

ML — NL
we have two sub-cases: either NFO(x, P;) = 0 and NFO(x, P;) = 10or NFO(x, P;) = 1and NFO(x, P;) = 0. In the first

sub-case the thesis follow immediately. In the second sub-case the result follows by applying the induction hypothesis
NFO(x, M) > NFO(x, L).
2. We distinguish two cases:

o Ifthe last rule is a base rule, we have several sub-cases If the reduction rule is (Aly.L)!M —. g L{M/y}, please observe
that NFO(x, IM) = 0 and conclude. If the reduction rule is (Ay.L)M — g L{M/y}, simply observe that y must occur
exactly once in L and therefore NFO(x, (Ay.L)M) = NFO(x, M) + NFO(x, L) = NFO(x, L{M/y}). All the other base
cases can be easily proved.

o If the last reduction rule is a context closure rule, the result follows easily by applying the induction hypothesis. For
example if the reduction rule is

M — N

ML — NL
we have two sub-cases: (i) NFO(x, M) = 0; in this case the thesis follow immediately; (ii) NFO(x, M) # 0; the result

follows by applying the induction hypothesis NFO(x, M) > NFO(x, L).
3. The proof remains simple but it slightly more delicate, because we must consider the phenomenon of duplication.
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o If the last rule is a base rule: we have several cases. If the reduction rule is (Aly.L)!M — g L{M/y}, please observe
that differently from the previous facts, we have two possibilities: if NFO(x, M) = 0 we conclude; otherwise, if
NFO(x, !M) # 0 we must have that NFO(x, M) = 1 and NFO(x, L) = 0. Consequently

max{NFO(x, P), D(P)} = D(P) = max{D(\!y.L)), D(IM)}

D(Aly.L) > max{D(L), NFO(y, L)}

NFO(y, L)

= NFO(x, L) + NFO(y, L) - NFO(x, M)

— NFO(x, L{M/y}).

=
=

If the reduction rule is (Ay.L)M —, g L{M/y}, simply observe that y must occur exactly once in L and therefore
NFO(x, (Ay.L)M) = NFO(x, M) 4+ NFO(x, L) = NFO(x, L{M/y}).
All the other base case are easily proved.
e if the last reduction rule is a context closure rules, the result follows easily by applying the induction hypothesis. For
example if the reduction rule is
M — N

ML — NL
we have two cases: (i) NFO(x, M) = 0; in this case the thesis follows immediately; (ii) NFO(x, M) = 1 and NFO(x, L)

= 0 the result follows by applying the induction hypothesis max{NFO(x, M), D(M)} > NFO(x, N):
max{NFO(x, ML), D(ML)} = max{NFO(x, M) + NFO(x, L), D(M), D(L)}

max{NFO(x, M), D(M), D(L)}

max{NFO(x, M), D(M)}

NFO(x, N) = NFO(x, NL).

vV v

This concludes the proof. O

The duplicability factor of a term obtained by substitution is bounded by (the maximum of) the duplicability factors of the
involved terms:

Lemma 6. For all terms P and Q, D(P{Q /x}) < max{D(P), D(Q)}.
Proof. By induction on the term P. O

It is now possible to show that D(-) does not increase during reduction:
Lemma7. (i) fM — , N then D(M) = D(N);

(ii) If M — 4 N then D(M) > D(N).

Proof. (i) By induction on the derivation of — .. For the base cases, if M — ., N, M is of the form L((A7r.M;)M,) and N
is (At .LM1)M,. Observe that, thanks to BCV (Section 3.1) relative to l.cm, NFO(x;, LM{) = NFO(x;, M) for every i. We
have:

D(M) = max{D(L), D((Axr.M{)M)}
= max{D(L), D(Aw.M7), D(N)}
= max{D(L), D(M;), NFO(x1, My), ..., NFO(x,, M1), D(M3)}

max{D(L), D(M;), NFO(x;, LMy), ..., NFO(x,, LMy), D(M,)}

max{D(LMy), NFO(x;, LMy), ..., NFO(xn, LM;), D(M>)}

= max{D(Axw.LMy), D(M,)}

= D((Am.LM;1)M>).

We have context closures as inductive steps. For example, let M be MM, and let

My — o M3
—|.a
MMy — » M3M,

be the last rule instance in the derivation. Then:
H
D(M) = max{D(M;), D(Mz)} = max{D(M3), D(M>)}
= D(M3M,)

The other cases are very similar to the previous one.
(ii) By induction on the derivation of — _4 . We prove some cases depending on the last rule in the derivation.
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e The reduction rule is
P1 d P3
P1P2 — P3P2
Then:
D(M) = max{D(Py), D(P»)}

H
> max{D(P3), D(P;)} = max{D(P3P;)}
e The reduction rule is
Pz — P3
P]Pz — P1P3

The argument is symmetric to the previous one.
e The reduction rule is (A!x.P)!Q —. g P{Q/x}. Then:

D((A!x.P)!Q) = max{D(P), NFO(x, P), D(Q)}
> max{D(P), D(Q)} = D(P{Q/x})

where the last step is justified by Lemma 6.
o The reduction rule is (Ax.P)Q — g P{Q /x}. Similar to the previous case.

o The reduction rule is (A(x1, ..., x¢).P)(r1, ..., 1) —>qp P{ri/X1, ..., 1/X}. Again similar to the previous case.
e The reductionruleis U(ry, ..., k) —uq (I1, ..., Tk); the result follows by definitions.
e The reduction rule is
Mi > N
(M],...,Mi,...,Mk> > (M],...,N,...,Mk)

By induction hypothesis we have

D((M], Y Y/ Mk)) = max{D(M1), PN D(M,'), ey D(Mk)}

Z max{D(M;), ..., D(N), ..., D(My)}
= D((M],...,N,...,Mk))

e The reduction rule is

P—,Q
in.new

new(P) —, new(Q)
Then:

D(new(P)) = D(P) > D(Q) = D(new(Q)).
e The reduction rule is

P—,Q
——in.Aq
AMx.P —, Ax.Q

Then, by Lemma 5

D(A!x.P) = max{D(P), NFO(x, P)} > NFO(x, Q)
moreover by the induction hypothesis

D(A!x.P) = max{D(P), NFO(x, P)} > D(P) > D(Q)
and therefore

D(A!x.P) = max{D(P), NFO(x, P)} > max{D(Q), NFO(x, Q)} = D(A!x, Q)

This concludes the proof. O

It is important to remark that Lemma 7 does not hold for non-well-formed terms. For example let us consider M =
Alx.((Mz.zz)!(xxx)). We have M — N where N = Alx.((xxx)(xxx)), but D(M) = 3 and D(N) = 6. By the way, M is
well-formed in Q [9].

Lemma 8. For every term M, |[M| < W(M).

Proof. By induction on the term M. In some cases, we will use the following fact: for all term M, foralln,m e N,1 <m < n,
then W, (M) < W,(M).
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e M is a variable, a constant or a quantum variable. Then, [M| = 1 = Wo(M) = Wpun (M) = W(M).
e M is IN. We can proceed as follows:
IM| = |N|+1<W(N)+1
= Whn) N+1= WD(N)(!N)
= Wpan) (IN) = Wpa) (M) = W(M).

e M is new(N); then

IH
[new(N)| = [N| + 1 < Wpp)(N) + 1
= Wp)(new(N)) = Wpnew(vy) (new(N)) = W(new(N)).
e M is PQ; then

M| = |P|+ Q]+ 1 <W(P) +W(Q) +1
= Wpp) (P) +Wp(g)(Q) + 1
< Wnax{p(®).0(@)} (P) + Winax(p).0@)}(Q) + 1
= Wppq)(P) + Wppg)(Q) + 1
= Wppq)(PQ) = W(PQ) = W(M).

e Mis (Nq, ..., N); then
[{(N1, ..., Nl = INi[+ -+ [Ne] + 1

H

< Wpnvpy(N1) + -+ + Wpy (Ni) + 1
< Wpany(N1) + -+ - + Wpay (Np) + 1
= Wpm) (M) = W(M).

e M is Ax.N; then

H
M| = N[+ 1 < Wpp(N) +1 < Wpa(N) +1=W(M)

where the last inequality holds observing that D(M) = max{D(N), NFO(x, N)}, so D(N) < D(M).
e Mis Am.N or M is A!x.N: as in the previous case.

This concludes the proof. O

We now need to revisit the Substitution Lemma. In particular, the weight of terms obtained as substitutions can be properly
bounded by some simple expressions involving the weight of the involved terms:

Lemma 9 (Substitution Lemma, Revisited).

e Linear case. If > Wy, #A1,x = M and > ¥,, #A, N, with var(¥;) N var(¥,) = @, then forallm,n e Nyn > m > 1,
Wm(M{N/X}) =< Wn(M) +Wn(N);

e Contraction case. If > I',#x + M and >A F N, var(I') N var(A) = @, then forallm,n € N,n > m >
Wi (M{N/x}) < W;(M) + NFO(x, M) - W;(N);

e Bang case. If>I",!x - M and>A F N, var(I') Nvar(A) = @, thenforallm,n € N,n > m > 1, Wp,(M{N/x}) <
W,(M) +n - Wy(N);

e Quantum case. If > I',x1, ..., x, = Mand>!A,rq, ..., e & (r1,..., 1), var(I') Nvar(!A) = @, then forallm,n € N,
n>m>1,Wpu(M{ri/x1, ..., re/xe}) < Wrp(M);

1,

Proof. The four statements can be proved by induction on the structure of the derivation for M. We give here only some
cases as examples.

e Linear case. For example, if M is x, with A x b x . We have Wy, (x{N/x}) = W, (N) < Wp(x) + W, (N).

e Contraction case. For example, suppose M is PQ. The last rule in the derivation for > I", #x = M must have the following
shape:

U, #A1EP Uy #A, - Q

app
Uy, Uy, #A, U#A, - PQ
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Suppose that #x is both in #A; and in # A,. By induction hypothesis we have Wy, (P{N /x}) < W, (P) +NFO(x, P) - W,(N),
and Wn (Q{N/x}) < Wn(Q) + NFO(x, Q) - Wy (N). Now:

Wi (P(Q){N/x}) = Wn(P{N/x}Q{N/x})
Wi (P{N/x}) + W (Q{N/x}) + 1

Wi (P) + NFO(x, P) - Wy (N) + W, (Q) + NFO(x, Q) - Wy(N) + 1
= W,(P) + Wn(Q) + 1+ (NFO(x, P) + NFO(x, Q)) - Wy(N)
= W;(P(Q)) + NFO(x, P(Q)) - Wy (N).
e Bang case. For Example: M is !P. P may have two possible derivations, by means of prom rule: either
AP

INE I

——— prom
1A, 1A, Ix HIP

or

A, xEP
— prom.
1A, 1A, X HIP

The only interesting case is the second. Using the linear case, we obtain
Wi ((IP){N/x}) = Wn ({(P{N/x}))
=m-Wy,(P{N/x}) + 1
<m-Wp(P) +W,(N))+1<n-Wp(P)+1+n-W,(N)
= W,(!P) +n - W,(N).
e Quantum case. For example: M is PQ and for simplicity, suppose that x1, . .., X, occur in P. Then
Wi (M{r1/x1, ..., Te/%e}) = Wi (PQ){r1/X1, .. ., Tk/Xk})
= Wm(P{rl/Xl’ ey rk/Xk}Q)
= Wm(P{ﬁ/X]’ ey rk/xk}) + Wm(Q) +1

S Wa(P) + Win(Q) + 1 < Wa(P) + W,(Q) + 1
= Wn(PQ)~

This concludes the proof. O
The following lemma tell us that weight W(-), as for D(+), is monotone:

Lemma 10. (i) If M — .+ N, then W(M) > W(N);
(ii) if M — 4 N, then W(M) > W(N).

Proof. By means of the previous substitution lemmas it is possible to prove that for all terms M, N and for all n, m € N,
n>m> landn > D(M),(i)if M — _»~ N then W,(M) > W,,(N), and (ii) if M — _, N then W,(M) > W,,,(N). The proof is
by induction on the derivation of — . We cite only the most interesting cases.

(i) Notice that,by Lemma7,if M — . N,thenD(M) = D(N). The result follows by definition. Inductive steps are performed
by means of context closures.
(ii) Let r be the last rule of the derivation.
e Mis (A!x.P)!Q and the reduction rule is (A!x.P)!Q — g P{Q/x}. We have to distinguish two sub-cases:
- if the derivation for M is
[, #x+P A FQ

prom
'+ Alx.P 1A, 14, FIQ

app
I 141,14, F WUxP)IQ

then we can exploit the contraction case of Lemma 9 as follows:
W, ((A%.P)!IQ) = W, (Ax.P) + W,(!Q) + 1
=W,(Ax.P) +n-W,(Q) + 2
= Wp(P) +n-Ws(Q)+3
> Wn(P) +n-Wy(Q)
> W,(P) + NFO(x, P) - W, (Q)
> Wn(P{Q/x}).
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- if the derivation for M is
Ir','x-P AEQ

prom
I = Alx.P 1A1, 14, H1Q
a

I','Aq,'4; F (Ax.P)!Q
then we can exploit the bang case of Lemma 9 as follows:

W, ((A%.P)!1Q) = W,(Ax.P) + W,(!Q) + 1
=W,(AX.P) +n-W,(Q) +2
= Wa(P) +1- W, (Q) +3
> Wq(P) +n- Wy (Q)
> Wn (P{Q/x}).
This concludes the proof. O
The weight W(-) and the box-depth B(-) are related by the following properties:
Lemma 11. For every term M, for all positive n € N, W,(M) < [M| - n®™
Proof. By induction on M:
e M is a variable, a constant or a quantum variable. We have
Wo(M) =1<1-n° = |M|-n®™,
e M is new(N):

IH B(N)
Wy (new(N)) = W,(N) +1 < IN|-n +1
< IN|-n®® 4+ n®™ = (IN| + 1) -
= M| - n®®™ = M| - nBM,
e Mis!N:
IH B(N)
W,(IN)=n-W,(N)+1<n-|N|-n +1
= N| B+ g < IN| LB 4 BN
= (IN|+ 1) - n®™*! = |M| . n®™.
e MisPQ:
IH
Wi(PQ) = Wo(P) + Wy(Q) + 1 < [P[-n®® + Q| - n®@ + 1
< |P| . nB(P(Q)) 4 |Q| . nB(P(Q)) 41
<|P|- nB(P(Q)) +10] - nB(P(Q)) + nB(P(Q))
= (IP| + Q| + 1) - n®F@ = M| . n®".
o Mis(Ni,...,Ng):
Wi (N1, ..., Ni)) = Wp(Np) + - - - + Wp(Ni) + 1
IH
< M| _nB(Nl) 4+ |Ng| ,nB(Nk) +1
< INo| - n®™ NP 1
< Ny - nB™ Ny | B B — ) B
e Mis Ax.N or A!lx.N or A(xq,...,x).N:
IH B(N)
W,(M) = W,(N) +1 < |N| - n®™ +1
< IN|-n®®™ 4+ n®™ = (IN| + 1) - n®™ = M| - nB™.

This concludes the proof. O
Lemma 12. For every term M, W(M) < |[M[BM+1,
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Proof. By means of Lemmas 4 and 11: W(M) = Wpuy (M) < [M| - D(M)B™ < |M| - |M|BM = |M|B0D+T -
We have all the technical tools to prove another crucial lemma:

Lemma 13. IfM => N, then [N| < |M|BM+1,

Proof. By means of Lemmas 8, 10 and 12: [N| < W(N) < W(M) < [M|3™+1 O

With all the intermediate lemmas we have just presented, proving that SQ is polystep is relatively easy:

Theorem 6 (Bounds). There is a family of unary polynomials {p,}nen Such that for any term M, for any m € N, if M 5N (M
reduces to N in m steps) then m < pg)(IM|) and [N| < pga) (IM]).

Proof. We show now that the suitable polynomials are p,(x) = x> £+ 2x2+D_We need some definitions. Let K be a
finite sequence My, ..., M, such that Vi € [1,v]. Mi_1 — M;. f(K) = My, I[(K) = M, and #K denote respectively the
first element, the last element and the length of the reduction sequence K. Let us define the weight of a sequence K as
W(K) = W(f(K)). We write a computation in the form M = My, ..., M,; = N as a sequence of blocks of commutative
steps Ko, ..., K, where My = f(Ko) and I(Ki_;) — _ f(K;) forevery 1 < i < «. Note that o < |[M[B™*1; indeed,
W(Kp) > --- > W(K,) and

W(Ko) = W(f (Ko)) = W(Mo) < [M[P*V T,
Foreveryi € [0, v]

#K < [f(K) |2 < (W(FK)))? < (W(Mp))? < [M]PPEM+D,
Finally:

m < #Ko+ -+ #K, + «
< |M|2(B(M)+l) 4+ |M|2(B(M)+1) +|M|B(M)+l

a+1
< (|M|2(B(M)+1) RS |M|2(B(M)+1))

[M[BM+147
— |M|2(B(M)+]) . (|M|B(M)+1 +2) = |M|3(B(M)+1> + 2|M|2(B(M)+l)
= ps) (IM]).
Moreover,
IN| = [f(Ko)| < W(f(K,)) < W(Mo) < [M|PM*!
=< peaw) (IM).

This concludes the proof. O

Corollary 1. Every configuration is strongly normalizing.

Here is the main result of this section:

Theorem 7 (Polytime Soundness). The following inclusions hold: ESQ C EQP, BSQ C BQPand ZSQ C ZQP.

Proof. Let us consider the first inclusion. Suppose a language £ is in ESQ. This implies that £ can be (n, s, r, 1)-decided
by a term M. By the Standardization Theorem, for every t € {0, 1}*, there is a CNQ computation {C/}i<i<n, starting at
[1, @, M!"[t]{%1]. By Theorem 6, n; is bounded by a polynomial on the length |t| of t. Moreover, the size of any C/ (thatis
to say, the sum of the term in C and the number of quantum variables in the second component of C{) is itself bounded
by a polynomial on [t|. Since {C]}1<i<n, is CNQ, any classical reduction step comes before any new-reduction step, which
itself comes before any quantum reduction step. As a consequence, there is a polynomial time deterministic Turing machine
which, for every t, computes one configuration in {Cf };<,, which only contains non-classical redexes (if any). But notice that
a configuration only containing non-classical redexes is nothing but a concise abstract representation of a quantum circuit,
fed with boolean inputs. Moreover, all the quantum circuits produced in this way are finitely generated, i.e., they can only
contain the quantum gates (i.e. unitary operators) which appears in M, since !"[t]{>" does not contain any unitary operator
and reduction does not introduce new unitary operators in the underlying term. Summing up, the first component @ of C;,
is simply an element of an Hilbert Space #({q, - .., qm}) (where [q1, ..., ¢n] is the third component of Cﬁt) obtained by
evaluating a finitely generated quantum circuit whose size is polynomially bounded on |t| and whose code can be effectively
computed from ¢t in polynomial time. By the results in [20], L € EQP. The other two inclusions can be handled in the same
way. O
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Fig. 3. The quantum circuit computing one step of the simulation.
9. Polytime completeness

In this section, we will prove the converse of Theorem 7. To do that, it is necessary to show that all problems which
are computable in polynomial time by some quantum devices can be decided by a SQ term. Quantum devices upon which
EQP, BQP and ZQP are defined, are either quantum Turing machines or quantum circuit families. The technique used here
consists of encoding quantum Turing machines, although not in a direct way. More specifically, we will show, that the
quantum circuit family corresponding (in Yao's sense [32]) to a polynomial time quantum Turing machine can be encoded
into SQ. This way, we avoid dealing directly with both quantum Turing machines and classical Turing machines (the latter
being an essential ingredient of the definition of a quantum circuit family).

9.1. Yao’s circuits

We need to recall Yao's encoding of Quantum Turing machines into quantum circuit families [32].

From now on, we suppose to work with finite alphabets including a special symbol, called blank and denoted with 1.
Moreover, each alphabet comes equipped with an injection o : £ — {0, 1}1'8202D1, 5 is the set of (bi)infinite strings on
the alphabet X, i.e., elements of X' are functions from Z to X. X* is a subset of X containing strings which are different
from O in finitely many positions.

Consider a Quantum Turing Machine M = (Q, X', §) working in time bounded by a polynomial t : N — N. Configura-
tions of .M are elements of the Hilbert space #(Q x X*# x Z). The computation of M on input of length n can be simulated
by a quantum circuit L;, built as follows:

e for each m, L, has n + k(A + 2) inputs (and outputs), where n = [log, |Q|], k = 2m + 1 and A = [log, | ¥'|]. The first
n qubits correspond to a binary encoding q of a state in Q. The other inputs correspond to a sequence 051, ..., oSk of
binary strings, where each o; (with |o;| = A) corresponds to the value of a cell of M, while each s; (with |s;| = 2) encodes
a value from {0, 1, 2, 3} controlling the simulation.

e L, is built up by composing m copies of a circuit K;,, which is depicted in Fig. 3 and has n 4 k(A 4 2) inputs (and outputs)
itself.

e K, is built up by composing G, with J;;,. G, does nothing but switching the inputs corresponding to each s; from 1 to 2
and vice-versa.

e J,» can be itself decomposed into k — 3 instances of a circuit H with n 4+ 3(A + 2) inputs, acting on different qubits as
shown in Fig. 3. Notice that H can be assumed to be computable (in the sense of Definition 1), because M can be assumed
to have amplitudes in PC [19].

Theorem 8 (Yao [32]). The circuit family {Ly,}men Simulates the Quantum Turing Machine M.

9.2. Encoding polytime quantum Turing machines

We now need to show that SQ is able to simulate Yao’s construction. Clearly, the simulation must be uniform, i.e. there
must be a single term M generating all the possible L, where m varies over the natural numbers.
The following two propositions show how G, and J,, can be generated uniformly by a SQ term.

Proposition 4. For every n, there is a term M{ which uniformly generates Gy, i.e. such that whenever L n-encodes the natural
number m, ML — - RT' where R encodes Gy,
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Proof. Consider the following terms:

Mg = Ax.Ay.extract,(AZ.Aw1. .. .. Aw,.append,wy ... w,(NZxz))y

N¢ = Ax.x!"(Ay.Az.extracty 42 ((Lcy)2)) (Ay.y)

Lg = )\.X.)\y.)\.zl ..... )»Z)L+2.()\.(w, q).appende(xy)Zl .. .Z)qu)(CTlOf(Z)ﬂL], ZA+2>)
For the purpose of proving the correctness of the encoding, let us define P(" for every m € N by induction on m as follows:

P2 = )x.x

PI! = (Ay.Az.(extract, 2 ((Ly)z)))PY
First of all, observe that if L n-encodes the natural number m, then NJL — - P{'. Indeed, if L n-encodes m, then

NEL — ¢ L"(Ay.Az.extract,2((Lcy)z)) (AY.Y)

— o P(P(P(...(P(Ax.x))...))) = P&
~—————
m times

where P = (Ay.Az.(extract,12((Lgy)z))). Now, we can prove that for every m € N:

(@, @V, PlIq1, - - -\ Amo42)s - - - » Gnl] SR @V, [qh, ... Amo+2)» - - - » qnll
where

R = Cnot (g, 1.q,1,)) (cn0t((0u+3,02)\+4)> (.. (cn0t((f1m(x+2)—1=qm(x+2))> (@)...)
By induction on m:

o If m =0, then

(@, @V, Plar, ..., ]l > [Q, @V, g1, ... Gal]
e Now, suppose the thesis holds for m. Then:
(@, @V, Pl g1, ..., Qami6t2)s - - -+ Gnl]
A [@, @V, extract, 2 (LEPE)[4G4, - - -, Gul]

*

= [@, QV, LPO[ G+, - ]G - - - Drg2]

*

— [@, @V, append,; 1 (PC[qa+3, - - - GnD)G1 - - - Grs2]
5 [R, @V, append; 4 o[i3; - - - » qulqh - - - Qg2
= [8,@V,1q1, ..., qul]

where

R = not(g,, .5.q;.4)) (CHOt(<q3x+5vq3x+6)) .. (cn0t((Qm(l+2)71vqm(}»+2))) @) ...)

8 =enot, ., q,5) (CNO (g, 5 g5 ) (- - - (cn0t(<Qm(A+2)—1vqm(k+2))> (@)...)

Now, if L n-encodes the natural number m, then
M{L — » Ay.extract,(Az.Aw;..... Awy.append,w; ... w,(N¢Lz))y
— ¢ Ay.extract,(Az.Awq. .. .. Awy.append,wy ... w,(PLz))y
which has all the properties we require for RY. This concludes the proof. O

Proposition 5. For every n, there is a term MJ” which uniformly generates ], i.e. such that M]"L — RJ’" where R]m encodes J,
whenever L n-encodes the natural number m.

Proof. Consider the following terms:
M}' = ax.x!"(N) (Ay.y)
N; = Ax.Ay.extract, 42 (LjX)y
L] = )LX.)»y.)»Z1 ..... )LZ,7.)»IU1 ..... )\‘w)\+2.
extract, 2.2 (Pjwy . .. wy42) (x(append,yz; . . . z,))
PJ = AX1.... )»X)ﬂLz.)\,w.)»y] ..... )\.yn.)\.Z1. e )»Zz()ﬂLz).()»(ql ..... )‘q’?+3()\+2))'
append, 3042 W41 - - - Qp3042) HY1, - Vs X150 Xag2, 215 -+ - 22004))-
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For the purpose of proving the correctness of the encoding, let us define R;’m for every n, m € N by induction on m as follows:
R} = Ax.x
R]T11+1 = Az.(extract;+2(LR"))z.
First of all, observe that if L n-encodes the natural number m, then M}'L — - R¢. Indeed, if L n-encodes m, then
ML — s L (N))(Ay-y)
= NN (N, (... (N (Axx)) .. ) = R
m times
Now, we can prove that for every m € N:
(@, @V, R'[q1, - - - » Gyt+@mtnyo+2)]] SR, @V, (a1, ..., An+em+no+2)]]
where
R =Jm(Q)
by induction on m:
e If m = 0, then
[@.@V.Rlq1.....qu)] = [Q, @V, [q1, ... qll.
e Now, suppose the thesis holds for m. Then:

(@, @V, R™[q1, ..., dami3ai2)]]

> (@, @V, extract; 112 (LRMIG1, - - -, dem3a+2)]]
> [@, av, extract, 1 20.42) (P/qy+1 - - - Qptat2)
(R (append, [qy+Gt2)+15 - - - Qem+3)42)1q1 - - - Gy))]
5 [R, @V, extract,126.42) (P'qy41 - - - Qyas2)
([q1. - - - Gy Gptrt2)+15 - - > dam+3)342)]]
5 IR, @V, Pyt - Qo2 [@ne30420415 - - > Qomi3042 100 -+ - Qyyiae3 - - - Gy30-42)]
S [R, @V, (AMq..... Adp4+30.42)) -
(append, 13642 [y+3G.+1D+15 - - - > dem+3)G+2)1G1 - - - An304+2) H{q1, - - -, Gyy30042)))]
=[5, @V, (append,36.4+2)[Qy+30+1)+15 - - - s Gem+3)0+2)1q1 - - - Qy+30.42)]

5 8.a9,[q. ..., dem+3)0+2)]]

where

,.4.,q,,+)h+2)®(‘]m)(q1 ,,,,, Ansqn+r+3,..., Q(2m+3)(k+2)>)(@)

$ = (I(qn+3(x+2)+1 ,,,,, 42m+3)(h+2)) ® H<41w,qn+3()\+z>))('ﬂ)
which implies

s = (Gm+1)(q1 ,,,,, Q(2m+3)(k+2)))(&)'
This concludes the proof. O

We are almost ready to state and prove a simulation theorem. Preliminary to that is a formal definition of what constitutes
a faithful simulation of a quantum Turing machine by a SQ term.

Given a Hilbert's space #, an element @ of ¢ and a condition E defining a subspace of @, the probability of observing
E when globally measuring @ is denoted as % (E). For example, if # = #(Q x X* x Z) is the configuration space of a
quantum Turing machine, E could be state = q, which means that the current state is ¢ € Q. As another example, if J is
FH(QV), E could be

q1s .-, qn =S5,
which means that the value of the variables q1, . .., g, iss € {0, 1}".
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Given a quantum Turing machine M = (Q, X, §), we say that a term M simulates the machine M iff there is a natural
number n and an injection p : Q — {0, 1}M°821Q11 sych that for every string s € X* it holds that if € is the final configuration
of M on input s, then

(1,0, M"[s17] 5 (@, {d1, - -, A} [0, - - O]
where for every q € Q
Pe(state = q) = Pa(q1, - - - Qriog, 101 = P(@).
Finally, we can state and prove the main result of this Section:

Theorem 9. For every polynomial time quantum Turing Machine M = (Q, X, §) there is a term M, such that M, simulates
the machine M.

Proof. The theorem follows from Propositions 4, 5 and 3. More precisely, the term M, has the form )L!x.(Mjijcx) (Mf,{{“tx)
where

° Mjil"c builds the Yao’s circuit, given a string representing the input;
. Mf,{{“t builds a list of quantum variables to be fed to the Yao’s circuit, given a string representing the input.

Now, suppose M works in time p : N — N, where p is a polynomial of degree k. For every term M and for every natural
number n € N, we define {M}, by induction on n:

{M}o =M
{M}n+1 = )L!xo!({M}nx)

It is easy to prove that for every M, for every N, for every n € N and for every n-banged form L of N, {M},L —>*JV P where P
is an n-banged form of MN. Now, M has the following form

AIX.(NSFex) (LECx)
where

N = Ax.Myp 1 ({strtonat s Jor 1 (M2 T2x))
L3¢ = Ax.({PS¢ Jais1%)

P = Mz ay. (M (Mo 41 ({strtonats }5i12))) (MZ! (Myp1 ({strtonat s Jarg12)) )y

Mé"“ comes from Proposition 4, sz"“ comes from Proposition 5 and M, 1 comes from Proposition 3. Now, consider any
strings = by ...b, € X* First of all:

T U2 443 T
NSN3 [51% — Ly My ({strtonat s b (M 2153 [51%))
* Ut
=y Mapy1({strtonats }oes 12T [s1%)
*
—> 4 My 1N

where N is a 2k+ 1-banged form of strtonat s, [s]7, itself a term which 1-represents the natural number n. As a consequence:

Map 1N =L
where L 2k 4+ 1-represents the natural number 2p(n) + 1. Now:
L1517 =Ty (P Yo 131517
'y P
where P is a 2k 4 1-banged form of Pf°1**?[s7. So, we can conclude that M§y°!***[s]> rewrites to a term representing
the circuit L,. M'}" can be built with similar techniques. O

Corollary 2 (Polytime Completeness). The following inclusions hold: EQP C ESQ, BQP C BSQand ZQP C ZSQ.

From Theorem 7 and Corollary 2, EQP = ESQ, BQP = BSQ and ZQP = ZSQ. In other words, there is a perfect correspondence
between (polynomial time) quantum complexity classes and classes of languages decidable by SQ terms.
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10. Conclusions and further work

We have introduced SQ, an intrinsically polytime lambda calculus for quantum computation. More precisely, SQ captures
the three standard quantum complexity classes EQP, BQP and ZQP. In doing so, we have shown that the ICC paradigm can
be successfully extended to the framework of quantum computing.

We plan to extend the proposal in two different directions:

o In this paper we only consider quantum decision problems and related complexity classes (in full agreement with the
literature on quantum complexity theory). Nevertheless it should be interesting to also analyze the case of quantum
complexity classes for functions. A lot of work remains to be done in this direction, not only within ICC, but within
quantum computation theory and complexity.

e We would also like to study a typed version of SQ. In order to retain the correspondence with quantum complexity
classes, it would be probably necessary to consider polymorphic type systems.

Appendix A. Hilbert spaces

In the paper, we assumed some basic knowledge on Hilbert spaces. This section is devoted to recall the main notions. For
a full account on ideas and results about Hilbert spaces, the reader is invited to consult a good mathematical textbook such
as [21].

Definition 10 (Complex Inner Product Space). A complex inner product space is a vector space # on the field C equipped
with a function (-, -) : # x # — C that satisfies the following properties:

L{p, ¥) = (¥, @)%

2. (Y, ¥) is a non-negative real number;

3.if (Y, ) = 0 theny = 0;

4. (c191 + 22, V) = 1 {1, V) + 5 {2, V)5
5.(¢, c1¥1 + ) = i@, Y1) + (P, Y2).

The function (-, -) is the inner product of # and induces a norm || - || 5 defined by ||p||5 = (@, ¢).

Definition 11 (Completeness). Given the metric d(y, ¢) = ||ty — ¢ ||, an inner product space # is complete if any Cauchy
sequence® (¢,)n<, is convergent.

Definition 12 (Hilbert Space). An Hilbert space # is a complex inner product space that is complete with respect to the
distance induced by the inner product.

Proposition 6. Any finite dimensional inner product space is a Hilbert space.

Definition 13 (Unitary Operators). Let # be a finite dimensional Hilbert space, and let U : #¢ — J# be a linear map. The
adjoint of U is the unique linear transform U' : # — # such that for all ¢, ¥ (Ug, ) = (¢, Utyr). If UtU is the identity,
we say that U is a unitary operator.

Definition 14 (Hilbert Basis). Let 8 a maximal orthonormal set in a Hilbert space # (whose existence is consequence of
Zorn’s lemma). B is said to be an Hilbert basis of J¢.

Please note that the concept of a Hilbert basis is different from the concept of vector space basis (a maximal linearly
independent set of vectors), the so-called Hamel basis. In fact it is possible to exhibit a space # with Hilbert basis M s.t. # is
not finitely generated by M and therefore .M is not a maximal linearly independent set of vectors (see e.g. [21], page 189).
An orthonormal Hamel basis is usually called orthonormal basis.

In the finite dimensional case, the two concepts of a Hamel basis and a Hilbert basis coincide. This fails for the infinite
dimensional cases [21].

Definition 15 (Span). Let # be an inner-product space and let 8 C #, the span of 4§ is the inner product subspace of #
defined by

n
span(S) = {Zcisi |ci e C,s; eS}.

i=1

Even if # is an Hilbert space, span(S) is not necessarily an Hilbert space (see below).
In the paper we deal with Hilbert spaces of two sorts that, via trivial isomorphisms, correspond to the finite dimensional
space C" and the X,-dimensional space £2.

3 Ve > 0.3N > 0.V, m > N.d(¢n, ¢m) < .
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A.1. The Hilbert space F(8)

Let § a set such that |$] < 8¢ and let #(8) be the set

{¢|¢15—>C,ZI¢(S)|2<OO}

ses
equipped with:

(i) aninner sum + : #(8) x #(8) — H(4) defined by (¢ + ¥)(s) = ¢(s) + ¥ (5);
(ii) a multiplication by a scalar - : C x #(8) — #(38) defined by (c - ¢)(s) = c - (¢(5));
(iii) an inner product? (-, -) : #(8) x #(8) — C defined by (¢, ¥) = Y s )Y (s);

It is quite easy to show that #(4§) is an Hilbert space.
We call quantum register any normalized vector in J¢ ().
The set B(8) = {|s) : s € 8}, where |s) : § — C is defined by:

o=10 iz

is a Hilbert basis of #¢($), usually called the computational basis in the literature.
It is now interesting to distinguish two cases:

(1) 4 is finite: in this case 8(4§) is also an orthonormal (Hamel) basis of #(48) and consequently span(B(8)) = H(8). H(8)
is isomorphic to C¥!. With a little abuse of language, we can also say that #(38) is “generated” or “spanned” by 4.

(2) 4 is denumerable: in this case it is easy to show that 8(4§) is a Hilbert basis of #(4§), but it is not a Hamel basis. In fact
let us consider the subspace span(8(4$)). We see immediately that span(8($)) C #($)° is an inner-product infinite
dimensional space with 8(4) as the Hamel basis, but span(8(4)) is not a Hilbert space because it is not complete (see
[21]). The careful reader immediately recognizes that #¢(8) is the well known fundamental Hilbert space £2(8). There
are strong relationships between span(8(4)) and #($), in fact it is possible to show (this is a standard result for £2)
that span(8B(48)) is a dense subspace of #(48), and that # (&) is the (unique!) completion of span(8(4$)). This fact is
important because in the main literature on quantum Turing machines, unitary transforms are usually defined on spaces
like span(8B(4)), but this could be problematic because span(8B(48)) is not a Hilbert space. Anyway, this is not a real
problem: it is possible to show that each unitary operator U in span(8B(4)) has a standard extension in #(8) [7].

Appendix B. Confluence

First of all, we need to show that whenever M —, N, the underlying quantum register evolves in a uniform way:
Lemma 14 (Uniformity). For every M, N such that M —, N, exactly one of the following conditions holds:

1. o # new and there is a unitary transformation Uy y : #(Q(M)) — #(Q(M)) such that [Q, @V, M] —4 [R, RV, N]iff
[@, Qv, M] eECRYV=@QVand R = (UM,N ® I(Q'V—Q(M))@-

2. a = new and there are a constant ¢ and a quantum variable r such that [@, @V, M] — new [R, RV, N]iff[Q, QV,M] € C,
RYV=QVU{r}and R =Q Q |r — c).

Proof. We go by induction on M. M cannot be a variable nor a constant nor a unitary operator nor a term !L. If M is an
abstraction Ay.L, then N = Ayr.R, L —, R and the thesis follows from the inductive hypothesis. Similarly when M is a tuple
(My, ..., M).If M = LQ, then we distinguish a number of cases:

e N = RQ and L —, R. The thesis follows from the inductive hypothesis.
e N =LPand Q —, P. The thesis follows from the inductive hypothesis.
el =U"Q = (rq,...,mm)and N = (ry,...,1ry). Then case 1 holds. In particular, QM) = {ry,...,rp,} and Uy y =

e L =Ax.Sand N = S{Q/x}. Then case 1 holds. In particular Uy y = Igau).

o L=XA(X1,...,%:).5,Q = (r1,...,mm)and N = S{r1/xq, ..., ra/xy}. Then case 1 holds and Uy n = Iquw).
e L =Ax.S,Q =!T and N = S{T/x}. Then case 1 holds and Uy y = Iqw).

e Q = (An.S)T and N = (Am .LS)T. Then case 1 holds and Uy n = Igwm).

o L =(An.S)Tand N = (A7 .SQ)T. Then case 1 holds and Uy y = Igm)-

If M = new(c) then N is a quantum variable r and case 2 holds. This concludes the proof. O

4 In order the inner product definition make sense we must prove that the sum )" __, ¢(s)*1/(s) converges.
5 span(B(4)) contains all the functions of #(4) that are almost everywhere 0.
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Notice that Uy y is always the identity function when performing classical reduction.
The following technical lemma will be useful when proving confluence:

Lemma 15. Suppose [Q, QV, M] —, [R, RV, N].
1.If[@, @V, M{L/x}] € C, then
(@, @V, M{L/x}] =4 [R, RV, N{L/x}].
2.Ifl@Q,QV,M{r1/x1, ..., /x}] € C, then
[@, @V, M{ri/x1, ..., 1q/Xa}] =o [R, RV, N{r1/X1, ..., n/Xn}].
3.Ifx, '+ Land [@, QV, L{M/x}] € C, then
[Q, @V, L{M/x}] =4 [R, RV, L{N/x}].

Proof. Claims 1 and 2 can be proved by induction on the proof of [@, QV, M] —, [R, RV, N]. Claim 3 can be proved by
inductionon N. O

A property similar to one-step confluence holds in SQ. This is a consequence of having adopted the so-called surface
reduction: it is not possible to reduce inside a subterm in the form !M and, as a consequence, it is not possible to erase a
diverging term. This has been already pointed out in the literature [29].

Strictly speaking, one-step confluence does not hold in SQ. For example, if [@, @V, (A7 .M)((Ax.N)L)] € C, then both
[@, @V, (At .M)((Ax.N)D)] — 4 [@Q, QV, (A .M)(N{L/x})]
and
[@, @V, (A . M)((Ax.N)L)] — » [Q, QV, (Ax.(Ar .M)N)L]
— 4 [@Q,QV, (At .M)(N{L/x})].

However, this phenomenon is only due to the presence of commutative rules:

Proposition 7 (One-Step Confluence). Let C, D, E be configurations with C —, D, C — g E. Then:

1.Ifa € # and B € ¢, then either D = E or there is F withD — . F and E —  F.
2.Ifad € 4 and B € v, then either D = E or there is F withD — 4 FandE —  F.
3.Ifa € # and B € ¥, then either D — 4 E or thereis F withD — , F andE — . F.

Proof. Let C = [@, @V, M]. We go by induction on M. M cannot be a variable nor a constant nor a unitary operator. If M is
an abstraction A7 .N, thenD = [R, RV, An.P],E = [4, 8V, Awr.Q] and

(@, Q@V,N] =4 [R, RV, P]

[@. @V, NI -4 [8,5v,Q]

The IH easily leads to the thesis. Similarly when M = A!x.N. If M = NL, we can distinguish a number of cases depending on
the last rule used to prove C —, D, C —g E:

e D=[R,RV,PLlandE = [4, 4V, NR] where [@, @V, N] —, [R, RV,Pland [@, @V, L] —4 [4, 8V, R]. We need to
distinguish four sub-cases:

- If ¢, B = new, then, by Lemma 14, there exist two quantum variables s, ¢ ¢ @'V and two constants d, e such that

RY=QVU{s},8V=QVU{q}, R=Q®|s+— d)and § = Q@ ® |q — e). Applying 14 again, we obtain
D—enw @@ s> d)® |vi>e), @V U/{s, v}, PR{v/q}]] = F
E—new [@Q g €) ® [u>d), @V U {q, u}, P{u/slRI =G

As can be easily checked, F = G.

- Ifa = new and B # new, then, by Lemma 14 there exists a quantum variable r and a constant ¢ such that
RYV=QVU{r},R=QQ|r—¢),8V =@QVand 8§ = (U, ® lev—qu))Q. As a consequence, applying Lemma 14
again, we obtain

D —p [(Ur ® lgvuir—eu) (@ ® |r = ¢)), @V U {r}, PRI =F
E—new [(Ur ®lgy_qu)@) Q@ |r+—¢),@VU{r},PRI=G

As can be easily checked, F = G.
- If ¢ # new and S = new, then we can proceed as in the previous case.
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- Ifa, B # new, then by Lemma 14, there exist 8V = RV = @V, R = (Uy p ®lov—_qn))Q and 8§ = (U, g ®lgv—_qu)) Q.
Applying 14 again, we obtain

D —p [(ULgr ® lgv—_qu) ((Unp @ lev—qn)@), @V, PRI =F
E—q[(Unp ®lgv_qu)((Urr ®legv_qu)@), @V,PRI =G
As can be easily checked, F = G.

e D=[R,RV,PLland E = [4$, 8V, QL], where [@, QV,N] — [R, RV,P]and [@, QV,N] — [4, 8V, Q]. Here we can
apply the inductive hypothesis.

eD=[R, RV,NR]and E = [4, 8V, NS], where [@,QV,L] — [R,RV,R]and [@Q, @V, L] — [48, 487V, S]. Here we can
apply the inductive hypothesis as well.

o N = (Ax.T),D = [Q, @V, T{L/x}],E = [R, RV, NR], where [@, @V, L] —g [R, RV,R]. Clearly [@, @V, T{L/x}] €
C and, by Lemma 15, [@, QV,T{L/x}] — [R, RV, T{R/x}]. Moreover, [R, RV,NR] = [R, RV, (Ax.T)R] —
[R, RV, T{R/x}]

e N = (Ax.T),D = [@,QV, T{L/X}], E = [R, RV, (Ax.V)L], where [@, QV,T] —3 [R, RV, V]. Clearly [@, @V,
T{L/x}] € C and, by Lemma 15, [@, @V, T{L/x}] — [R, RV, V{L/x}]. Moreover, [R, RV, (AX.V)L] —5 [R, RV,
V{L/x}]

e N = (AxT),L =Z,D = [@Q,QV,T{Z/x}], E = [R, RV, (A x.V)L], where [@, QV,T] —5 [R, RV, V]. Clearly
[@, @V, T{Z/x}] € C and, by Lemma 15, [@, @V, T{Z/x}] —p [R, RV, V{Z/x}]. Moreover, [R, RV, (Ax.V)!Z] —4
[R, RV, V{Z/x}]

o N = Ay, ....,x0). T),L = (rq,...,1),D = [Q,QV, T{r1/x1, ..., m/Xn}], E = [R, RV, (A{xq, ..., Xxp).V)L], where
[@, @V, T] —4 [R, RV, V].Cearly[@, @V, T{r1/x1, ..., Ta/X:}] € Cand, by Lemma 15,[@, @V, T{ri/X1, ..., I'n/Xn}]
—g [R, RV, V{ri/x1, ..., ra/Xy}]. Moreover, [R, RV, (A(X1, ..., X;).V)L] =g [R, RV, V{ri/X1, ..., a/Xn}].

e N=(xT)Z,D = [Q,QV, AWx.TD)Z],E = [@, @V, (T{Z/x})L],a = r.cm, B = I.B. Clearly, [@, @V, (AX.TL)Z] — 4
(@, @V, (T{Z/x}L].

e N =Gr.TZ,D = [Q,QV, An.TDZ],E = [R, RV, (A .V)Z)L], @ = r.cm, where [@, QV,T] =4 [R, RV, V]
Clearly, [@, @V, (AX.TL)Z] = cm [R, RV, (AX.VL)Z] and [R, RV, (A7 .V)Z)L] =4 [R, RV, (Ar .VL)Z].

e N = An.TZ,D = [@,QV,(MX.TL)Z],E = [R, RV, (Ax.T)X)L], « = r.cm, where [@, QV,Z] =4 [R, RV, X].
Clearly, [@, @V, AX.TL)Z] = .om [R, RV, (Ax.TL)X] and [R, RV, (A7.T)X)L] =5 [R, RV, (A7.TL)X].

e N = (n.T)Z,D = [Q,QV, Ax.TL)Z],E = [R, RV, (An.T)Z)R], « = r.cm, where [@, @V, L] =5 [R, RV,R].
Clearly, [@, @V, (AX.TL)Z] = cm [R, RV, (Ax.TR)Z] and [R, RV, ((An.T)Z)R] =4 [R, RV, (Aw.TR)Z].

o N = (An.T),L = (Wx.2)Y,D = [@Q, QV, Ox.N2)Y]E = [Q, QV,NZ{Y/x})],« = l.em, B = I.B. Clearly, [@, @V,
(AX.NZ)Y] =14 [Q, @V, N(Z{Y/x})].

M cannot be in the form new(c), because in that case D =E. O

The following definition is useful when talking about reduction lengths, and takes into account both commuting and
non-commuting reductions:

Definition 16. Let Cy, ..., C, be a sequence of configurations such that C; — --- — C,. The sequence is called an m-
sequence of length n from Cy to C, iff m is a natural number and thereis A C {2, ...,n} with |JA] = mand G_; — 4 G;iff

i € A. If there is a m-sequence of length n from C to D, we will write C 2% Dor simply C - D.

This way we can generalize Proposition 7 to another one talking about reduction sequences of arbitrary length:

Proposition 8. Let C, D1, D, be configurations with C N Dqand C LN D,. Then, there is a configuration E with D, AN
and D, 2, E with ny < my, ny < myandng; +my; = ny + my.

Proof. We prove the following, stronger statement: suppose there are C, D1, D,, a my-sequence of length I, from C to D,
and an m,-sequence of length I, from C to D,. Then, there is a configuration E, a n;-sequence of length k; from D, to E and
ny-sequence of length k, from D, to E withny; < my, n; < my, ky < b, k; <y and n; + my = n, + m,. We go by induction
onl; + L.Ifl; + 1, = 0,then C = D; = D,, E = D; = D, and all the involved natural numbers are 0. If [; = 0, thenD; = C
and E = D,. Similarly when I, = 0. So, we can assume l1, [, > 0. There are G1, G,, two integers hy, h, < 1withC —, G,
and C —4 Gy, an (m; — hy)-sequence of length I; — 1 from G, to D; and an (m; — h;)-sequence of length I, — 1 from G, to
D,. We can distinguish three cases, depending on the outcome of Proposition 7:
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exc B e xwithG =Gora € 4, B € + with G; = G,. By applying one time the the induction hypothesis we
have the following diagram:

C
h]/ Xl.l
G] = Gz

ml—hl,ll—l/ y\z—h],lz—l
D, D,

E
with the equations:

ng<m;—h
np <my—h
51512—1
Szfl]—l

ny + (my — hy) =ny + (my — hy)

from which ny < my, n, < my,and ny + my; = ny + my.
e a e, e withGy # Gy, ora € ., B € 4 with G; # G, and there is H with Gy —4 H and G, —, H. By applying
the induction hypothesis several times, we end up with the following diagram

/ Y 1
mq h1l1/ \ / X\zhzlzl
ug,vq uz,vp
q1.t1 q2.t2
wllex /wz-lz
E

together with the equations:

g1 <hy 2 <h w1 = Uy

ty <1 t <1 Z1 <y

uy<m—h  uw=<my—hy wy;=<u

v <h-—-1 n<h-1 Z <v
and

my —hy +q; =u; +hy hy+u; =my —hy + g2 wy+ U =wy + U
from which

Gitw <hy+uy<h+m-—h=m

ti+z1 <14+ <1+L-1=0

Q@+wy <hi +u <h+m —h=m

Hh+z<14+vi<1+L-1=]
Git+wi+m=h+h+uy+w=h+h+tu+w=m+w+q

Sowe canjust putny = qq + wq, Ny = G + wa, k1 = t1 + 21, ky =t + 25.
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e o € %, B € .+ and there is H with G; = H and G, — g H. By applying the induction hypothesis several times, we end
up with the following diagram:

N\

G]<—Gz

M1—h1,l1—l/ N\z,lz—l
Dy D,

E
together with the equations:

ny <mp
ki<hb-—-1
n; <m
ky < h

and
my+ny=my+n

from which the desired equations can be easily obtained.
o The last case is similar to the previous one.

This concludes the proof. O
Theorem 3 is an immediate consequence of Proposition 8. But we are now able to prove Theorem 4.

Proof (Theorem 4). Strong normalization implies weak normalization. Suppose, by way of contradiction, that C is weakly
normalizing but not strongly normalizing. This implies there is a configuration D in normal form and an m-sequence from C
to D. Since C is not strongly normalizing, there is an infinite sequence C = Cy, (3, C3, ... withC; - C; —> C3 — .-+ From
this infinite sequence, we can extract an m + 1-sequence, due to Lemma 3. Applying Proposition 8, we get a configuration
F and a 1-sequence from D to F. However, such a 1-sequence cannot exist, because D is normal. O

Appendix C. Standardization

NCL is closed under new reduction:
Lemma 16. IfC € NCL and C — .., D then D € NCL.

Proof. Let Cbe[@, @V, M]andDbe [R, RV, N].The expression C[-] will denote a term context.® Let new(c) be the reduced
redex in M. Clearly, there is a context C[-] such that M = C[new(c)] and N = C[r]. The proof proceeds by induction on the
structure of C[-]:

e IfC[-] = [-], then N = r does not contain any redex.

e Clearly, C[-] #!D[-], because reduction cannot take place under the scope of the operator !.

e If C[-] = new(D[-]) then by IH D[r] cannot contain any classical redex and, hence C[r] cannot contain any classical redex.

e If C[-] = D[-]L, then by IH D[r] cannot contain any classical redex. Moreover, L itself cannot contain any classical redex.
So, if N = DI[r]L contain any classical redex, the redex should be N itself. But it is immediate to check that in any of
these cases, M = D[new(c)]L is a redex too (which goes against the hypothesis). For example, if D[-] = Ax.E[-], then

= (MAx.E[new(c)])L contains a classical redex (M itself).
e If C[-] = LD[-], we can proceed exactly as in the previous case.
o If

C[-]= (N1, ..., Nk—1, D[], N1, - - -, Np)

then, by inductive hypothesis, D[r] cannot contain any classical redex. Moreover, Ny, ..., Ny_1, N¢t1, ..., Ny cannot
contain any classical redex themselves. But this implies N cannot contain any classical redex.

6 A term context is a term with one hole.
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e The same argument can be applied to the cases C[-] = Ax.D[-] and C[-] = A!x.D[-].
This concludes the proof. O
EQT is closed under quantum reduction:
Lemma 17. IfC € EQT and C — 5 D then D € EQT.

Proof. Let C be [@, @V, M] and D be [R, RV, N]. Let L be the reduced redex in M. Clearly, there is a context C[-] such that
M = C[L] and N = C[P]. Observe that L can be either in the form

(}"<X]5 e 7xn>~Q)(r1» ey rn)
or in the form
U{ri, ..., m).

In the first case, we say that L is a variable passing redex, while in the second case, we say that L is a unitary transformation
redex. The proof proceeds by induction on the structure of C[-]:

e IfC[-] =[], then:

- If L is a unitary transformation redex, then N = (ry, ..., r;) does not contain any redex.
- If L is a variable passing redex, then N = Q{ri/x1, ..., ry/X,}. But the following lemma can be easily proved by
induction on R: for any term R, if R only contains quantum redexes, then R{ry/x1, ..., r;/X,} only contains quantum

redexes, too.

e Clearly, C[-] #!DI[-], because reduction cannot take place under the scope of the operator !.

e IfC[-] = new(D[-]) then by IH D[P] only contains quantum redexes. Now, observe that D[P] cannot be a boolean constant.
Indeed, if L is a unitary transformation redex, then P contains, at least, the term (rq, . . ., r;,). If Lis a variable passing redex,
on the other hand, P contains the quantum variables rq, ..., r,, because the variables x4, . . ., X, appears exactly once in
Q. Hence C[P] only contains quantum redexes.

e If C[-] = D[-]R, then by IH D[P] only contains quantum redexes. Moreover, R itself only contains quantum redexes. So if
N = D[P]R contain any non-quantum redex, the redex must be N itself. Let us check that in any of these cases, M = D[L]R
is a non-quantum redex too:

- If Nisal.B redex, then D[-] = Ax.E[-], and M = (Ax.E[L])R contains a classical redex (M itself).
- If Nisac.B redex, then D[-] = A!x.E[-], R =!S and and M = (A!x.E[L])!S contains a classical redex.
- IfNisal.cmredex,thenR = (Awr.S)T and M = D[L]R = D[L](Ax.S)T is a l.cm redex, too.
- If Nis ar.cm redex, then D[P] = (Axr.S)T. We have to distinguish four sub-cases:
% If D[-] = [-], then L must be a variable passing redex and, as a consequence, M = LR is a r.cm redex.
x If D[-] = [-]T, then L must be a variable passing redex and, as a consequence, LT is a r.cm redex.
* If D[] = (Am.E[-]T, then M is ((Ax.E[L])T)R, which is a r.cm redex.
* If D[-] = (Am.S)E[-], then M is ((Ax.S)E[L])R, which is a r.cm redex.
e If C[-] = LD[-], we can proceed as in the previous case.
o If

C[-1= (N1, ..., Nie1, D[-], Nig1, + .., Np)

then, by inductive hypothesis, D[P] cannot contain any classical redex. Moreover, Ny, ..., Ny_1, Nkt1, . .., Ny cannot
contain any classical redex themselves. But this implies N cannot contain any classical redex.
e The same argument can be applied to the cases C[-] = Ax.D[-] and C[-] = A!x.D[-].

This concludes the proof. O
We conclude with the proof of Theorem of Quantum Standardization.
Proof (Theorem 5). We build a CNQ computation in three steps:

1. Let us start to reduce D; = C; by using ¢ reductions as much as possible. By Theorem 4 we must obtain a finite reduction
sequence D; —> < - -+ —<¢ Dy such that 1 < k and no ¢ reductions are applicable to Dy.

2. Reduce Dy by using new reductions as much as possible. By Theorem 4 we must obtain a finite reduction sequence
Dk —new -+ —>new Dj S.t. k < j and no new reductions are applicable to D;. Note that by Lemma 16 such reduction
steps cannot generate classical redexes and in particular no classical redex can appear in D;.

3. Reduce D; by using 2 reductions as much as possible. By Theorem 4 we must obtain a finite reduction sequence
Dj - o -+ — o Dy such thatj < nand no 2 reductions are applicable to D,. Note that by Lemma 17 such reduction
steps cannot generate neither ¢ redexes nor new redexes and in particular neither ¥ nor new reductions are applicable
to D,,. Therefore D, is in normal form.

The reduction sequence {D;}i<i<n is such that Dy —«¢ -+ —<% Dk —new - —new Dj > 2 -+ — 2 DyisaCNQ
computation. By Theorem 3 we observe that C,, = D,,, which implies the thesis. O
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